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Supersonié Molecular Beam Electric Resonance Spectroscopy

and van der Waals Molecules
Henry Steven Luftman
Abstract

A supersonic molecular Beam electric resonance (MBER) spectrometer
was built to study the radiofrequency spectra of weakly bound gas phase
van der Waals molecules, The instrument and its operating character-
istics are described in detail. Sample mass spectra of Af—ClF gas
mixtures are also presented as an illustration of the synthesis of
van der Waals molécules.

The Stark focusing process for linear pdlar molecules is discussed

and computer-simulated using both second order perturbation and varia-

 tional methods. Experimental refocusing spectra of OCS and C1F are

studied and compared with these trajectory calculations. -Though quanti-
tative fitting is poor, there are strong qualitative indicators that

the central part of a supersonic beam consists of molecules with a
.significantly greater population invthe 1oweét energy rotational states
than generally assumed. '"Flop in' as opposed to "flop’out" resonance
signals for OCS are also numerically predicted and observed.

The theoretical properties of the MBER spectrum for linear moleéules
are-elaborated upoh with special emphasis on line shape considerations.
MBER spectfa of OCS and ClF under ‘a variety of conditions‘a;e presented
and discussed in.context to these predictions. There is some ﬁncertainty

expressed both in our own modeling and in the manner complex MBER spectra




havé been analyzed in ﬁhe past., Finally, an elgctrostatic potential
model is used to quantitatively describe the class of van der Waals
molecules Ar-MX, where MX is an alkali halide. Energetics and
equilibrium geometries are.calculated. The wvalidity of usiné an
electrostatic model to predict van der Waals bond properties is

critically discussed.
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CHAPTER I
INTRODUCTION
A. Overview

The existing literature describing ;he structure and bonding.of
van der Waals molecules in the gas phase is quite recent and still
largely incomplete when compared to what has.been written on covalently
bound molecules. Given the supposedly more compiex interactions of
this latter class of molecﬁles, this may seem sufprising. It is only
recently that the technology has been available to. study these weakly
- bound species by various spectroscopies., This thesis is primarily
concerned with the method of molecular beam electric resonance (MBER)
spectroscopy, a technidue particularly well-suited for the study of
mahy van‘der Waals molecules, and; as will be shown, a method that
itself is intrinsically intefesting. Besides describing the specfrometer
and its development, the modeling of the experimental system for both of
the general phenomena of the focusipg of linea;.polar molecules with an
inhomogeneous_elect:ic field and the radiofrequency resonance spectros=-
copy that is the immediate goal of MBER will bé discussed. Comparisons
of this modeling with experimental results for covalent linear mole-
éules will be made as well. Due to a host of téchnical problems en-
countered duriﬁg bur development period, which, at the time of this
' writing, has not really'concluded, Very’little in the way of spectroscopic
results for van der Waals molecules have yet been obtained on our appara-
tus. Hopefully this will>change in the coming'year.vFHowever, as a

.result, no new spectroscopic data will appear.in this thesis.



The remainder of this.chépter serves as an introduction to the
problems discussed in this thesis. Following this overview will be a
brief discourse on the general topic of van der Waals molecules and the
difficulties inherent to their study. . The method of molecular beam
electric resonance spectroscopy will then be described, with special N
emphasis on the solutions MBER offers to many of ﬁhe problemé of the
van der Waals molecule spectroscopist. Thevrough proceddral description
given here wiil.also serve as an overview for thevreader when later
reading about the details of the apparatus and the model éimulations.
The second chapter deals with the specific apparatus - its design,
construction and use. Apart from just describing the present status of
our MBER spectrometer, some of the 'cul-de-sacs' encountered in the
past few years will be indicated for future unwary users of this machine,
Typical mass spectra for a variety of source gases andbconditions will
be presented as well as an empirical study of the formation of van der
Waals complexes. |

Chapter III will begin with a detailed discussion on the theory of‘
Stark focusing for linear polar molecules. A model will be presented
for the prediction of focusing patterns of a molecular beam. It is felt
that refocusing studies as described here can serve as a good probe for
transverse and longitudinél velocity and rotational energy distributions
within the beam. Experimgntal refocusing patterns for 0CS and C1F will ¢
be presented and discuséed in phis context. The theoreticai details of
resonance spectroscopy will be the topic of the first part of Chapter IV, 1
The relevant quantum mechanics of the transitions we study will be sum-
marized, followed by a prediction for the observable line shapes of MBER.

Comparisons with experimentally obtained spectra for OCS and ClF will

then be made.



The final chapter will return to the topic.of weaklyboundnmleéules.
A classical electrostatic model is présented to describe and predict the
bonding for the particular class of molecules Ar-MX, where MX is én
aikali halide monbmer.  Included in the discussion of the calculated
results is a mbre general topic of the possible importan;e of electro-

static forces in the entire class of van der Waals molecules.
B. Van der Waals Moleéules

Loosely speaking, van der Waals molecules encompass those polyatomic

species with at least one particularly weak intramolecular bond which

springs from what are normally considered intermolecular forces. These

forces includé London dispersive (or induced dipole-induced dipole)
forces, ion-induced dipole attractions, dipole-induced dipole attractions
and weak Lewis acid~base interactions. Electron exchange, charge trans-
fer and other effects generally attributed to covalént bonding are
present in van der Waals bonds as well, but being orders of magnitude
weaker here, they can be described more succinctly in classical terms.
Several recent feviewsl-3 have been written which collect most of the
experimentai data on these molecules, Their binding energies have a

wide range in terms of a logarithmic scale, from on the order of 10 cm-l

1

(HeNe, NeNa), through 100 cm—1 (e.g., Ar2, XeHZ, ATHC1), to 1000 cm

(e.g., Ca,, XeF), with a few more molecules spanning through the energy

27
range to the covalent bond regime of 20,000 to 80,000 cm—l. The diver-
sity of van der Waals bond characteristics is less surprising when one
realizes that a "nonchemical" binding well exists between any two neutral
atomic or molecuiar species,vwithvonly groundlétate Héz having a well

too shallow to support.abound state. Due to this diversity, a general

description of the. van der Waals bond is quite difficult. A As an example,



vast differences in the bond directionality, determined as the ratio of
stretching to bending vibrational frequencies of the relevant bond, are
observed, indicating varying amounts of "chemical" behavior to what were
once thought to be purely "physical” bonds. |

Interest in van der Waals bonds and molecules transcends just the
understanding of thevpreviously described gas phase complexes. At tem-
peratures below the condensation point for most substances it is the van
der Waals forces that are responsible for the gas molecules' nucleation
and for many of the dynamic processes within a liquid or molecular
crystal. An understanding of the bonding in van der Waals gas phase
molecules thus allows-a better modeling for other phases. In hetero-
geneous systems, the phenomenon of surface physisorption (as opposed to
chemisorption) may also'be van der Waals-force controlled. A better
understanding of gas phase bulk properties can be obtained with an
- improved picture of the intermolecular forces encountered in collisions
and the dissociation mechanics of van der Waals bonds. Finally, as van
der Waals forces tend to cause only a small perturbation to covalently
bonded ;;;;s of a molecule, studies of van der Waals molecules can give
useful information on the properties of that molecule's covalently
bonded constituents (e.g., as in the determination of the direction of
the C1F dipole momenﬁa). In general, one would like to understand the
potential energy surfgces governing these weak bond forces.
| A particular source of information about these potential energy
surfaces at distanoes of bond length order is structural data of the
bonded van der Waals molecules. Spectroscopic methods are routinely
used for covalent molecules to determine bond lengths and angles,

stretching and bernding constants, dipole moments and other molecule

s



' charactéristics.' Howéver; the very prdperties that distinguiéh van der
Waals molecules from others make standard spéctroscopic methods next to
worthless for determining their structural propertiés; An obvious pfoblem
is that given the weakness of a van der Waals bond, the synthésis of such
a molecule would require‘quite low temperatures, typically less than 50 K.
The problem is one of having such a local‘femperaﬁure and yet still being
ih the gas phase. . Secondly, given the shalloﬁness of‘the binding well,
any intermolecular collisions would destroy the bond. Furthermore, any
method of synthesis of gas phase van der Waals moieculeS'would at best
produce a very low concentration of the species of interest ami&st.a
large background of uncomplexed molecules, This, coupled with a parti-
tion of internal energy problem which would further divide this low
population into many different states, would thereby produce ﬁery poor
signal to noise characteristics in typical absorptionborvemission

spectral methods.
C. Molecular Beam Electric Resonance Spectroscopy

A general method used in spectroscopy when standard absorption/
emission techniques are inappropriate is to observe transitions by'
detecting a measurable change to the molecule of interest itseif rather
bthan to the photon field. This is the essence of such experimental tech-
niques as photoionization, photoacoustic and mass spectroscopy, as well
as molecular beam electric resqnénce spec;roscoéy. In MBERS, advantage
is taken of the change in energy of a polaf neutral molecule in an
inhomogeneous glectric field Which alters its trajectory en route to a
mass spectrometer, and the dependence of this energy on the molecule's

rotational state. The basic method of MBERS was first developed by



H. Hughes5 as a technique analogous to the method of magnetic resonance -
spectroscopy of Rabi,6 in order to study spectroscépic details of alkali
halide monomers. The method was improved upon by Trischka7 and the
technique has remained essentially the same since.th_en.8’9

The physical processiof molecular beam deflection will be described
morevcompletely in Chapter IITI. Briefly, as a result of the Stark effect,
the energy of a polar moledule in an electrostatic field is dependent
upon the strength of the field and the molecule's dipole moment, rota-
tionél constant (s) and'particular rotational statet For a linear mole-
cule, as an example, the change in energy due to an electricbfield as
calculated by second order perturbation theory is

g o M El2 J(J+1)-3M°

B 2J(J+1) (23-1) (23+3)

2.2
1 BE £(I,M), (1.1)

where E is the electric field vector, u and B the molecule's permanent
dipole moment and rOtationai constant, and J and M the molecule's
rotational quantum numbers. If one has a beam of such molecules in the
presence of an inhomogeneous electric field, where E has some radial
dependence, then the molecules will experience a radial force,

2.

E=-7E =2 £0,m ED. | (1.2)

~

The sign of this force is thus dependent upon the relative values of J
and M,
Figure 1 presents a simplified picture of an MBER spectrometer. A

beam of molecules enters an inhomogeneous electric field region (to be
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Figure 1.1. Molecular beam electric resonance spectrometer — schematic (beam travels from left
to right).



referred to as the "A" field henceforth) for initial deflecting. Earlier
work in MBER used a two-wire or dipole type field here,8 as well as for
the B field, discussed later. We have chosen to use quadrupole fields,

which have a simple radial field strength expression
E=k'g : : 1.3)

where r is the position vector for a point in space drawn from the closest
point on the quadrupole's axis, and k' is a constant dependent upon geo-
metrical parameters of the field pieces and the applied voltages. For

linear polar molecules, then, one has a radial force

2,,2
F = 21k

b 3 £(3,Mr . - (1.4)

As can be inferred from Equations (1.1) and (1.4), linear molecules in
rotational states (J,M) = (1,0), (2,0) and (2,%1), for example (hence-
forth to be referred to as "positive' Stark states) will experience
negative forces, deflecting them toward the axis of the quadrupolar A
field. Molecules in "megative" Stark states, such as (J,M) = (0,0),
(1,#1), and (2,%2), will experience positive forces, i.e., will be at-
tracted toward the greater field strength in the vicinity of the field
pieces, and will diverge from .the beam. Following the A‘field, the beam
runs into 'a relatively small axiai stopwire which blocks from the beam
- any nonfocusing moleculeé or molecules that remained too close to the 1
field axis to experience suffiqient deflecting forces. Thus, after the
stopwire, the beam consists only of the focusing, 'positive' Stark state
molecules, particularly those in the best focusing iow J states.

The beam then entefs the C field region, where it is exposed to

radiofrequency or microwave radiation, of energy sufficient to only cause
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Figure 1.2. Beam trajectory simulations in MBERS. (J,M)
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focusing for OCS with V, (A field voltage) =
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(b). Trajectory change with (1,0) - (1,1)

. transition. v
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changes of the molecule's rotatiomal state. It can be shown quantum
mechanically that transitions between states of identical J quantum
numbers require the presence of an electric field apart from that of.the
radiation. Thus} the C field also supplies a very homogeneous static
electric field component. As the resonance frequency for a transition
between two molecular states is dependent upon the streﬁgth of this
static field, the degree of this field's homogeneity will play a very
méjor role in determining the narrowness of the observed resonance..
Following the C field; the beam then enters the B field region; which,
as was the A field, is inhomogeneous, focusing positive Stark state
molecules and defocusing negative Stark state molecules. In a typical
MBER experiment, one tunes the A and B fields to obtain a beam of posi-
tive Stark state molecules focused onto the spectrometer aiis at the
exit end of the B field, where it then enters a mass sensitive particle
detector, as illustrated schematically in Figure 2a. If one theh tunes
the DC field strength and radiation frequency in the C field region to
cause a transition from a focusable positive Stark state to a defocusing
negative Stark state, one would see a corresponding drop in the detector
signal beyond the B field. Figure 2b illustrates the change in tra-
jectory of a moiecule if its rotational state is changed from (J,M) =
(1,0) to (1,1). Thus, the resonance frequency for this transition is
found by following the signal frqm the particle detector as a function
of the radiating frgquency in the C field, with a drop in siggal cor-
respondiﬁg to resonance. Iﬁ general to induce a measurable tramsition
betweenbtwo molecular states, one first must create a difference from
the equilibrium population distribution of these statgé, then radiate,
_and‘finally probe for a further change in the relative populations. In

MBER, the A field creates the nonequilibrium population, the C field
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deliyefs the_radiation,_and the B field with the particie detector
analyzes for the change.

In a supersonic molecular beam exﬁansion local temperatures lower
than 10 K can be generated routinely while leaving the beam in a gaseous
state. As shown by Klemperer; gg_gi.,lo this allows the.necessary con~-
ditions far the synthesis of van der'Waais moleculesvin a beam for MBER
studies. Kaatrowitz_and Grey,ll before this, suggested that such an
adiabatic molecular'expanaion enhances the populatibn in the low J rota=
tional states of molecules within a beam, gréatly alleviating the signai
problem inhareht in spectroscopy due to a ﬁide distribution of populated
molecular states.  Other advantageous properties of the beam from a
supersonic source expansion as compared to the more standard effusive
source beam inelude an enhanced axial beam intensity, a tighter velocity
distribution, and better control of a beam mean velocity with the appro-
priate choosing of a'carrier" gas. All of this will be discussed further
in Chapfer III. We have used a Campargue—type12 design for our soufge,
allowing a greater source pressufe and thereby further enhancing our
beam's intensity and cooling. In order to prevent collisional disso—r
ciation or rotational state SCfambling of ouf-weakly bonded molecules,
the entire spectroscopic and detector regions of the MBER apparatus are
maintained at pressures lowef than lO-—6 torr,

" The particle detector on the.far side of thélB'field_consists of a
.Weiss-ionizéf13 followed by a quadrupole mass filter, particle multiplier
and collector. This allows a verification of the identity ofbthe mole-
cules which leave the apectrometer region, and, thereby, one can ensure
that one is studying the transitioﬁs of the molecules of interest. Thus,
the background problem of van der Waals molecule spectroséopy as discus-

sed in the previous section is remedied.
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CHAPTER IT
THE APPARATUS

The method of molecular beam electric.resonance spectroscopy has
been déécribed;in the previous chapter. As this is thg first opportunity
our laboratory has had to documeht the MBER spectrometer we have built,
this chapter will serve as a somewhat detailed guide to the components,
assembly and use of the machine. - The first three sections presented
here deal respectively with the source, spectroscopic chamber and
detector chamber (Fig. 1.1). The téxt of tﬁese sections is reserved for
descriptions of the present status of the apparatusl.and curreht methods
of assembly. The color involved.with develobment problems and. caveats
to the user are reserved for the notes at the end of the chapter and
" can be safely ignored by the casual reader. The fourth section describes
the'preparétion fpr a typical MBER experiment with'farticular emphasis
én electrical tuning. The next section describes ceftain mass spectra
we have obtained and some resulﬁs on van der Waals molecﬁle s&nthesis.

In the concluding éection are a few comments on. the development of our

MBER spectrometer and some suggested changes.
A. The Source Chamber

The ;equired proﬁerties of a molecular beam whicﬁ can carry van der
Waals molecules for an MBER experiment formed the guide for our source's
development (Fig. 1).  The gaseous beam must have little translational
~random motion to allow van der Waals moleculé syﬁtheéis, collimation of
the beam and future ease in trajectbry and spectral analysis. An

appropriate amount of rotational cooling is required so that there will
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be aisubétahtial number of molecules in the most focuééble states. A
detailed comparison of the properties of a molecular flow with an effu-
“give flpw is réserved for'thevfoilowing chapter. The properties of a
beam are determined’during tﬁe expansion process, with the degree of
cooliﬁg determined by the number of collisions participating molecules
expefience_during that period.2 Thevrelatéd design coﬁsideration is to
Héve a large value for the ratio of the source orifice diameter to the
mean free path of the mélecules'within the source, i.e., a large Knudsen'
number; To maintain such a beam, it is then necessary guickly to isolate
the beam from background scaftering, both by removing uncollimated mole-
cules from the exterior regiom about the nozzle and by éxtracting the
cooled part of the beam from the expansion regidn before it encounters
the so-called Mach disc2 or shock wave from the stagnant pressure of the
backgrouﬁd molecules, where nonadiabatic heating of the beam would begin,
The former method involves the usenﬁf fast pumping outside tﬁe source.
The latter technique involves the use of an appropriate aperfure, the
skimmer, to pasé the céoled part of the beam into a lower pressure region
without itself disrupting the beam, and the ability to éhange the distance

between this aperture and the source nozzle for optimal cooling.

1. Gases and Gas Handling

Most of the work described here involved the use of argon, carbonyl
éulfid-e3 (0CS) and chlorine monofluoride4 (C1F), and the 6¢casional use
of helium,‘hydrogen flﬁoride, hydrogeh éhloride, ammonia, chlérine and
"sulfur.hexaflu‘oride_.5 .A portable gés cart was built for sample mixing
- and controlled pressure delivery to the source can.6 This system consists

of a 1/3 hp mechanical pump, 1/4" stainless steel tubing, stainless steel

P
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'valves7 and'pressure ﬁeasuring gaﬁges.8 -\ 1/4" monel tubing line was
preparéd for ClF delivery to the gas cart. Before using~CiF in an
experiment, all lines and relevant éample_cylinders were péssivated for

at least an hour witﬁ typicallyv2001t (torf) ClF. Speciai careawas-generally

employed when uéing_ClF (and BF) due to its toxicity.9

2. The Source Can

A longitudinal créss section and fronﬁ view of the gas beam source
is given in Figure 2.lO A 2" long, 1%" 0.D. monel cylinder was drilled
out as shown with a 1/4" plate welded onto the back. The stégnation room
inside this can alloﬁs equilibration of the gas with the source tempera-
ture. 1/8" diameter by 20 mil wall thickness monel tubing is welded to
the cén, which can be joined to stainless steel'tubing within the source
chamber,.which, in turn is joined to a gas line vacuum feedﬁhrough, a
valve, an&.the delivery 1iné from the gas cart. Thrée grooves run along
mostbof the length of the can from the front face for the knife edges of -
the source can holder., Three 1/4" drilled and slotted holes are present
for snugly fitting'caftfidge heaters. One of the face-tapped holes sup-
ports a sourée stop, which prevents the user from bringing the-source
against the skimmer and thereby damaging it. A side tapped hole supplies
a place for attaching a temperature monitoring thermécouple. Threaded
holes on the can's back are for the attachment of a cooling can and the
position controlling rod. |

‘The detail in Figure 2 indicates the normally used mode for nozzle
assembly. A 3 mm.discll of nickel shim stock 40 u thick with a centered
‘hole of a»diamete; between 25.and 400 ulz is inserted into the éentral
bore on the face of the source can, and held in place by“a%nozzle.reé~

tainer with a 120° flared opening.13 An alternate type of nozzle was
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also éonstructed, consisting of a single stainless steel piece which
bolted onto the face of the source can, with a 75 u hole drilled on its
outer flat face.14 |

Heating of the source was accomplished with three 1/4" diameter,
1%" long cartridge heaters.ls They were connected in parallel and
powered externally by é 0-132 volt, 214. amp current (maximum) Powerstat
variable transformer. -Cooling.was'dope with liquid nitrogen, by attach-

16

ing an %-N, fillable copper block to the back of the source can. An

2
indium sheet was occasionally used between the block and source can to
improve thermal contact. Liquid nitrogen was supplied to the block
through 18 to 24" of 1/2" flexible stainless steel tubing frdm an Q—NZ
supply arm on the end source flange, and Ventea through 1/8" steel
tubing coiled about the steel hose and also leading to the source flange.
Temperature measurement was obtained by a spot-welded chromel-alumel
thermocouple (ice-referenced) attached to the side of the source about
1/2" from thé source can face.17

The assembly of the soﬁrcé can,. cooling block and source positioning
elements is indicated in Figure 3.18 Teflon or Macor washers are in-
serted between the motion rod connector and the copper block for thermal
insulation, and the connector, washers and block are held to the source
can with four 6-32 écrews. The éontrol of distance between the source
.nozzle and skimmer is accomplished with a 40" stainless steel '"push me-
pull you" rod which runs from the source connector, through an axially
aligned rod support with a Teflon sleeve about 14" from the source, and
finally through a Wilson seal19 on the end source flange. The position

of the source is measured with an exterior dial indicator, Two different

source hoiderszo were used, each with three knife edges for the source

20
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can to slide through, and a surface to key-in concentrically to the source-

buffer wall. The second source holder is comprised of two parts, the

“key-in ring and the three jaw piece with an adjustable frame, to allow

for the possible loss of centricity from thermal warping.21 Its knife

edges were made coaxially shorter with a leading cut-off edge for source

assembly ease.22

3. The Source and Buffer Chambers

The source chamber is contained by a source chamber tee, source
flange and source—buffer'snout.23 The tee, with 1/8" stainless steel
wallé, consists of a 10%" inner diameter cylinder, with a 10" entrance
underneath (adaptable for a 10" diffusion pump) and a 6" port abové.

The .source-buffer snout, also of 1/8" steel, is an 18" long, square
prism with 6 1/8" interior sides. Key-in surfaces are én it for the
skimmer, source holder and the source motionirod support. 1It, itself,
keys into the buffer chamber piece.

The overall source design is of the Campargue type,24 which, by
using a larger source stagnation pressure than the more conventional
molecular beam sources, and yet méintaining roughly the same ratio be-
tween pressures within the source and just past the nozzle, generates ..
a significantly more intense beam with somewhét better cooling. To
handle the gas load from the source requires a fast pumping system which
can operate at relatively high pressures. A foreline of 6" inner
diameter PVC tubing25 ran frém thé ﬁort-on top of the source tee to a
6" gate valve,26 thch in turn resfed upbn a mechanical turbine booster
pump (800 l/sec) backed by a Triplex high vacyum mechanical pump (250 1/

27,28

sec). These large pumps were somewhat isolated from the remainder

of the laboratory. With no gas load, these pumps could evacuate the

source chamber to 15 u.29
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A skimmer was keyed and bolted to the inside of the source-buffer
snout. The initially used skimmers were machined from nickel with a 50°
internal and 60° external angle, with openings of 8, 20, and 25 mils.
Later work used an electroformed nickel skimmer30 with an opening
diameter of 0.28 mm.

A pumped-out Buffer region surrounds most.of ﬁhe source-buffer
snout, and is the next area encountered by the beam for about 1" of its
path when it emerges from the skimmer. It is contained by the source-
buffer snout and the buffer shroud,31 with a 10%" inner diameter and 1/8"
stainless steel walls. It has key~in surfaces for the source-buffer
snout, -the spectrometer chamber and a collimating orifice on the buffer
side. Both the snout and the shroud have fitted quartz windows for
viewing the source can when assembled and in anticipatioﬁ of future
radiative excitation exﬁeriments with the molecular beam. The spectro-
meter side of the shroud has locating holes for thé spectroscopic bench
(next section), and there are locating holes on the bolt circle connec-
ting the buffer shroud and spectroscopic chambers. The buffer region is
pumped through a 2' long 6" diameter line and 6" gate valve by a 6" dif-
fusion pump32 (2400 1/s) backed by a beltless drive mechanical pump.33
The pressure in this region is monitored with an ionization gauge.

.Typical pressures during an experiment are on the order of 2 x 10_5 t.

The beam leaves the buffer chamber through a collimating orifice,
presently consisting of one of our older skimmers,B_5 and enters the spec-
troscopic chamber. A gate valve for the %" bore through the buffgr-shroud
is attached on the spectrometer side and.controlled by a rod running
through a Wilson seal on the right side of the spectrometer chamber (as
looking from the source). When properly adjusted, a vacuum is maintained

in either the buffer or spectrometer chamber when the other is vented.



4. ‘Some Source Operating Characteristics

" The increase inlbeam cooling by increasiqg the source stagnatioh
pressure or the diametér of the nozzle orifice was observed, and will be
discussed in the following chapter. An inérease in the background pres-

- sure within the source chamber or buffer chamber for a given stagnation
pressure predictiveiy decreases the beam intensity. The sqﬁrée and buffer
chamber pressures afe theméeiveé dependént on the stagnation pressure
and nozzle'diameter'37 At certain stagnation preséures; increasing the
nozzle-skimmer distance from its minimum can increase the beam intensity
By_better than a factor of ten, a prdperty particularly indicative of a
molecular expansion. 4,38
The characteristics of the cartridge heateré ére somewhat dependent
on how the source can is‘mounted.39 The maximum temperature'aﬁtainable
before the heaters begin to burm out is on the order of 525°C. At ﬁem—
peraturés above 200°C it becomes difficultrto move the source can within
its holder. When working at temperaﬁures greater than room temperatﬁre,
thé heater powerstat is generally turned to an appropriate éurreﬁt and
the source is allowed to .equilibrate. For cooling, liquid nitrogenvis
fed to the cooliﬁg block édjacent to the source while the vent line is
pumped on by the building vacuum line.40 As the appropriate temperature
is approached, the vent is turned t6 the atmosphere'and then closed.
Temporary fiﬁe tuning‘for cold temperatures is éttained by briefly
opening the vent line or with short héating pulses from the cartridge
heaters, Temperatures as low as 100 K are obtainéble, but our practical
1imit is determined by that temperature and pressure condition where the
'expandihg gas condenses and clogs the nozzle (e.g., around 200 K for

argon).

23
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5. Routine for a Nozzle Change

This section is actually a long footnote to describe some of the
procedural use of the source chamber. Before venting the source chamber,'
the gate valves to the spectrometer chamber, to the buffer chamber dif-
fusion pump and to the blower should be closed. When turning off the
large mechanical pumps, the blower should be turned off first and allowed
to come to rest before venting and turning off the backing pump. Ven;
the source chamber with the valves under the source tee and on the buffer
chamber line leading to its diffusion pump. Unbolt the PVC foreline
from the top'of the tee, unbolt the source tee from the source-buffer
snout, and discOnnéct the gas cart line from the source.  Unplug any
electrical accessories on the source table. When the chamber is at an
atmosphere, slide the source stand back from the buffer chamber about
10"; Disconnect the source can motion rod support from the source-buffer
snout, and then continue to pull back the source stand.

To make a nozzle change, take off the pinhole retainer from the
source can and blow N2 through the séurce gas line to remove the old
nozzle. If it is needed to remove the source can, pull out the cartridge
heaters, disconnect the interior gas line and remove the connecting screws
froﬁ the back of the motion rod connector.41 When_reassembling the
sourée, the gas line side points downward. The cooling block should be
oriented so that the flexible hoseventers from the upper right when

~viewed from the rear of the source to insure that the motion rod will
-need a clockwise twist when inserting the source into the Holder.42 It
is occasionally a good idea to apply O-ring grease to the holder_knifev
edges and the grooves on the source can. Reverse the aforementioned

: 43 .
steps to reassemble the source chamber. If the two piece source holder




is in use, iﬁ_should be a simple matter to twiét the source can into the
correct orientation with the "push merull you" rod, and then slide the
source into position. . With the othervholder, it is necessary to unbolt
the source;buffer snout from the buffer shroud and slide the source stand
back again. Carefully remove the quartz window from the side of the
snout, and,'with a 1ong.screwdriver, pry up the source can to match the
-kﬁifevedges of the holder while twisting and pushing the motion rod froﬁ ‘
outside the chamber, until the source can slides into the hqlder. Then

finish reassembly.
B. ' The Spectroscopic Chamber

The processes.in MBER, which have already been briefly discussed in
Chapter I, determine the specifications of the spectroscopic region of
our apparatus (see Fig. 1.2). The focusing A and B fields need to sustain
high electric fields to induce deflections on linear or asyﬁmetric top
polar molecules where the Stark effect is only second order.. The C field
region, in which transitions are induced, must have a very homogeneous
static field component to reduce inhomogeneous broadening of the measured
spectral resonance lines and the field must be well characterized.to
allow a meaningful analysis of the data obtained. To reduce the effect
Qf Majorana or nonadiabatic transitions as state selected mblecules travel
between fields'of grgatly different strength, buffer fields are placed

44 Obstacles, such as-a stopwire or knife

on‘either‘side of the C field.
edge, are needed to remove most of the background signél. Molecular

collisions must be minimized and the field components need to be aligned:

along the beam axis for optimal detection response.

25
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1. The A and B Fields

Our focusing fields are quadupolar and afe each made from four 1/4"
stainless steel polished rods: 36.70 cm in length for the A field and
25.40 cm long for the B field.45 Each set of rods is held in place
equally spaced on a 0.500" diameter circle by 1/8" thick Macor discs,46
which are in turn mounted in aluminum supports. A 3/32" hole has been
drilled on each rod. 2" long 1/2" aluminum cylinders, rounded on both
ends and polished all over, serve as the high voltage connectors.
Diagonally opposing rods are connected with 3/32" aluminum rods running
from these connectors into the corresponding bores on the‘quadrupole rods.

>The voltage for the fields is supplied by two regulated module power
supplies,47 which wifh an inputted voltage of 24 VDC can output between
0 aﬁd 30 kV, controlled by an external ten-turn 5 K2 potentiometer. They
are mounted on a plexiélass board above the spectroscopy chamber.48 From
each power supply, the outputted voltage runs into an aluminum connecter
to which two 1 GQ fesistors49 are connected. One runs to a porcelain
high voltage vacuum 'feedthrough50 mounted on the top flange‘of the
spectroscopic chamber, and serves to limit the current flow when the
quadrupole fields arc. The second resistor leads to a 250 KQ potentio-
meter and then to ground, ih order to bleed the voltage from the quadru-
poles and power supply when the voltage is turned down. The voltage drop
from the brush of the adjusted potentiometer to ground serves as an
indirect measure of the voltage being delivered to the quadrupoles.Sl
A summarizing electrical schematic for the voltage delivery to a focusing
field is given in Figure 4. The external connecting.pieces, resistors,
and feedthroughs are surrounded for safety with Teflon and plexiglass

shielding.52 Holes through the shielding have been made for testing the
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circuitry with a high voltage probe when trouble—shooting.53 Within the'
spectroscopic chamber the voitage is deliveréd from the vacuum feed-

throughs to the high voltage connectors.on the quadrupole rods with high
voltage cable.54 Glass tubing surrounds the cable running to the B field
to prevent arcing through its insulation to other metal components within

the chamber.

2. The C Field

The assembled C field is represented in Figure 5. Two 4 x 8", 1"
thick quartz flats were polished flat.tb within a quarter wavelength of
the'sodium resonance lineé along the 2" central region in the 4" direction,
and within a half wavelength along the 6" central region in the long
direction.55 A thin gold coating was evaporated onto the polished.faces
over maskings for the electrical isolation of regions and for the plates
separation spacers. The faces of'these plates are indicated in Figure
5b. The coatiﬁg is thin enough to be translucent to bright back lighting.
The plates are kept apart by three 1.000 cm precision spacers and are
compressed by Teflon capped alignment screws attached to the C field
frame.

A schematic of the circuitry associated with the C field is given
in Figure 5c. In one mode of operation (the pérallel—perpendicular
mode) the regions indicated as 2 and 5 are supplied with a variable
radiofrequency while all remaining reéions aré rf grounded, so that there
will be rf field components in the central region between the platés run-
ning both from plate to plate and vertically.57 In the parallel mode
regions 4 and 5 receive the rf voltage, so that all rf field lines run
from plate to plate. In both modes the entire plate with regions 4 and

5 is supplied with an adjustable static voltage while the opposing plate

28
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is dc groundéd.58 Electrical cohnections to the gold plated regions are
made by gold ribbon Qire silver painted to the surfaces.5

The positive static voltage is supplied from a 0-3 kV well regulated
precision power supply60 and is monitored by a differential voltmeter.61
The dc voltage passes through a 10 MQ currentvlimiting resistor before -
joined to the circuitry of Figufe 5. The rf voltage is supplied from a
radiofrequency synthesizer62 with a frequency range 6f 50 kHz to.80 MHz.
The signal is then passed through two rf amplifiers.63 The maximum-
voltage attainable is dependent upon the particular rf frequeﬁcy, and
ranges from about 2 to 80 volts peak to peak. When connected to the C
field ci;cuitry, an effective 50 Q termiﬁétion i1s added, reducing the
rf voltage by 50%. Occasionally the rf signal is mixed with a noiseA
source to broaden the signal's bandwidth.64 This will reduce the out-
putted voltage by 167. When the rf is passed through our molecular
beam interface chopper (to be aescribed in a later section) the rf

intensity is reduced by a further SOZ.65

3. The Buffer Fields

The general shape of the buffer field knife edges and orientation
are indicated in Figufe 1-2.66 .The.knife edges are 1 3/8" wide stain-
less steel trapezoidal prisms cut at a 30° angle. The wide sides are
fspaced 0.40" apart on the buffer field mounts. They can slide perpen-
dicularly to the difection of the beam along the spectroscopic bench on
1/8" Teflon rods. Their lateral position is controlled by 1/4" steel
rods connected to bellows-type linear motion vacuum feedthroughs. 7 One
knife edge on each of the buffer pieces is grounded to the buffer piéce

frame. The other edges are electrically connected to vacuum feedthroughs
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knife edge on each of the buffer pieces is grounded to the buffer piece

frame. The othér edges are electrically connected to vacuum feedthroughs
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which ére in turn connected to regulated power supplies which can supply

up. to 400 V.68 The A buffer field piece is also suﬁplied with a stopwire
" which is supported by édjustable screws to be centrally located between-

the two knife edges. Stopwire diameters typically vary ffom 0.06 ﬁo

0.15 cm, and have consisted of tool steel drili blanks or aluminum wire.

The top retaining screw on tﬁe A buffer is connected to the high voltage

side through a 1/2" voltage divider so that the stopwire will not

. seriously interfere with the buffer's field.

4, The Chamber

All the épectroscopic field pieces are attached to aluminum mounts
which can slide along the spectroscopic bench and be hand screwed to
lock them iﬁto.pqsition. The bench consists of a 36" long, 4" wide
ground tool steel sheet, 3/8" thick with lateral edgés cut inward at 70°
for the aluminum sliders to bolt .against. For rigidity, this sheet is
bolted to.a l%f tall 1/4" thick aluminum channel tﬁat runs the length of
the bench. Two dowel pins which can be inserted into the spectrometer
face of the buffer shréud have matching locating holes bored to the
bench. Table 2.1 indicates the approximate locations of the wvarious
field pieces when layed out on the bench.

‘The spectroscopic region is enclosed by the buffer snout; a stain-
less steel, 32" long spec;roscopic chamber,é_9 a stainless steel connec-
ting chamber and a spectroscopic chambervshroud. The top flange of the
. spectroscopic chamber has the high voltage feedthroughs for the A and
B fields, as well as other auxiliary parts for venting, time of flight
electronics, etc. The right face, from the source side, has the motion
control rod for ﬁhe buffer—spectrome;er chamber gate-valve. The front

side is typically removed for work within the spectroscopy chamber. It



Table 2.1

Typical Spectrometer Field Piece Locations
" (Distances in cm)

Source to A Field v : 4,
Length of A Fieid | : o 36.7
A Field to Stopwire ' 1.9
Stopwire.to C Field » 1.9
Length of C Field _ 20.3 j
C Field to B Field . 3.8
Length of B Field 25.4

B Field to Detector Aperture 10.3

Source to Detector Aperture 104,
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has a plexiglass window for viewing the chamber when it is closed énd a
liquid nitrogen delivery arm which leads to an interior éooling copper
biock.70 Bolted under the chamber is a 6" gatevalve, a liquid nitrogen
trap7l and a 6" diffusion pump32 (2400 1/s) backed by a 1 hp mechanical
' pump.72 Pressure is measured by an ionizafion gauge34 mounted on the
spectroscopic chamber, and under typical.operating conditions is on.the

order of 10—7 torr.73

The connecting chamber74 has 1/4" walls and keys
into the spectroscopic and main chambers. It is abouf 5" long, and when
all‘is assembled, the C field sits inside of it. The spectroscopic bench
is located somewhat by a bore inside this chamber and is bolted down here.
On its left wall are the linear motion feedthroughs for the buffer fields.
On the right wall are the electric vacuum feedthroughs for the C field
and buffer electronics, and the C field external circuitry is mounted
here.75 A window port is located on the upper face of the connector.

The spectroscopic chamber shroud is of 1/8" stainless steel and is keyed

-into the main chambér wall from inside.the main chamber (discussed in
the following section). The exterior face of the shroud has a bored
sﬁrface for.the possible use of a beam collimator,76_ The shroud has been

designed to allow room for a full 90° motion of the detector arm in the

main chamber.

5. Assembly of the Spectroscopy Region

Attach the connector chamber to the spectroscopy chamber.77 The
spectroscopy chamber is bolted to the buffer shfoud using locating pins
to guide the pieces together. Insert the bench locating pins into the.
shroud wall so that the off centered pumpout holes on the dowels are on
the buffer side. Scfew the tool steel bench top to the alumiﬁum channel,

and insert the lateral bench locating pins under the table. Slide the
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table into‘place'frOm ﬁhe cbnnector side‘of the apparatus so that the
~ lateral locating pins fit through the corfesponding grooves in the
connector chamber and the dowels on the buffer shroud fit into ﬁhe
bench. The spectroscopic chamber asseﬁbly is then guided into the large
-~ port of the main chamBer on the side oppdsite its door. Leveling
.adjustment of the spectroscopic chamber is handled by jacking screws
on the speéfroscopic chamber frame, until the connecting chamber keys
into the main box. Cn initial assembly, alignment of the source, spéc—
trometer and detector (described in the following section) can be
chgcked with a cathetometer sighting through the buffer snout along the
spectroscopic bench, with the source tee pulled out of the way. A
special alignment flange keys into the snout, and sliders with beam
alignment holes are available for the spectroscopic bench. The beam
axis should remain true to within a few mils from buffer to detector.
Most of the assembly of the spectroséopic bench should be done
wearing gloves, as, particularly the A énﬂ B fields, parts need to remain
clean.78 Invassembling the B field, the high voltage connectors should
be vertical to allow for ciearance when inserting it into the spectro-
scopic shroud. The connector on the source end is wired to one of the
retaining screws on thé farther B field table slider.79 A sufficiently
long high voltage cable_is attached to the other connector. It is held
by an insulated spacer on the downstream B fiel& slider on the front
side of the field to keep the cable from the table. Glass tubing is
then slid along the cable. The B field is then ready to be slid along
the_bench80 until about 1/4" of the quadrupole rods emerge from the spec-
#roscopic chamber shroud into the main chamBér.Sl Hand tighten at least

one slider screw. TFor the B buffer field it has been found easiest to
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have the 1/4" motion control rod that will be parallel to the bench and
its connectors initially connected to the feedthrough_and tightened in
place. Slide the assembled buffer piece into the chamber, with the open
knife edge face pointing toward the source, to its appropriate position
beyond the motion feedthrough. There should be about 1/4 - 1/2" between
the knife edges and the B field.82 Tighten the connection to the motion
feedthrough,83 hand tighten the slider to the table, and connect the B
buffer voltage cable tovthe appfopriate pin.75 Check the motioﬁ of the
B buffer, insuring that the position where it is céntered on the bench
is.approximately the midposition in its movement range.

Place a 1/2" plexiglass spacer next to the B buffer slider. Place
the assembled C field84 carefully on the spectroscopic bench &ith its
cable connection points toward the rear of the chamber. Lift the C field
cables, previously connected to the electrical feedthroughs of the con-
necting chamber, with one hand and slide the C field down with the other.
Cables 4 and 5 should be draped over the side edge of the rear frame.
Attach these cables when they can reach their appropriate BNC jacks on
the C field.8S Slide the C field further in, connect cable #2, and then
slide_theFC field up to the spacer. The A buffer is most easily in-
serted with all métion rods connected to the feedthrough. With the stop-
wire facing ;he C field; place the buffer in far enough to be able to
connect it to its electrical feedthrough. Then continue sliding it
toward the C fiel&, fitting the short buffer rod into the motion connector.
Adjust the position of fhe A buffer and stopwire laterally so that the
stopwire will be cegtered at the midpoint of its lateral raﬁge, and then
tighten the connection. There should be about a 1/4" between the bpffef

‘and the C field. The A field is assembled as the B field, with the



grounded -connection cn_the.dOWnstream end.82  With all fieids now in
place, adjust the glass tubing along the B fieid"high voltagerline‘and
then attach the A and B high Voltage cables to the vacuum feedthréughs
on the top of the chamber. Check the béam'flight path and the A field
connectors, and then>c1§se up the chamber after rechecking;electrical
isolation and coﬁtinuity with a high imﬁédance ohmmeter.

In operationm, tﬂe A and B fields will invariably arc on occasion.86
A period of field conditioning87 is suégested following every time :the
spectroscopic chamber is vented, and pumped down again which involves
turning the.fields up ingrementally and leaving them on for awhile until
arcing haé mostly ceased. This should be continued up to about 30 kV
on each field, énd then the fields should generally be left on at 20 kV

when the apparétus is pumped down but not in,use.88

C. The Detector

Tﬁe finai aspect of an MBER experiment involves the measurement of
the number of mqleculés of interést exiting the spectroscopy chaﬁber )
\along the beam axis.89 In order to ascertain the identity of the mole-
cules whose trajectory we are observing and to remove from thevbaék—.
ground all éther molecular species present, the beam is pasééd through
an electron bombardment ionizeg and a quadrupolar mass speétrometer.
The mass'selécted ions are then électrostatically led to the first
dynode of a particie mﬁltiplier for signal gain."The main criterion
for tﬁe design of this detector assembly is detection efficiency. Beam
ionizers and associated focusing electronics are gemerally less than
.1/42 efficient; so that very.good'vacuum condi;ibnslare'required to pre-
vent scattering of wénted iqns,’and'ion'focusing fields need to be

optimized. Finally, the electron signal from the anode of. the particle
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-multiplier>is amplified and sent on to an electrometer or pulse counting
elegtronics for data handling. The hardware and software for data
handling and driving the experiment are designed to allow for speedy

analysis and storage of the experimental results.

1. The Ionizer

Our universal:electrpn bombérdment ionizer.wés modeled after thét-
of Weiségo to allow the possibility of generatiﬁg and'detécting both
positive and negative ions'.91 In essence, electrons are boiled from a
tungsten ribbon filamentvand puiled into the ionizing region through a
positively charged accelerating grid, and allowed to strike a similarly
charged colleétion plate on the opposite sidé of this region. The molec~-
ular beam travels parallel to the filament and between the grid and
plate. ~Heuristically, electrons passing through the grid toward the
plate are slowed down‘by preceding electrons until théy get to the
central region, where they are reaccelerated by succeeding electrons.
This effective space charge in the center of the ionizing region both
increases the electron density in fhé path of the molecular beam and
creates arpotential well for positive ions when they are formed. If
" the spacing between the plate and grid increases slighfly along the
direction of the beam, this potentiél trough deepens in the same dir-
ection; creaﬁing an effective ramp.fér positivevioﬁs towards the remain—
ing detector electfonics, The ionizer ié followed by electrostatic
lenses‘and ion—éxtracting fields. Weiss found his detector to have a
detector efficiency'bf 1/400. ’

Our ionizer (sge Fig. 7)92 uses a thoriated 0.001" thick tungsten
filament,93-about 2" long and less than l/4"'wide.94 It is'spot-welded

to two 3/16'" diameter molybdenum bosts,95 which are in turn fitted into
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molybdenum support plates. Two molybdenum 2" x 5/8" x 0.030" Pierce gun
electrode plates are mounted on either side of the filament, which aid
in the extraction of a beam of electrons frpm the filament. The grid
is a molybdenum plate 2" x 1%" x 0.030" with a tungsten mesh spot-
welded over a 1 7/8" x 0.28" centered slot.96 The electron collecting

" anode plate is 2" x 13" x 0.060" molybdenum, and is backed by two 1%"

x 3/8" x 3/8" stainless steel support bars. .The molybdenum pieces and
the support bars are mounted on four 1/8" diameter alumina rods, with
1.2 mm ceramic washers separating the grid from the Pierce electrode
pieces, 3.5 mm washers séparating the érid from ‘the pléte and stainless
steel iock rings to press the assembled elements from the elecﬁrode
pieces to the énode plate against the support bars.97 Two stainless
steel cylinders98 with 0.313" inner diameter, 1/2" and 1%" long, are
used as collimating lenses. These and the aforementioned assembly are
mounted with alumina rods to a stainless steel mounting bracket, 5%"
long, 1 3/4" tall and 2" wide, as indicated in Figure 7. Sandwiched
between two macor pieces and between the top face of this mounting
bracket and another steel plate are six stainiess steel pins used to
make electrical connections between the ionizer and the outside world.
Thg filament pésts are electrically connected to two of the fouf larger
pins (0.090" diameter) by pairs of 0.020" thick, 1/4" wide nickel strips,
mechénically fastened to both the posts and the pins.99 Steel wires are
attached with stainless sleeves to the remaining large posts and spot-
welded to the gfid and plate pieces.loo The ‘two smaller posts (0.050"
diémeter) are connected with spotwelded steel wire to the two lenses.

Other connections are made between the two Pierce electrode pieces and

one of the filament mounting plates. The mounting bracket is itself



mounted onto a 6" outer diaméter stainless steel bése.plate, whicﬁ, in
turn, is held by capturg screws to ﬁhe copper ionizer housing ét‘the
base of the detector chamber shaft (ﬁq be described in-a later section).
When aséembled, the connection pins fit-through.holes_on the upper
surface of the ionizer housing and are attached with brass sleeves to
bare copper wires running up along the detector shaft to vacuum feed-
- throughs above the chamber.lo1

| The tungsten filament is resistively heated using a current regulated
0~20 amp power supply,lo2 and typically requires 10 to 18 A at less than
6 V. The potentials on the grid‘and.plate are maintained by individual
voltage regulated power ‘supplies,103 typically in the range of 75 to |
200 V with emission currents of up to 100 mA with the ionizer working.
Lens 2 (the;upstream lens piece) has recently been charged with negative

potentials as high as =760 V,104 while lens 1 is typically at a poten-

tial between -100 and 100 v.10°

2. The Quadrupole Mass Filter and Particle Multiplier

The detailed theéry_behind quadrupole mass spectroscopy will not be
dealt with here.106 Our mass filter,vobtained from Extranuclear
Laboratories, Inc.,107 consists of fourv20 cm long steel fodé of 9.5 mm
diameter, very precisely éligngd and housed in a 21.5 cm long by 4.7 cm
diameter steel cylinder. This cylinder is mounted108 concentrically
inside a.S" outer diémeter cylinder thaf houses pért df the éuter detéctor
chamBer. vA steel aligning'piece fits over the entrance end of the quad-

09 The other end is affixed

. : . L1
rupole can into the ionizer copper housing.
to thevmultiplier housing. Two posts emerge from the detector can for

electrical connections to the quadrupole.
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A signal gain of up to 106 is attained with a twenty one stage
copper-beryllium venetian blind particle multiplier.llo It is housed
in a steel can 15.4 cm long With an 8.2 cm diaﬁeter, which is held by a
steel supporting bar within the detector chamber. The entrance to the
first dynode is off axis from the ionizer and mass filter to prevent
secondéry electron emission‘from nonfocusable metastable molecules or

photons. . The front end or Faraday plate also has an orifice on axis

to permit a line of sight from the end of the detector along the ap-

paratus' beam axis. The Faraday plate can itself be put at a potential

“for either improved ion focusing to the multiplier or to measure dir-

ectly the ion current from the preceding detection electronics.lll

The relevant potentials for the quadrupole mass filter are supplied

by a quadrupole control and radiofrequency power source unit to a hi-Q

head and then to electrical feedthroughs mounted on top of the main

chamber of our apparatus (further described in the next Section).112

Within the main chamber, two shielded cablesll3 connect these feed-
throughs to copper rods mounted on the detector chamber housing, which
are in turn electrically connected to the posts from the quadrupole mass
filter can. Control over mass selection and resolution is at the quad-
rupole control unit. Mass ranges can automatically be swept by the

.. . . .. 114
introduction of a voltage ramp signal to the control unit. The mass
filter can also be electrically floated relative to the rest of the

0
detector electronics.l E

' 115
For positive ion collection a negative potential of ca - 3 kV,

116
supplied by the power supply that accompanies our fast electrometer,
is delivered to the first dynode of the particle multiplier, to extract

the appropriate ions from the mass filter, and to allow a sufficient
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voltage drop from the grounded anode to the firstvdyngde for ﬁhe desired
electron cascade, This dynode is.connected to a vaéuﬁm feedthrough on
the back flange of the detector qhamber, which in ﬁurn is connected.by

a shielded cable to a feedthrough on the top of the main chamber. A
‘triax connector on this same back flange is connected to the signal anode
and referenced to the voitage of the last dynode within the detector
chamber, and ié connected with an insuiated-cbaxial cable to a triax
feedthrough conﬁectorll7 on the main cHamber roof. This cable's shield-
ing is referenced directly to grbund for positive ion collection.
Negative ion collection will be discussed later.:-Finally,_a pin on the
detector flange118 is .connected interiorly to the Faraday plate, and

exteriorly to a feedthrough on the main chamber triax flange. The
105

. Faraday plate is typically floated between 0 and +220 V.

3. The Main Chamber

When the molecular beam leaves the spectroscopic chamber it enters
the main chamber region and travéls about 2" before entering the sur-
rounded detector regions. The main chamber is bounded by the "main box"llg.
an aluminum door, the spectroscopic shroud and a 24" outer diameter
rotatable-lid.120 The box is made of 304 stainless steel with 1%'" thick
sides and bottom, and a 24" thick top wall and internal dimensions of

121 WitH the detector chamber assembled

© 43" wide, 43" deep, and 23" tall.
to the rotating lid,‘the detector asgembly éan Be rotated a fﬁll 90°
from the detector orifiée pointing toward the spéctroscopicbchamber ﬁo
its poinﬁing in thé direction:of the left(wall of the main box (as

viewed from the source and spectroscopic chambers). ‘The large wall

thickness prevents deformation of the key-in surfaces' alignment when
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‘the chamber is pumped out.122 The rear side of the main chamber is

sealed with a 49%" x 31" x 1%" thiék aluminum door, the removal of which
allows access to the interior of the main box and the detector chamber.123
The left wall of the box has a 6" and 10" port, the latter of which is
concentric with the detector axis when the detector is rotated 90° from
" pointing toward the_spectrometer.124 For our use, this port is covered
with a plexigiass flange to allow visuél'inspection of the detector.
The right wall has an 18", 6" and two 4'" parts. A liquid nitrogen
delivery arm is mounted to a flange for the 6" port, which is intermally
connected to a copper cold wall125 that covers most of the floor of the
main chamber. ' The front wall has a 6" utility port and a 10" port. It
is through this latter opening that the molecular beam in our experiment
travels. The connective spectroscopic chamber keys in and bolts to the
outer side of this port, while the spectroscopic shroud is attached to
its inner side. The bottom wall has an_ll", 7", 5%" and 3/8" port, the
last of which is centered aboup an axis perpendicular to the axes of
ﬁhe 10" ports on‘the front and left walls. The Qain chamber ié pumped
through the 11" port and connecting steel spool by a 10" diffusion
pum.p126 (4200 1/s), which is backed by a 1 hp mechanical pump.72 Under
typical»oéerating conditions fhe pressure of the main chamber, as moni-
tored by an ionization gauge,34 is between 10_7 and 10-6 torr. All
ports mentioned, unlessvotherwise specified, are sealed with steel or
aluminum flanges.127

The roof of the main box has a single 24 orifice that ié centered
over the 3/8" port on the boﬁtom of the chamber. Its inner circumfer—
ential surface ié grooved for two sealing gaskets, a pump out region

between them and a 24'" bearing ring.128 A stainless steel rotatable

ring fits into this assembly andAthe 1id bolts over a gasket into this



ring.lzo It is scribed with angle indicating markings to correspond to

a stationary fing bolted to the top of the main box about the rotatable

one for lid orientation indication. A toothed gear ring bolts onto the

rotatable ring, which can be turned by a chain linkage from a smaller

 gear bolted to the back right corner on the top of the box. The 1lid

itself is made from 1%" thick stainless steel. It has three 3%", two
24" and ome 3/8" pofts, the last of which is Centfally locéted; A siX '
sided stainless éteel shaft withvl/2" thiék wélls drops 17 5/8" from.
under a 7%" conflat port on the upper lid surface, and partly houses
the outer detector chamber. The detectof housing, described in the

previous section, keys into a 5" port near the end of this shaft. This

port and a 0.15" beam entrance orifice on the shaft's opposite face are

concentric to the apparatus' beam axis on assembly. A motor and gear

- driven aperture wheel assembly129 fits over the beam orifice, permitting

the use of 0.01, 0.03, 0.06, 0.10, or 0.15" apertures., Of the ports on

the 1id, one is sealed with the signal triax and Faraday plate feedthrough

flange, another with a flange with.four copper feedthroughs used for the
quadrupole mass filter and particle multiplier high voltage connections,
and a third with aqxiliary feedthroughs, sﬁme of which are connected.to

the éperture wheel motor and indicators. The bottom of the.lid shaft is

sealed with a steel plate.131

4. The Detector Chambers

The inner detector region which houses the ionizer .is contained by

132

the detector shaft, which fits within the lid shaft and is fastened to

_the 10" conflat surface on the lid's top. The outer detector region,

housing the particle multiplier and mass filter,kis contained by thé

‘outer surface of the detector shaft, the inner surface of the lid shaft

47
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108 The overall detector chamber design is similar

and the detector arm.
té that of Lee, et él.’lZZ with the exleSion of theirlouter detector
buffef region. The detéctor shaft is a double walled cylinder, the
bottom of which is welded to the OFHC copper ionizer housing. The top

is welded to an outer cylinder, which has exterior ports for the inner
and outer detector region ion pumps (110 l/s);133 liquid nitrogen supply
and venting to the inner wall and ionizer regions; and three 1%" diameter
ports, two of whiéh we sealed with electric feedthrough flanges for the
ionizer. The remaining port and the top of the detector shaft are

sealed with cénflat flanges.135 The copper ionizer housing has 0.15"
orifices through its front and back surfaces for the molecﬁlar beam to
enter and leave the ionizing region.136 Holes are drilled througﬁ the
upper part of the housing, not directly under the detector shaft, which
correspond to the electric connection pins of the assembled ionizer.
The ionizer base ﬁlate screws into holes about the.open base of the.
housing. The inner detector chamber generally operates at lO_9 to
5x 1070 .

Most of the characteristics of the outer detector chamber were
described in the maés filter and multiplier section. In MBER experi-
ments, the detectbr arm extends ~16" from the outer wall of the 1lid
shaft.137 The foﬁr inner ports of the high current vacuum feedthr_oughlol
are connected with steel rinés to 0.083" diameter copper wire which run
parallel to the inﬁer cylinder to'just above the ionizér housing. The
"seven steel wires emerging from the other electric feedthrough on the
détector shaft's outer sylinder are strung through two macor spacing

discs. Three of these (#4, 5 and 6) are spotwelded to thinner copper

wires which also run down to the ionizer. The rear flange of the
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- - 118 | . .
detector arm has three electric feedthroughs for the nonionizer de-

tector electronics and a centered quartz window to allow a line of sight
along the molecular beam axis. The typical operating pressure of the

outer deétector region is 1 to 2 times that of the inner region.

.5. Data Collection and Miscellaneous Electronics

Thé equipment primarily used for data‘collectién and handiing from
the signal anbde'include a f#st preamp electrometer, a'PET microcomputer,
a épecially designed molecular beam interface board and a pulse discrim-
inator, giving us the versatility to collect data using both analog and
pulse counting techniques. Though in principle we should have.been
capable of negative ion detection, in practice we had very little suc-
cess, so that the related electronics and circuitry will not be discus-
sed in detail here.138 |

When using the electrometer,]‘16 the signal from the anode is first
passed'through;a'preamplifierl3? connected to the triax feedthrough by a
~4" long coaxial cable. The electrometer measures and indicates'thé
voltége drop induced by the amplified signal across one of three'possibly
chosen input_;esistors of 105,v107, and lO9 9.140 Depending upon the
user's choice of meter sensitivity, full scale deflection éan range'from
10 mV. to 10 V, so that in principle analog signals can be ﬁeasured from
lO_]-‘l to 10-4 A. The electrometer signal's time comstant can be adjusted
from nearly 0 to 300_msec,'or longer by adding appropriate capaditors
across jacks indicated on the back of the electrometer..vIﬁ-typical work
the electrometer signal ié taken from a 1000 mV full scale jack, and

: 141 '
passed to a strip chart recorder, an X-Y recorder and/or to the

analog jack on the rear of the molecular beam. interface board.
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Several possible jobs can be performed by the molecular beam inter-
face.142 Three BNC jacks on the front panel lead to an rf mixer which
can be used to mix a noise background with the rf synthesizer signal to
form a broadened frequency line for the C field.64 For digital analysis
of the electrometer's analog signal, an A to D converter based on a

' . s s . 143
voltage to frequency conversion circuit is also included. The other

144 The software

two main features are coﬁtrolled by a PET minicomputer.
considerations are left for this cﬁapfer;s appendix. A 10 MHz reference
clock signal is introduced to the interface, typically from our :f syn~
thesizer.62 The iﬁterface can then be programmed to generate its own
clock signal at particular lower fréquencies (e.g., 10 and 100 Hz). The‘
rf signal going to the C field can be modulated on and off at this set
clock frequency. The second remaining feature is two pulse counters
which are "and" gated with the clock signal so that one can count pulses
(either from the A to D converter or directly from a discriminator) when
‘the clock pulse is high and the other when it is low.145 The PET driving
program can allow these registers to accumulate counts for a preset
number of clock cycles, read the counters and store their Qalues in
computer mémory, rezero them, and havé them start counting again.
Furthermore, the PET can contfol the rf synthésizer along an IEEE bus
line, and, therefore, step the C field rf frequency in the time between
reading the countérs and restarting them. - In this way, a time modulated
MBER spectrum can be taken as a functién of the C field rf frequency.
vapulse counting is desired, a discriminator circuit146 is con~
negted to the triax signal feedthrough. Powered by a 15 V power supply,147

the discriminator amplifies the anode signal and transmits pulses of

3 V amplitude, 2 usec wide for each pulse that it detects of voltage



above a set threshold. -The discriminator has an upper limit of lO6

counts per second due to its internal response7time, so signals of this
.order or greater éannot be meaSuied,by pulse counting. A 50 Q termiﬁating
resistor is required when directly measuring pﬁlsesvwith the‘molecular
beam interface.

A few remaininé comménts are in order for the electronics of the
MBER apparatus. Preseﬁtly, one ionizer lens,vthe faraday plate and’the
A buffer field voltage, as well as the quadrupole mass filter floating
voltage are suppiied through a lens board, which can output between -400
and +400 V to each device.148 Tﬁe power supplies for thé B buffer field,
the lens board, the plate, the grid, and the dc C field component, as
well as the quadrupole mass spectrometer control and fast'électrometer
are all plugged into a single 20 A fused plug strip, which, for both.
equipment and personal safety, is wired through a relay controlled by
one of the ion pump controls. The ion pumps themselves turn off if the
pressure in a detector chamber rises above 10"5 t, so that the afore-
mentioned devices cannot bé turned on if the pressure is unduly high.l49
The PET, rf synthesizer, rf amplifiers and molecular beam intefface are
mounted away from the remaining electronics to help protect them from
'tﬁe effécts of the A or B fields' arciﬁg.lso Cables for the pumps,
v pump interlocks and pressure measurements, with the exception of the iop
‘pump cabléé, are run aloﬁg the floor into a slightly elevated wooden’
platform and to their controlling units. All other cables are run over
ﬁhe laboratory lighting fixtures between the controlling units and their
corresponding devices. All electronic cabinets, the main and spectroscopic
chambers, and electronic devices are grounded commonly to the laboratory

water pipes. Fihally, other equipment used in conjunction with the PET
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for data analysis . include a second minicomputer, a printer-plotter, a

printer and floppy disc drivé.151

6. Detector Assembly

In this section the routine for ionizer assembly aﬁd closing up the
detector is briefly described. It is assumed that the lid and detector
shaft elements are assembled and in place and that the detector arm with
its enclosed particle multiplier and mass filter are also already
assembled.152 |

Tungsten.filaments are thoriated by cataphoresis in a thoria solu-
tion of finely ground 8 g. ThO2 and 0.12 g fh(NOS)Q-AHZO in 150 ml
ethanol and 20 ml water.153 A 0.001" thick tungsten strip cut approxi-
mately 24" x 3/16" sﬁould be straightened and cleaned in ethanol. It is
then electrically connected to the negative terminal of an appropriate
power supply and sﬁbmerged into the thoria suspension. A second polished
and cleaned tungsten ribbon may be used for the other electrode. Assuring
that the filament to be tho;iated is not touqhing any surfaces,vapproxi;
mately 50 mA (~200 V) is passed through the cell for aboutv45 seconds.
The filament is then removed and allowed to dry, A clean white coating
should be on both sides of the filament where it was submerged. Thg'
filament should be cut to a final length of about 1 7/8", and the thoria
“on both sides should be scraped off with a knife about 1/4" from the'ends
for eventual spotwelding.

Figure 7 and the previous section on the ionizer can be used as
ﬁartial guides for the ionizer assembling. All pieces of the ionizer,
including the screws, should be cleaned in ethanol before éssembly, and

once cleaned no parts should be handled without using either lint free

gloves or tweezers. Alumina rods may have metal plated on them which
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sh§uld be sanded off before‘cleaning. The fouf 14" alumina rods are to
be inserted thfough the outef pair of holes on each of the two plate '
. support baré, and tightened into place with set scfews. The following
pieces should then be slid down these rods to thevbars in'thevgiven

- order and orientation: the plate, flat side first; the 3.5 mm ceramic
washers; the assembled grid{ the 1.2 mm ceramic washers;.the Pierce
electrode pieces, in a digection perpendiculér to the bars with their
flaf sides facing away from the gfid; the steel retaining rings; and
the filament support plates with the filament posts already mounted,
sucﬁ that the threaded parts of the posts are pointing away from the
gri& and are on opposite ends of the assémbly from each other.i In the
assembly of these mounts,.the threaded ends of the posts emerge from
the flat sides of the support plates and should be fastened in place
each by one nut. The split mdunting post should be positioned so that
the part connected to fhé threaded portion of the post is closest to

154 The retaining rings are tightened such that

its platé% nearer edge.
the gun pieces are pushed snugly back toward the plate support bars and
so that the ring set screws will be accessible in the finished ionizer.
The'filameqt plates shouid also be temporarily tightened in place.

Affix the mounting bracket énto the ionizer base plate. Two long
alumina rods155 are guided through the brackét from the end opposite
frém wﬁere tﬁebelectric connecting pins afe torbe_inserted.. These rods
are then‘guided through, in the following order, the-inﬁer holes on the
supportibérs of the aSsembied ibnizer elements, so thaﬁrthe assembly
lies ovef the bracket and that the split filament post end is entered

first; the long lens, with its shorter end pointing toward the assembled

section and its longer end already inserted through the bracket hole on
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the pin end; thevcorrésponding holes on the pin end of the bracket; and
the second lens, with its longer end pointing toward the assembly.
Position the ionizer and lenses using Figure 7 as a guide, and then
tighten in place.156 Place one Macor insulating plate on top of the pin
plate of the bracket, so that the counter bores are pointing up and the
" holes on the plates are aligned. Insert the four larger pinsvinto the
larger holes and thinner pins into the two smaller holes oﬁ the opposite
end of the plétes, all with their shorter ends down. Sandwich thesé with
the othér‘insulating plate and the steel hold down plate, and fasten the
pin assembly together with a screw, nut and washer through one of the
unused holes. Insure that thé holes on these pieces are properly.
aligned so that the ﬁins, if wiggled, will not touch any metal surfaces.

Spotweld 1 cm2 pieces of tantalum foil to the rounded ends of the
filament posts, so that they are particﬁlarly well.attaéhed.at points on
the outer sides of these posts near the_ends.157 Spot weld the ends of
a thoriated tungsten filament to the tantaluﬁ strips so that the filament
is as tight as possible. Carefully slide the post support plates toward
the grid until the filament is almost between ﬁhe electrode pieces, and
then tighten the plates to the alumina rods,158 See notes 99-101 and
the ionizér éeqtion for the other electric contacts to be made. Make
sure that the bare wires do not touch any surfaces that they are not
supposed to touch. With an ohmmeter, check all electric connections for
continuity and lack of shorts. There should be little resistanqe
between the filament posts.

Before mounting the ionizer into the detector chamber, the four

captive screws should be threaded through the ionizer base plate, and

the brass sleeves used to attach the ionizer connecting pins to the



- detector wires shoﬁld’bevélready'aﬁtached to‘thosé wires. Bring the
ionizef under the copper housing with the pins toward the detector arm
opening. Carefully maneuver thekiohizer.upwérd until the conneéting pins
emerge through the top of the--housing,158 and then loosely connect the
.base»plate to the housing with the capture screws so that the ionizer is
still aboﬁf 1/8" below its eventual position. Loosen the brass sleeves
frém the wires and slide them over the expoééa ionizer comnection pins.
Then tighten the captive screws, and connect the pins to the wires with
the sleeves. With an ohmmeter, check out the high current feedthrough
above the main chamber for continuity between the filament posté‘and
that nothing else is shorted.]fol The bottom plate of the 1lid shaft may
now bevattaéhed, and the detector arm is keyed in and»bolted to the 1lid
shaft such that the triax connector on its rear flange is pointing down.
The two quadrupole cables, and the signal, Faraday plate and particle
multiplier cables are now connected to their appropriate terminals.lls
The shielding of the quadrupole, Faraday plate and particle multiplier
cables should be connected to ground, typigéil? with wires soldered to
the éhielding and in turn held against the detector arm By conflat‘bolts.
Check thaﬁ the shieldings of the cables are not in contact with their
inner wires on either end and that the shiélding of the signal cable is
connected appropriately to the underside of the triax flange. Finally,
it is often convenient to rotate the apefture wheel to its 0.15" orifice

to allow fastér pumping down of the detector chamber. Remove all tools

from within the main chamber and then close it up.
D. Apparatus Operétion

As is the case with most largeapparatus and as indicated in the pre-

ceding sections, the procedure required for doing an experiment with our
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MBER méchine can appear quite involved to the uninitiate. This
description of its opération does not intend to take the place of
experience for'the user,»but merely to be a guide for initial use, and
to suggest where problems may occur. For the more casual reader, this
section includes some of the detailed experimental conditions not
already discussed. As with the order of events in a typical. experiment,
this section is subdivided into parts on the chamber prepération,
obtaining.a mass spectrum and other detection tuning, obtaining an MBER
spectrum, and shutting down. Comments on the operation characteristics
aré largely empirical, with little attempt made here to explain why our

machine has behaved as it has.

1. Chamber Preparation

With the chamber assembled and all ports closed,127 the mechanical
pumps backing the main, the spectroscopic, and the buffer chamber dif-
fusion pumps are opened to their respective chambers.159 When the pres-
sures in thése regions have dropped to‘about 100 u, the diffusion pumps
and their respective interlocking protection devices are turned on.160
After about 2 hrs the main and detector chamber pressures should be below
10_5 t, and the ion pumps may be started. Typically about 5 amps arev
also.run through the ionizer filament both to bake out fhe detection
region and help prepare the filament for later pse.161 Warming up times
of various aﬁounts are also required for the A and B fields (for qﬁadru—
pole rod conditioning), the dc power supply for the C field, the electro-
meter and the counting head power supply, if it is used.

About an hour prior to actual experimenting, the liquid nitrogen

trap of the detector chamber should be filled. Initially, the 1N, vent

2

line on the detector shaft is pumped on by the house vacuum line until



it - has become visibly frosted due to 1N, passing all the way through the

2
cold trap. The vacuum is then turned off and the vent line is opened
partially to the atmosphére so that,just a vapor spray emerges from the
vent.l62 This trap must be kept sufficiently full whenever the ionizer
filament current is above 5 A and particularly when doing e#periments.
With the trap cooled, the ionizer curfent may be gradually turned up
during the next 20 to 30 min.164 The grid and plate are each sﬁpplied
with about 100 V so that emission current from the filamentvéan be detec~
ted. - The filament is near operating condition when the plate emission
current is én the order of 3b mA.165 Fill the Q—Nz trap under the spec-
troscopic chamber, it requiring about 30 min to equilibrate. Turn on

the source backing pump (its water cooling line previously opened), open
the pump to source chamber gate valve and then the source blower. With
the buffer chamber gate valve stillvclosed, Qaive off the buffer chamber
diffusion pump backer from the diffusion pump, and open it directly to
the buffer chamber. When this chamber's pressure is below 100 u, close
thisvval§e, reopen the mechanical pump to the diffusion pump and open

the diffusion pump gate valve. Initial adjustments for source temper-—

ature may be done now, as well.

2. Tuning the Detector and Taking a Mass Spectrum

‘The detector is generally tuned with the mass filter set for a
species in a molecular beam so that the focusing parametérs are suitable
for a directed beam. - The quadrupole mass filter is previously tuned and

' ' e . 166
balanced, as described in its operation manual. Zero the fast elec-
trometer using the "V'" and "A" controls and then turn the particle multi-

plier voltage slowly to about =3.2 kV for'positive ionvdetection.167

163
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Turn the remgining detection electronics to settings previously found
workable. Examples of typical detector settings which we have used can
be found iﬁ'the Notes. Open to thé source the gasl68 on which you plan
to tune the detector and open the buffer to spectroscopic chamber gate
valve. With the mass. filter set appropriately‘and the electrometer on
a more sensitive scale, a signal on the electrometer should be evident
that can be almost zeroed by closing the aforementioned gate valve. If
this-is not the case, check the beam path.169 If this appears clear and
" no other problems are evident, gross retuning may be necessary. Back-
.ground peaks should.also be evident at 28 (N2+) and 16 (0+) amu. Once
the beam signal is assured, maximize its intensity by adjusting the
source to skimmer distahce and the 1lid orientation.170

For electronic optimization of the detector signal, some choice has
to be made between signal intensity and resolution. First fine tuning
should be done with the filament current. A couple of sharp signal
maxima may occur, but the setting for the lower filament current is pfe—
ferable both to increase the fiiament'svlifetime and to reduce the magni-
tude of the filament background peaks.l71’ Of the remaining controls,
lenses one and two,.the grid, the plate and the Faraday plate tend to
primarily aifect signal amplitude, while the mass filter's resolution,
Aﬁ and floating voltage will affecf the mass peaks' relative inténsities,
shapes and, td a small extent, locations. All of the tuning controls
are mutually coupled, so some diddling is required. The grid voltage
should be slightiy greater than that of the plate, while the emission
current to the plate should exceed that to t‘he-grid.172 These, the
filament, the lensés, and Faraday plate should be adjusted uéing the

electrometer signal as a reference. The remaining adjustments are best

made taking rapid mass scans and using a scope.
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Mass spectral scans are obtained using a sawtooth genératorll4 to

drive_the mass filter and the electrometer to measure signal strength.173
During tuning, to scan a singie peak, the ;amp is sét at O.i sec/sweep,
and the-quadrupole mass filter is set at a suitably low width interval
about the mass peak' of interest. The "Resolution" and "AM" controls of
the mass fiiter are strongly coupled. A lower "Res" setting increases
the intensity of high mass signals relatiﬁe to lowervmasses.v'The
floatiﬁg voltage control has the largesﬁ-single'effect.on_relative peék
sizes and will show several signal maxima during tuning. With the peak
shape ‘as desired, the ionizer controls should be readjusted for final
optimization. A full mass spectrum can then be taken, normally changing

the sawtooth scan rate to 1 sweep/l00 sec and appropriately increasing

the scanned mass range.

3. Stark Focusing and MBER Spectroscopy

The gas to be'étudied is now introduced to the source in its prepre-
pared mixture at the desired source pressure, the source temperafure
 having already béen established. ~The appropriate mass spectral peak can
be found with the aid.of background mass spectra taken with the buffer-
spectroscopy gate valve closed. The source to skimmer distancevshould
be readjusted for ﬁhe different éource conditions.174 The detector will
requi:e some retuning to optimize the signal for the pafticular_mass'
peak,:espécially nee&ing a chaﬁge in‘thé mass fiiter floating.§oltaée.
The~idéntify of thé mass péak should'theﬁ be rechecked by gating the
source. -

The A buffer'stopwire should then be introducéd inﬁé the beam path.
I1f at ieast.9SZ of the mass signal cannot be occluaéd, then either the

stopwire diameter is too small, the detector orifice is too large or
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there is too high a background pressure in the spectroscopy chamber.l75

Now turn up the A and B field voltage to refocus the blocked beam.176
‘Details of the refocusing process are left for the next chapter. _Here
it is pointed out that most of the refocusing is done with the A field.
If more than one maxima is attainable in refocusing, the appropriate one
is that which gives the best transition signal. For J=1 transitions
this will correspond to the lowest voltageAmaximum. VThe chosen dc
voltage for the € field shéuld be set, and the A and B buffer fields
should be set to 200 and 450 V)respectively.177 The final refocus
tuniﬁg is to be done once the desired resonance frequency is found.

The three main methods used to scan for transition frequencies
involve the direct manual use of the rf synthesizer and indirect control
with the PET microcomputer with and without the molecular béam inter-
face chopper. Aside from continuous manual control of the output fre-
quency and amplitude, the synthesizer has also the built-in ability for
50 sec scanning over a desired frequency range. With the use of our
laboratory's program fS&nthesizer.Sweep",l78 similar scans with more
- flexibility in time range and outputting are allowed. For 50 sec sweeps,
the dc ramp output of the synthesizer is connected to the X drive of the
XY recorder, and the half X scale point is set to correspond to the
central rf frequency of ﬁhe scan. For multiple scanning and a digital
recording of a spectrum, the program "Fast MBER" or "MBER"179 should be
used in conjunction with thevmolecular beam interface. The memory
extension board of the interface is inserted into the PET computer, and

thé 50 @ rf output of the synthesizer is passed through the interface

chopper before going through the rf amplifiers.l
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To.fiod a'tesonant frequenty requires fast scanning over a wide
region.181 Due to the narrowness of the line width of radlofrequency
transitions (<5 kHz), noise broadening of the rf synthesizer output is
advisable, either through the use of the rf noise generator and inter-
face mixer64 or by the dither'routine‘in "Synthesizer Sweep".178 Once
avreaonance is located, the chopper routine of "Synthesizer Sweep” is
convenient for optimizing the focusihg fieldivoltages; the;rf frequency
amplitude182 and any of the other apparatﬁs parameters before taking

detailed spectra.

4, Shutting Down

For juét stopping‘ekperimentation and not opening the chamber, turn
off the gas source and pump out the source can with. the gas cart pump.
Close the blower and backer pump gate valve and turn off the blower.

In a ﬁlnute, the large pumps can be vented and the backer turned off.
The high voltage on the particle multiplier should be turned down and
off. The ionizer filament current can be turned down to 3-5A. The

mass filter should.be switched to standby and tHe C fielo voltage turned
down somewhat to protect the unattended flats. The rf amplifiers should
be turned off. Finally, tﬁe stopwire is moved from the beam path.ls3 and
the buffer-spectrometer gate valve is closed.

If either the main or Sbectroscopic chambers will require opening,

: 4
the 2-N, from the detector trap should be blown out.18 Detector power

2

sﬁpplies should be turned off. Both ion pumps and the main and spectro-

scopic chamber diffusion pumps can then be turned off and the interlocks

105

set to "Calibrate". _ After about 45 min, the chambers can be vented

9 and the backing mechanical pumps valved off. If only the

source chamber needs to be vented, it suffices to close the buffer dif-

with dry N

fusion pump gate valve before opening the source to the atmosphere.
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E. Source and Detector Characteristics - Mass Spectra

.1. Argon Beam Characteristics

‘Figure 8 presents.a mass spectrum covering mass to charge_ratios'.
from 0 to 60 for an Ar beam at room temperature and a source pressure of
68 psig.186 An identification of the peaks is made under the spectrum.
The - low magnitude of the Ar-40 peak (~40 ﬁA) relative to the background
-peaks at 28 (N +, CO+) and l6_(0+) could be dramatically changed by re-
adjustment of the mass filter float voltage to about 5 times larger.

Ar+2 ~ 20 is always evident in Ar mass spectra, thqugh its magnitude

is typically <2/3 that of the parént peak. This sﬁectrum also presents

a good example of the background. As this was ﬁade with a relatively-hot
. ionizer filament, there are quite noticeable peaks associated with
thorium, sodium and potassium, whiéh may not be pfeéent with cooler
ionizers. The general baseline noise is on the order of 0.05 nA, which
is typical for all of dur mass spectra and serves as a limit for detec-
tability. 1In general it has been found that with a fixed detector set-.
ting the Ar-4b peak remains proportional with the argon SOurce.pressure
only to a few hundred torr, and then does not rise as quickly. Time of
flight measﬁrements made on Ar beémsls7 have indicated an effectivé beam
path of length 117 cm as compared to a measured path from the skimmer to
the detec;pr of 104 cm. The differerice has bgen largely attributed to
the detéctér time.respénse and a triggering offset in-the'TOF.experiments.

In a ﬁeasufement with.pulse counting on a 20 t, rbom temperatgre Ar‘
beam, 4.5 ’x>105 counts/sec were measured and a signal current of 720 nA.

If one assumes that the pulse count is a somewhat accurate representation

' o + . . vz
of the number of Ar ions reaching the particle multiplier, a crude
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estimate of the detection efficiency can be made. The beam flux is

estimated by assuming én effusive flow from the source,
Q=vnAa/ | (2.1)

where Q is the source flux (molecules/sec), v the meén,veloéity of the
particies in the source, n the source number density and As the area of
the source orifice. For 100% efficiency every molecule in the beam which
strikes the detector orifice would be detected. This flux, N, can be

estimated via

(2.2)

where Ad is the detector orifice area; 1, the distance between the source
2 . - . .

and detector; and-Ad/an , the fraction of the effusive beam's hemispher-

" ical flux that strikes the detector. Assuming a Boltzmann distribution

~within the source,

y=-L XL E _s4d (2.3)

where k is the Boltzmann constant, P and T the source pressure'and temper-
ature, and m the mass of a beam particle. The detection efficiency

can then be estimated by
e = §/N (2.4)

where S is the measured counts/second. The aforementioned experiment
was performed with a source orifice diameter of 0.005", a detector orifice
diameter of 0.15" and a separation of 104 cm, giving an estimated flux

into the detector N = 8.5 x 10lo/sec and a measured detection efficiency
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€ =5.2x '10'6.‘18?3

In factg'the‘éource'and beam are not effusive but
more'directed} yhich would increase the effective value of N. On the
other hand, the.particlé multipiier has an uppef opérating.limit on the
order of 1 MHz, so a fraction of ﬁhe'Ar+ reaching the par£icle multi-
plier are nof counte&. This is further indicated by tHe calculated
multipiier current gain in this experiment of lO7 (determined by the
‘ratio ofvthe electrometer current to counted pulses) wﬁiéh is a factor
of 10 greater than tﬁat estimatedvby the manufacturer. Finally, Ar++
signal is not includéd in this analysis. The calculated efficiency given
vhere is felt, to be within an order of magnitude of the true detector
efficiency. This.compéres qﬁite poorly with the 2.5 x 10—3 predicted
efficiency of the Weiss detecfor,90 or the estimated 10_5 efficiency of
the Klemperer MBER apparétus.ls7 This.will be discussed furthér in a
later section.

As will be discussed in furfher detail in Chapter‘III, the beam
temperature of ‘a supersonig source decreases with a decrease of source
temperature, an increase of source pressure and an increase of the |
source aperture diameter. This is manifested in an Ar beam with the

"formation of argon clusters whiéh would only be s;able at temperatures
significantly lower than the generally used source temperatures. Figuré
9 shows an example of Ar cluster formation for a source at 20 psig pres-

) sure, -110°c temperatﬁre and Withvé.lOO 1 diameter,nozzle.190 No

clusters‘were evident under siﬁilar conditions at foom temperature.

Though pgaks here are seen out to Arsf, we haﬁe seen argon clusters up

to Arlo,:which has beén thelgpper mass limit oﬁ our detector. Again,
changing the mass filter float‘voltagebchanges relative peak heights, -

For example, with an 84 psig beam at ~-25°C, the peak intensity ratios of
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. Y .,
9 toAr3 to Ar4 were 21:1(62nA):0.04:0.006 when tuned to

maximize the signal at 40, and 9:1(15nA):0.02:0.008 when tuned on peak

191 ey . . .
80. Thus little can be said of a quantitative nature on the relative

Ar+ to Ar

concentration of argon species. As anticipated the quantity of Ar2 de~

tected relative to Ar increases with source pressure and a decrease of
source temperature. The relative amounts of the other polymers increase

with respect to Ar, similarly. Ar was found to clog the source at

2

source temperatures below -140°C.

2, ClF-Ar Mixtures and Cluster Formation
For a éomewhat more detailed example of van der Waals molecules
formation we studied the mass épectra of ClF-Ar mixtures as functions of
the source gas composition, pressure, temperature and source nozzle
aiameter. A sample mass spectrum illustrating the typically observed
clusters and fragments is given in Figure lO.192 The source conditions
were a temperature of -20°C and pressure of 50 psig (~4}% atm) of 15% C1F
in Ar (PClF ~ 525 t), hith a 100 u nozzle. The major maés peaks ob-
served with mass to charge ratios less than 130 are listed iﬁ Table 2.2,
with the background and argon péaks listed separately. The identifica-
tion of the Cvacluster and ffagment peaks was facilitated byvknowing
the 3:1 natural distribution of the chlorine 35 and 37 isotopes. These
j peaks arose from such species as Cl+, C12+ (their source pressure de-
pendence indicates that these do not arise mainly from C12 impurity in
+ + +

' + +
the beam), CIF , CIF, , CL,F, Cl,’, (C1F), and ‘c13

fluorine and hydrated fluorine fragments. It is not obvious from our

+
F ', as well as some

studies what parent molecules are unambiguously responsible for these

- peaks individually before the molecules are fragmented by the ionizer.
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Table 2.2

ClF/Ar Mass Spectrum Peaks of Figure 2.10 (Relative Intensity of
’ " Larger Peaks Indicated) .

P, = 50 psig, PClF‘= 525 c,"r-S = -20°C, ps = 190 u192

Background and Argoﬁ ‘ ClF

2 CoE, o 7.5 o

8 ot 18.5. Xt

2 ¢t 19 o

14 (0.19) N, N2++ o H2F+

15 wt o 35 (0.82) c135*

16 (0.40) 0%, 0, 36 ¥ttt
17 ou" 37 (0.35) c>™

18 Ho' 41 | (uEF) 1
20 AT 51 F02+,»Cl350+
23 Na® | 53 c137ot

26 h'? 54 0.62)  c13%F

27 - 56 (0.20) c137s"

28 (1.0) w,*, co’ 61 @R

29 - Th'S | 67 - 013502'+

32 Q2+ 69 IC1§702+

33 | '’ 05 e
39 k", ' 172 (0.32) 0135137
40 (0.43) e B c1*r,"
g oo, I c1,>"*
46.5 w0 e @nE

55 - (5,0 " 87 |

58 mt | 89 (0.09) c1, 3t
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Table 2.2 (continued)

Background and Argon - ClF
65 ca®* 91 c1*’c1?7F"
77.3 (0.07) " 92 |
116 mt 93 c1,>’r"
124 Tnott 101 (HF)5H+
| 105 o1,
107 (0.04) c1,%%c1’7*
108 @¥p,*
109 c13501237+
110 . c139rc1 35t
121
126 c1,32c375t
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It was interesting to us thaﬁ thefe appear essentially‘no Ar
cluster peaks inbspectra as in Figufe 10, whereas Arn+ siénals are quiﬁe
apparent for n at least up to 3.for spectra taken under Similar Ar
con@itions without C1F in the beam. At the time we were pérticularly
looking for ArnClF species, which are present to only a véry small extent
in Figure 10. The magnitude of‘Arn and ArnClF peaks were found to have

a strong dependence on the partial pressure of ClF (P ) in the source.

C1F
) + + + +
Some of our measurements of»peak heights for Ar2 , Ar3 , C1F , C12F ,

+ + :
ArClF- and ArZClF are presented in Table 2.3 for various source conditions

as functions of PClF'193 In general, little argon clustering is seen

with PClF greater than 100 t. As PClF is lowered, Arn and ArnClF grow . |
in concurrently. The ArnClF peaks grow both absolutely and relati&ely
compared to the other ClF fragments. A somewhat»satisfactéry explanation
for this phenomeﬁon»is thaﬁ the exoergicity of pure le cluster fqrmation
causes local beam heating during its expansion, thereby making Ar con-
taining clusters thermodynamically unstablé, so that onlyvat lower C1F

~ concentrations can the beam produce the Ar species. TFor example,

reactions such as Ar, + 2C1lF -+ Ar + ArClF + C1F - 2Ar + (ClF)2 occur.

2
In our studies with source pressures in the range of 1 to 4 atm and

' + + .
temperatures between -60 and 20°C, ArClF and ArZCIF peaks were found

to maximize at P F between 3 to 8 torr. It was less interesting to

Cl
note that the intensity of thevCle+ peaks tracked thé PClF significantly
better than the C1F+'peaks at PClF > 8 t.

In general the remaining source conditions had the expected effects
on cluster formation. Clusters were somewhat enhanced by lower source

temperatures and higher source pressures. In our range of conditions,

no cluster formation was observed with a 25 y diameter nozzle. Two



Table 2.3

Mass Spectra Peak Intensities for Ar-ClF Gas Mixtures

‘Signal (relative, within each section)

P () A;2+ Ar3+ c1F’ 012F+ ArC1FT Ar2ClF+
T =-50°C  P_=3.7atm d_ =100 u
110. 0.2 10. 3.2 0.10
29, 2.5 9.5 3.6 0.24
18. 5.0 8.5 2.6 0.44
8. 9.0 8.1 1.7 0.67
3.6 12. 4.4 0.68 0.52
1.6 12. 2.2 0.28 0.28
0.7 13. 1.0 0.09 0.12
T = -40°C P =1.7 atm d =75u
s s S s
30. 1.8 0. 7.2 4.4 0.20 0.
18. 4.2°  0.13 7.4 4.0 0.40 0.13
10.8 6.6 0.55 6.0 3.8 0.65 0.25
6.5 9.4 0.88 4.8 2.4 0.88 0.20
3.9 10.8 1.4 4.0 1.2 0.78 0.38
2.3 12.0 1.6 2.8 0.56 0.75 0.30
1.4 14.0 2.5 1.8 0.25 0.60 0.30
0.0 14.5 2.4 0 0. 0. 0.
T =-70°C P =1.7 atm d_ = 100 u
s S S
©20. 1.6 0.23 8.3 2.8 0.20 0.
12. 6.0 0.60 9.0 4.5 0.70 0.08
7.2 8.9 1.2 8.9 2.7 0.80 1 0.16
4.3 8.9 1.6 8.0 1.6 0.80 0.17
2.6 9.0 1.9 5.8 0.80 0.80 0.15
1.6 9.0 1.9 3.7 0.38 0.58 0.11
0.9 9.0 2.0 2.2 0.10 0.38 0.11



vspecial ?oints should be made. The cluster formatioﬁ wés enhanced by
our 7S‘u nozzle over that of our 100 u nozzle. .This is attributedbto

_ thersﬁecial.design of the formér, previously discussed (See thé "Source
Can” Séction and Note 14). Secondly,'our prime objéctiVe durihg-this
'Ar—ClF,survey was to generate a beam of ArClF and Ar2ClF to;uée in MBER
experiments., It was found during these studies that génerally those
conditions-that best.favofed the creation of these van déeraals mole-
cules, particularly high total source pressure, allowed for quite poor
Stark focusing for both these species .and ClF itself. The best condi-
tions found were with source pressures between l_aﬁd 1.8 atm and PClF

between 3 and 8 torr (a little lower for ArZClF optimization), where,

though with poor total signal, up to 1007% refocusing of ArClF about the

A buffer stopwire was observed. This problem of opposing requirements

for MBER cluster studies will be discussed further in later sectioms.

3. Other Mass. Spectra

This section is to serve as a brief survey of the characteristics.
of mass spectra of some of the other molecular species run through our

apparatus.

ClF/He. Under similar conditions as the ClF/Ar studies, no He-ClF
clustering was observed. The ClF clusters disappeared at higher PClF

values than in the argon carried beams.

NH3/Ar. With 680 t'NH3 and a total source pressure (Ps) at 50

psig, peaks were observed at 17(NH3+), 18(NH4+ and background HZO ),
" 35, 52, and 69((NH3)hH+ for n = 2,3,4). Cluster peaks »

were enhanced at.lower source temperatures.
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OCS/Ar. Significant peaks at 32, 60(OCS+), 64(82+, SOZ+)’ 120
'((OCS)2+), and lQO(ArOCS+). The peaks at 32, 60 and 100 are Stark
focusable, so that 32 is probably a daughter S+ fragment of 0CS. The
other peaks did not deflect. Pressure studies comparing the intensities

of 60 and 64 indicate that 64 is from a cluster fragment.
SF6. Observed peaks in decreasing order of magnitude were at
127(sFS"), 54(SF,77), 89(sF,), 108(sF,™), 51(SF"), 70(SE,"), and
- v
63.5(SF5 ). The st peak (32) may have been masked by background 02+.

+ . , .
6 ° An attempt at detecting negative ions was

made, but nothing reproducible was observed over the background;

No peak was found for SF

HF/NZ. HF-20 peaks were in general difficult to detect due to
++.
background Ar . With 33% HF at PS = 12 psig, there was slight increase
in the 20 peak (HF+), and peaks at 19, 41, 61, and 81((HF)nH+). HF

could not be made to refocus.

HF/SF6. A 30% HF mixture in SF6 was tried to see if the HF could
be slowed down enough for Stark focusing. Instead, no HF peaks were

visible. Apparently the HF is ejected from the center of the beam by

a mass effect of the SF6.2
F. The Apparatus ~ Parting Comments

As pfeviously mentioned, to date we have not been able to find
previously undiscovered spectral peaks of van der Waals molecules with
our MBER apparatus, for which it was designed. As will Be noted in
Chapter-IV, we have not even been able to see all the reported peaks for
covalently bonded ClF. Part of this is due to the relatively short time

our machine has been in workable condition.l_193 The other difficulties
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will be more easy to point out in retrospect on a déy the’specﬁrometer
is performing weil. In the following paragraphs a few placesffor modi—
fication are suggested té aid in the attaining of that day.
The‘most serious probiem we feel presently'exists with the detection

" system. Given that van der Waals molééules are never synthesiéed in
great quantity -and that Stark focusing conditions fof a beam further
-reduce the amount of weakly bound clusters present, the détéétor must
be quite sensitive. The efficiency indicated in the previous section is
probably not adequate. Alterations are required, most probably involv-
ing the design of tﬁé ionizer. It has been suggested that ioﬁs once
formed are not extracted efficiently from'thevionizing region by the
present arrangement of lenses, and that even those ions which do leave
have a transverse energy too great to allow focusing by the mass filter.
If a suitable lens arrangement cannot be found, we suggesﬁ that either

a surrounding magnetic field be used fo aid in the restraining of the
iong' transverse motion, or that a Brink's ionizer design be used;91

There has always been some ambiguity in the molecular beam's dir-

ection as it leaves the source chamber, due to the method by which the
source can is.held in place. Though we are not in the‘habitvof creating
more beam handling parameters than are needed, it is felt that a re-
design of the source chambe;‘may be in order to allow more degrees of
freedoh for the location and.orientation of_the séufce, of aﬁ least an
alternate method of holding the source can which does not have the
present "wiggle'". The 1afge biower and backing pumps.acfing on the
source chamber have ﬁot been of the best operatiomal qualitf.' Some re-
duction of thé soﬁrce background pressure with better pumps would»be

desirable. The flat nozzle design of our 75 u nozzle seemed to have
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good cluster forming properties. Further experimentation witﬁ such
nozzles seems to.be called for. Finally, for the source chamber, the-
supposed value of high quality skimmers has not been obvious to the
author. Though ultimately we feel these will be important, the other
probable difficulties with the source should be addressed first.

At this time no significant suggestions can be made referring to
the spectroscopic region. The field pieces seem to work well within the
constraints already discussed. Eventually a dipole type field for the
B region is advisable to explore flop-in type processes better, But»
only after at least detection problems are repaired. A stronger rf
amplifier would also be.useful to explore better rf power dependence
of spectra and to probe for weak transitions.

MBER spectroscopy as a whole has made significant contributions to
the study of van der Waals molecules, as indicated in the first chapter.
The more recent method of Fourier transform electric resonance spectros-
copy of Flygarelga has also been shown to be quite powerful, and, for
many molecules; a faster technique. The advantages of sgpersonic MBER
will remain in the relative simplicity of spectra obtained for gas systems
where many molecular moieties exist and,>in conjunction with Campargue
sources, the possible formation and study of very weakly bonded molecules,
such as helium containing clusters. We feel that these crite?ia should
be a guide in choosing systems to study for structural and binding

information.



APPENDIX
THE MOLECULAR BEAM INTERFACE CONTROL

This appendix describes in sdme detail the programﬁing required for»

" the use of the molecular beam‘interface in_phase modulated MBER experi-
ments. The other aspects of the interface,namely ité anélog to digital
converter and its rf mixer,.wili not bé'discussed here.'>A short sample
program to drive-the interface with an 8K PET is included at the end of
this section. Thé current laboratory programs '"Fast MBER" and ''MBER"
havefthis inclﬁded invdifferent forms. The interface was built and
designed by the U. C. Berkeley Chemistry Department Electronics Shop.

The essential components of the ciréuit include a prdgrammable
chopping clock based on a constant 10 MHz input signal, a programmable
gatg'(LS7474) and two 32 bit binary up counters (LS7060, with a counting
rate of up to 10 MHz). The circuit is connected to a memory expansion

. board for a Commodore 8 K PET microcomputer which serveé as the master
controller. (A 32 K PET and ‘compatible memory extension board may also
be used. However, all the succeeding memory addresses indicated need

to be iﬁcremented by 716810.) The PET may acceés tﬁesé boards either
through BASIC's POKE and PEEK comman&s or through direct machine language
code. What follows is a descfiption of the»rélevant memory addresses.

All numbers, unless otherwise indicated, are given in base 10.

28723 and 28727. The two IO ports of the interface need to be

designated by software as either 4 or 8 bit ports, and each subport
needs to be designated either as input or output. In the MB interface

the ports are each divided to four 8 bit subports with the first two

77



78

subports input and the third output with respect to the PET. At the

) must be sent to

start of a controlling program a value of 146 (92l6

" each address.

28722, The chopping frequency is input hére'by the user, using
bits 0-5, with bits 0-2 determining the number of times the base
chopping frequency of 1 MHz is halved, and bits 3-5 the number of times
it is divided byblO. For example, to obtain a chopping rate of 5 Hz,

5 1

enter 518 or 41 into this address, as 1 MHz * 107 % 27 = 5 Hz.

28726. Bits 2-7 are used here to control the gates and counters.
Bit 7 (128) presets the counters before a measurement. Bit 6 communi-
cates to the hardware of the interface that the software is ready for
the counting to start, which will begin on the rising edge of a cloqk
pulse and stop on another rising edge when instructed by sending a O
to .that bit. Bits 5 and 4 when on aré "ot load" instructions to
counters 1 and 2, and are generally on in the normal step mode. When
‘0's are transmitted to them,'tﬁe counters' output can then be accessed
and their stored values are cleared. Bits 3 and 2 are used for scanning
counters 1 and 2 ,respectively. Upon transmitting a 0 to bit 5 (or 4),
the least significant 8 bits of the stored count in counter 1(2) is
accessible from address 28720(28725). The next more significant 8 bits
of counter 1(2) will be accessible upon the transmission of a 0 followed
by a 1 to bit‘3(2), and so on, until all 32 bits of the counter have

been read.

28720 and 28725. These are the interface output addresses for the

counters. Their use was described in the preceding paragraph. Counter

1 (28720) contains data measured when the clock pulse was high and the



’ff signal was transmitted to the C field; and. counter 2 when it waé‘low
and the rf blocked.

‘g§lgﬁ.‘ This is an butput address indicating the sﬁatus of the
counting gate and clock.  Bit 4, when loaded with a 1 by the interface,
indicates that the gate volfage is low and that counting is in progress.
Its status shéuld be verified immediately after startiﬁg a scaﬁ and
before unloading tﬁe countefs' resﬁlts aftér a scan. The reverse is true
with it readiﬁg 0. Bit 3 indicates whether the clock pulse is high (1)
or low (0). Thus, in the software, a chosen number of up~down clock
cycles can be.designated forreachvcounting scan before the scan is
~ stopped and read.

In general, the timing sequence of a measurement iﬁvolyes clearing
the counters, instructing the counters to ruﬁ, wait for the gate signal
to be low, count for the desired number of clock cycles, instruct the
counter to not. run, &ait for the gate signal to be high, and then out-
put the values of the counters. A sample program which does this
follows. In typical MBER experiments, the C field rf frequency is

incremented after each measuring cycle. -

79



80

Program: Interface ... for the 8 K PET
5 N =4: REM DESIRED NUMBER OF CLOCK PULSES PER SCAN
10  POKE 28723, 146: POKE 28727, 146
20  POKE 28722, 41: REM SELECT 5 HZ CHOPPING
30  POKE 28726, 48 OR 128: POKE 28726, 48: REM RESET
50  POKE 28726, 48 OR 64: REM START COUNTING
60  IF (PEEK (28724) AND 16) THEN 60: REM WAIT UNTIL TEST GATE OPEN
70 FORI=1TON
80  WAIT 28724, 8: WAIT 28724, 8, 8
90  NEXT: REM COUNT CLOCK PULSES
100  POKE 28726, 48: REM STOP COUNTING
110  IF (PEEK (28724) AND 16) = O THEN 110: REM WAIT UNTIL TEST GATE
CLOSED _ - :
120  POKE 28726, 0: POKE 28726, 48: REM LOAD COUNTING LATCHES
130 €l =0: C2=0: FORT <0TO 3: REM READ COUNTERS
140  Cl = C1 + (PEEK (28720) * (256 + 1))
150  C2 = C2 + (PEEK (28725) * (256 + I))
160  POKE 28726, 48 or 12: POKE 28726, 48: REM SCAN TO NEXT DIGIT
170 NEXT
180 PRINT C1l, C2: GO fo 30
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NOTES and REFERENCES for CHAPTER II

1. Most of our MBER spectrometer was designed either by Professor
John S. Winn or this author. The construction of the nonelectric
parts of the apparatus was largely dome by the University of
California Collegeof Chemistry Machine Shop, and most of that by
George Webber

2. J. B. Anderson, R. P. Andres, and J. B. Fenn, Adv. Chem Phys 10,
275 (1966)

3. 97.5% pure, Matheson Co. Delivery was handled with an 11-330
"Matheson regulator, with stainless steel internal parts.

4, Ozark-Mahoney, Co. Delivery was handled with a B15-679 Matheson
two-stage regulator with monel internal parts.

5. Matheson, research grade.

6. Mechanical drawings GCl to GCll.- (Referenced mechanical draw1ngs
are to be found in the files of J. S. Winn.)

7. Seven Nupro valves and a Granville-Phillips thousand turn leak
- valve for flow control.

8. U. S. Gauge 33022 (PSI resolution, up to 100 PSIG), Matheson 63-5601
(torr resolution to 760 t), and Varian Thermocouple gauge (micron
resolutlon)

9. Initial lessons in the care and keeping of CIF were given by Dr. F.
Tanzella. A monel sample cylinder was degreased with toluene and
acetone apd then dry heated in a nitrogen atmosphere. The Cl1F
regulator was fitted with one lead and several teflon gaskets.
The line and cylinder were passivated for an hour and then evacuated
before actually charging the sample cylinder. His laboratory was
also equipped with the soda-lime traps to protect the pumps. - Our
typical handling scheme was somewhat less carefully treated. A
single lead gasket is used in the regulator. As our gas cart is
not in a vacuum hood, small line leaks are readily sensed when
using C1F during passivation. For a tabulation of some of ClF's
unhealthy properties, see closely related pamphlets on HF.

10. Mechanical drawings S045-2 and SO87-1.
11. Utility pinholes, Ealing Co. (S. Natick, Mass.).

12. Nozzle orifice diameters typically used varied from 50 to 200 u.
" The choice for a particularly sized nozzle is generally based on
cooling considerations and on the conservation of the gas in the
sample cylinder for a practical duration. The same considerations
are used in choosing the source stagnation pressure.



13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.
24,

25.
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The initial nozzle holder designed had a 60° conical opening. It
was found that the restriction in available expansion space had
adverse effects on the beam's adiabatic cooling, probably from
local turbulence.

Mechanical drawing S088-1. The effect of an essentially 180° opening
were quite good for cooling. This nozzle type should have probably
been used somewhat more, but the flexibility of the pinholes
caused it to remain mostly shelved.

Chromalox cartridge heaters, 100 watt, 120 volt. The manufacturer
suggests that to acquire the highest temperatures, one wants to
choose the heater to have a close circumferential fit and the
lowest possible power surface density (watt/in.2) in order to re-
duce the internal temperature gradient of the heaters, and,
thereby, increase their lifetime and range.

Mechanical drawing S054-3.

F. Rosebury, Handbook of Electron Tube and Vacuum Techniques
(Addison-Wesley Pub. Co., Reading, Mass., 1965) 525 ff.

The source can also be assembled without the copper cooling block
by directly attaching the '"push me- pull you" rod connector to
the rear of the source can with shorter screws.

F. Rosebury, op. cit., 383
Mechanical drawings S052, S093, and S094.

Some drift of the center point of our first holder was noticed with
time, leading to the development of the second holder. Its
assembly is described in pages 3.9 to 3.11 in this author's
laboratory notebook. Essentially, the tension of the knife edge
piece is first set by two controlling screws, balanced so that the
source will not wiggle too much, but can also slide easily. Its
locating ring is then centered using crosshairs on the ring and
the location of the source can nozzle in the knife-edge piece as
a guide, and bolted to the knife edge piece.

-Due to source wiggle, there is a possibility that the angle between

the emerging beam axis and the spectrometer axis is nonzero and
changes with the position of the source in the holder. This
problem is of more significance with the second holder, as its
knife edges are shorter.

Mechanical drawings S004-4, S035-4, and S049-3.

R. Campargue and A. Lebehot, Rarefied Gas Dynamics, 9, C.11 (1974).

- Certainteed, -Inc. Junctions and mating PVC flanges were connected

with standard PVC solvent. The vacuum characteristics of this
material have seemed quite adequate,
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The gate valve should be placed so that it closes toward the PVC
line if one wishes to maintain a vacuum in the source chamber with
the booster pump off. Otherwise, the pressure in the source
chamber rises to several hundred torr within minutes of wvalving
and turning off the large pumps. '

Kinney, Inc., KMBD1601l Mechanical Booster Pump and KT500 Triplex
High Vacuum Pump. These were kindly lent to us by Prof. G. Pimentel.
They had been used in a series of HF experiments, which had caused
a considerable deposition of crud .inside the backing pump, as well
as a significant deficiency in performance. B. Hale and this
author cleaned out the pump with kerosene and ethanol. Internal
gaskets and the discharge valves were replaced, and considerable
time was spent on the shaft seal, with much assistance from The
Chemistry Machine Shop.

These pumps required power from a 3 phase 60 hertz 440 volt line.
A 6 gallon/min  water flow for cooling was supplied through a
Hayes Sure-Flo water current regulator interlocked to the pumps
control. The booster is also interlocked so as mot to turn omn

" at a pressure greater than 1 torr.

Specifications of the pumps suggest a 0.2 u limit, which was un-

. attainable by us. The greatest problem lied with the backer pump

which at best could bring pressures to 400 u,

Beam Dynamics, custom made to specifications of M. Maier. See also
W. R. Gentry and C. F. Giese, Rev. Sci. Inst. 46, 104 (1975).
Upon microscopic inspection chips were found on the interior sur-
face of the machined skimmers, which were thought to be responsible
for poor cooling characteristics in our expansion. :

‘Mechanical drawing S028-4.

Varian VHS-6. Our diffusion pumps are interlocked for overheating,
waterflow (via Hays Shur-Flo regulators) and over pressure in the
foreline (via Varian 0531 TC Vacuum Gauges and NRC 810 meters).

"Alcatel (ZM2030)..

. Either a Varian 0563-K2466-304 or an Electron Technology, Inc.

#4336P. The gauge is in turn monitored with a Varian NRC 840
Ionization Gauge Control.

Initial design of this orifice involved 1/16" thick discs with 5,
10, and 100 mil drill-thrus. These were replaced with 1/32" flared
out flanges with 10 and 25 mil drill-thrus, made to key into the
‘shroud wall. Using one of the old skimmers greatly improved the
measured beam intensity by reducing the local turbulence. The
author acknowledges M. Maier's contribution here.

Pfoperly adjusting this gate valve is somewhat difficult. As the
higher pressure tends to be on the buffer side, it is unfortunate
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that there was not sufficient room to have this valve on the other
side of the wall. Upon opening and closing the valve, small
pressure "bursts' are observed within the spectroscopy chamber,
but have posed no problems.

For example, with a 400 u nozzle, the source pressure is approximately
(in u) 40 + 15 * Ps (PSIG), where PS is. the stagnation pressure.

The typical skimmer-nozzle separation is on the order of 1 cm. With
a 100 p nozzle, the optimum beam signal for argon is found with
the source can against the beam stop for any stagnation pressure
less than 1 atm. At 20 PSIG, and 60 PSIG, the signal is optimized
with the source ~0.05" and ~0.20" back. At greater pressures, no
significant improvement is gained by further moving of the source.
With a 400 u nozzle, optimized source positions for 0, 20, and 60
PSIG are approximately at 0.40", 0.50", and 0.53" back from the
source fully in, with little change in position for P_> 20 PSIG.
We have noticed that twisting the source can may chan%e the meas-
ured beam intensity. Referring to this and to Note 22, it is
difficult for us to know how much of this intensity peaking from
the source nozzle position is due to expansion effects or due to
alignment effects. '

In one series of measurements, powerstat currents of 1/2, 1 and 1%
corresponded ‘to equilibrium source temperatures of 295, 365, and
420°C respectively. The time required for equilibration can be
up to two hours.

When one initially tries cooling the source this way, there is an
initial temperature increase at the source of about 2°C. The
temperature then quickly drops at a rate up to -3°/min, taking less
than an hour to get to -80°C. If one does not pump on the vent,
but just leaves it open to the atmosphere, the cooling rate will
not exceed -0.7°/min.

If an indium gasket has been used and the source has been heated,
it may be necessary to either pry or torch the cooling copper
block from the back of the source can.

Otherwise, the rod may be unscrewed.

Two particular warnings. First, remember to reinsert the cartridge
heaters and check the thermocouple connection. Secondly; when
sliding the source stand back toward the source-buffer snout, be
careful not to pinch the flexible steel hose or ventline between
the chambers. This has been found to be a fine way to generate
leaks into the source chamber.

N. F. Ramsey, Molecular Beams (Oxford 0.P., London, 1956), 115,
401; R. G. Luce and J. W. Trischka, J. Chem. Phys. 21, 105 (1953).

The A field rods have been shortened a couple of times because of
spacing problems within the spectroscopic chamber. As will be seen,
arcing has been the major difficulty in the development of our
spectroscopic chamber.



46. Obtained from Leed Plastics. Macor is a glass, easily machined and
cleaned, with very good dielectric properties. Teflon discs were
tried but broke down quickly. When the A and B fields are, it
occurs primarily along the faces of the Macor discs, leaving-
"burned" brown streaks. These surface streaks have increased
conductivity, so that the Macor needs to be lightly sanded
occasionally.

47. Spellman FRM30 -P1500 DX 826 Regulated Module Power Supplies. These
were particularly chosen because of their specified ability to
work when in a vacuum. With 24 VDC input, they draw 15+ 5 * V

(kV) mA of current, where Vo is the outputted voltage. ©

48, -The initial design had these power supplies mounted within the
chamber. Considerable arcing occurred both outside each power
supply, between the quadrupole rods and between some of the
external circuitry, as well as within each power supply, although
they were fully potted with RTV. Several methods of protecting
the external circuitry were attempted, including the surrounding
of all exposed metal ports, except for the field pieces themselves,
with potting compound and with teflon sleeves. Zener diodes were
added to protect the power supplies from burning out, which hap-
pened several times. The high voltage output cables, which had
run through grommets mounted on the exterior metal box of the
supplies, were redirected to come through the uncovered tops of
the Spellman's to prevent arcing with the exterior casing. Besides
the visible aspect of the arcs, this problem would also manifest
itself in the intensity of the signal of a refocused beam. For

- example, in one experiment, tuning the A field to ~24 kV with a
ClF beam gave a gradually eéenhanced signal. Further increasing the
voltage, the refocus signal suddenly disappeared and could not be
reattained until the power supply was turned off and then on again.
It was eventually discovered that the internal and most of the
external arcing problems disappeared if the power supplies were
used in atmospheric conditions. Though the reason for this is
not known, it has been suggested that under vacuum the Spellman's
suffered either from problems associated with heat dissipation or
with the internal pressure of some components. Much assistance
on this problem was supplied by the Chemistry Electronic Shop.

49. The outer surfaces of these resistors need to be kept clean to pre-
vent lower resistance electrical paths along the resistors'
exteriors. '

50. Our two feedthroughs tested satisfactorily to 30 kV after being.
left under ethanol in an ultrasonic cleaner for several hours.
They were attached to the aluminum flange with epoxy.

51. A voltage following circuit, employing a 471 opamp, was designed to
measure this high impedence signal. However, the opamps were
destroyed each time the fields arced. As a result, the voltage
is measured directly with a voltmeter which itself has a high
enough internal impedence. '
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" Mechanical drawing S096-3. The method of assembly is described on

pages 3.29-3.30 of the author's laboratory notebook.

We have generally used a 0-30 kV probe with an internal impedance
(R.) of 600 M. 1If one probes at a point beyond the current
limitingl GQ resistor that leads to the feedthrough, one needs to
correct for the probes internal impedence via V_=V_ * (1 +
1 GQ/Ri), where Vn is the indicated voltage and®V_ the actual
voltage. When testing the quadrupole voltage with the spectro-
meter chamber open, the rods will begin to arc at about 8 kV.

' The high voltage connectors on the quadrupole rods have frequently

fallen off the field rods due to wvibrations from the pumps. When
assembled, they need to be pushed quite firmly into their corres-
ponding bores on the rods, and the cable connections need to be
somewhat slack.

The flat construction was done by the Lawrence Berkeley Laboratory
machine shop. The flats may deform temporarily with a temperature
change, but should reflatten when they thermally equilibrate.

The actual spacing between the flats is determined from the analysis
- of MBER spectra of a known molecule, like 0CS. This is described
more fully in Chapter IV. We have determined this to be 0.991 cm.
Paralleling the plates is done with an interference technique. A
sodium arc lamp is placed behind one of the flats and the field is
oriented until the images of the lamp become aligned. Diffraction
fringes can then be seen about the lamp image. The teflon capped
screws are then alternately tightened until the number of fringes
has become minimized. Electrical connections are not made until
after this process. '

The effective spectroscopic region of the C field is in a 3/8" tall
region about the vertical center line of the flats, along a 6" long
path. 1" on each end of the C field serves as a buffer region so
that molecules will not experience a resonant excitation while the
dc field voltage it experiences is changing.

Thus, in the parallel mode, the rf and C field components are in
the same direction, while in the parallel-perpendicular mode.
These are rf field components both parallel and perpendicular to
the dc field direction. '

The gold on the surfaces of the C field flats can flake off very
easily and should therefore always be treated with the greatest
of respect. The silver paint serves not only to mechanically and
electrically attach the gold wire to these surfaces, but whenever
the C field happens to arc, it happens primarily at the silver
paint and the paint flakes off, breaking the circuit and ceasing
the arcing without damage to the gold surface.

Hewlett Packard 6110A dc Power Supply. It has been tested and shown
to be stable to within 10 mV over an 8 min period. It does require
about half an hour warm up time to attain a stable voltage. The
actual operating range is limited to about 2 kV, as the C field
arcs at stronger field strengths,
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Fluke Differenmtial Voltmeter Model 825AA1AG. The measured voltage

is first passed through a 1:10 precision voltage divider to in-
crease the effective measuring range. This voltmeter should
always be left on.

- HP3335A Synthesizer/Level Generator. The line width is ~0.001 Hz.

The output voltage is referenced to a 50 Q internal termination.
This synthesizer has an IEEE interface and can be therefore
controlled by our microcomputer system.

Amplifiers supplied by Lawrence Berkeley Laboratories. Together
these can amplify an inputted rf signal by 40-50 times before they
cease amplifying and just distort the waveform. These amplifiers
are the source of the frequency dependence in the maximum attain-
able rf voltages.

Noise Generator DWG959Al1, built by The Chemistry Department Elec-
tronics Shop. When used the noise signal should be introduced
through the central BNC jack of the mixer on the molecular beam
interface panel, whereas the rf input and output lines can be
attached to either of the remaining jacks. When tuned to full
amplitude, the mixer will broaden the inputted rf 51gnal from
200 to 1500 kHz FWHM.

The actual rf power delivered to the region between the C field
flats cannot be directly measured and can only be inferred from
spectral results. This will be further discussed in Chapter IV.
It has been found that there is a significant power drop (~90%)
at 30-40 MHz due to some resonance within the C field circuitry.

-Mechanical drawings S058-S5063.

Mechanical drawings S076-S083. See also Reference 19. Dial indi-

cators are mounted to the feedthroughs outside the chamber to note-

the positions of the buffer pieces. Calibration can be performed
either with the source and buffer chambers removed and sighting
the location of the buffer pieces with a cathetometer or, more
roughly, by using a molecular beam in the closed apparatus. The
motion of the pieces is controlled by exterior thinly threaded
brass rods, which can easily freeze. Occasional spraying with a
silicone based antifreezing agent is suggested. '

Each buffer piece is placed in the spectrometer so that the end

- where the opposing knife edges are closest 'is on the side of the

- A or B field. The direction of the fields or the buffers should
be the same as that of the dc field in the C field regionm.

Surplus chamber given to us by Prof. Y. T. Lee. The buffer and
detector sides were remachined for alignment and compatibility
with the rest of the apparatus.

In the initial design, a copper cold shield was bolted to this

block inside the chamber to aid in maintaining a vacuum. However,
the cooling of this shield proved to be very inefficient and has
therefore no longer been used.
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6" Varian Cryo-Baffle Model # 0362-K1531-306.
Welch 1397 DuoSeal Vacuum Pump.

This pressure should not change when a beam is introduced. The
effect of a leak in this chamber on a beam has been studied. As
the stagnant pressure within this chamber increases the detected
signal intensity . of a full beam drops and that of a refocused beam
drops somewhat faster. The percentage of a full beam occluded by
a stopwire can drop from virtually 100% (for an appropriately
sized stopwire and detector orifice) to 607% with a stagnant pres-
sure of 1072 t.

Mechanical drawing S019-3.

Facing these feedthroughs from inside the chamber, and considering
the four arranged in a diamond configuration, the top pin cor-
responds to connection #5 on the C field, the lower to #4, the
right to the A buffer field and the left to the B buffer field.
The remaining, type N connector is for region #2 of the C field.

No collimator has been used here recently as the pressure differ-
ential between the spectroscopic and main chambers has not war-
ranted it. As will be soon noted, in assembly the B field is made
to emerge slightly through this port.

Here, as always when connecting chambers, do not forget the O-ring.

Before assembling the A and B fields, the rods and the Macor spacing
discs should be degreased and rinsed with ethanol. We have then
typically left these piece in an ultrasonic cleaner under ethanol
for a few hours, followed by a period of drying in a vacuum oven.
Fingerprints on the rods create wonderful new sites for arcing.

Until recently, this connector had a long high voltage cable running
along the back of the spectrometer chamber which was then grounded
to one of the A field sliders. This worked equally easily for the
author. : : '

Actually, the sliders do not slide very ﬁell, so thét the B field
is actually held above the bench until it is in position.

Check again that the high voltage connectors are still firmly on
the rods. Be careful in the remaining assembly not to pull too
hard on any B field cable,. '

One has to be careful that there is sufficient space between the
focusing field pieces and neighboring pieces. Pump vibrations can
cause the quadrupole rods to slide slightly, requiring that the .
high voltage cable be slack and that the connectors are firmly
seated irnto the rods.
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On both motion controls for the buffer fields, it is particularly
important to have tightened those connections which hold rods
perpendicular to the bench. If these become loose one can no

. longer move the buffer fields from the outside.

Hopefully it will rarely be necessary to clean the C field faces.

. The suggested method of removing oil from their faces is by
dripping m-xylene down the surfaces and then rinsing lightly
with ethanol.

The jack and cable for pin 5 are painted with red spots. Be ,
careful when connecting and moving the C field not to let anything
touch the inner flat faces .and not to tear off the gold ribbon
wires. Also, when connected, insure that the wires are not
grounding to the BNC plugs. '

This is noticed not only by beautiful lightening within the chamber,
but by most electronic meters associated with detection jumping
and occasional downing of the computer system.

R. Hawley, Vacuum 10, 310 (1960). .

Due to the risk of damage if the spectroscopic chamber suddenly:
rises in pressure when the fields are on, it would be a good idea
in the future to have the A, B and C field power supplies inter-

locked with the spectroscopic chamber's diffusion pump.

All of the experiments we have done to date have been done in the
"flop out" mode, i.e., a transition is detected by a drop in the
intensity of the measured beam. An alternate method would be to

- have the beam detector slightly off axis and look for an increase

of beam strength from a transition, where the B field defocuses
the newly created negative Stark state molecules from the beam
axis. This "flop in" method has better signal-to-noise charac-
teristics in principle, but requires a detector more sensitive
than ours when dealing with radially symmetric focusing fields.

R. Weiss, Rev. of Sci. Imst. 32, 397 (1961).

"For other commonly used ionizer designs, see, for example, G. O.

Brink, Rev. Sci. Inst. 37, 857 (1966); Y. T. Lee, J. D. McDonald,
P. R. LeBreton, and D. R. Herschbach, Rev. Sci. Inst. 40, 1402
(1969); R. W. Bickes, Jr. and R. B, Bernstein, Rev. Sci. Inst.
41, 759 (1970). ' '

See also Mechanical Drawings D048-D064. B. Hale and S. Sherrow
made many significant contributions to the present design of
this ionizer. ‘

"Thoriation reduces the work function of tungsten, allowing a

particular electron emission current at lower filament temperatures.
See, for example, H. A. Jones and I. Langmuir, General Electric
Review 30, 310 (1927).
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94. The steady-state temperature of a resistive element of resistance R
with a current I flowing through it is proportional to the power P
of the circuit, which is given by 12R. Thus, to minimize the re-
quired current for electron emission, the filament is made thin
and narrow to increase its resistance.

95. The initial design of our ionizer called for one of these posts to
be spring mounted to keep a fixed tension on the filament while
the ionizer elements moved in response to the required high opera-
ting temperature. Unfortunately, the spring lost its elasticity
under these conditions, so that this feature is not extant.

96. Spotwelding of tungsten to molybdenum, as with the filament and grid,
require intermediate strips of tantalum foil to make mechanically
strong connections. Typically, if the ionizer is not allowed to
overheat, the spotwelds holding on the filament strengthen with
time. .

97. Due to the metal's expansion at elevated temperatures, the holes on
the ionizer pieces for the support rods drift relative to each
" other. Before these holes were enlarged, the brittle alumina
rods would be snapped by this motion, particularly at the steel
support bars. Also, pyrex spacing washers were initially used,
but were found to melt and fuse to the rods‘at our temperatures.

98. A third lens piece between what is now lens 2 and the ionizer was
once used, with a cylinder outer diameter that allowed it to be
placed somewhat within the ionizing region to improve ion extrac-
tion. However, many of the ions were found to be extracted to the
walls of this piece, so it was removed to improve detection effi-
ciency. Also note that the focusing effect of these lens
cylinders actually occurs in the region between them.

99. Portions of several steel wires which were initially used in place
of these nickel strips were vaporized when the ionizer was first
used. Spotwelds do not work well for these strips, so they are
hole-punched on one end to be fitted over the back ends of the
filament posts, and on the other end to have a small screw with
washers and a nut sandwich each pair of strips about their
respective connecting pins. Before their first use, the nickel
strips were cleaned as according to F. Rosebury, op. cit., 14.

100. Tantalum foil shrouds are spotwelded over the connections to the
plate and grid to help maintain the connection,

101. ZLooking down on the assembled ionizer with the lenses. toward the
observer, the large pin furthest to the right and in the rear is
connected to the split filament post, the next one (in the front)
to the other filament post, the next one to the grid, and the last
large pin to the plate. When appropriately connected to the wires
along the detector shaft, then the four sockets on the high cur-
rent feedthrough flange mounted on the upper part of the shaft,
starting from the top socket and going clockwise, correspond to
the grid (A), the split, upstream filament post (B), the downstream
filament post (C) and the plate (D). Again looking at the ionizer,
the pin to the far left is connected to the upstream '
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lens piece (lems 1), and the pin forward and to the right is con—
nected to lens 2. Again, when all electric connections are made,
these correspond to wires #5 and #4 respectively on the seven-wire
feedthrough mounted to the upper part of the detector shaft,

N.1.E. Model 5Y36- 20, 0-36 V, 0-20 Amp.
Lambda Regulated P.S. Model 71, 0-500 V, 0-200 mA.

Power Designs Pacific, Inc., High Voltage Regulated D.C. Power
Supply, 1-3000 V, 20 mA. Presently only works from 0-.-1000 V,
due to the voltage breakdown limits of feedthroughs.

Powered from our lens panel, described in a later section.

See for example, Dawson and Whetten, Adv. Electronics and Elect
Phys. 27, 59 (1969).

Extranuclear Laboratories, Inc. ELFS Quadrupole 9.5 mm x 20 cm
Model #4-162-8, with the associated Quadrupole Control and Radio-
frequency Power Source, and High Q Head Models 011-13 and 15. See
the manufacturer-supplied operating manuals for a detailed account
of characteristics, assembly and usage.

Mechanical Drawing DO034-4 for detector layout, and drawings D022,
28, 31-33, and 39 for parts.

Badly split mass spectral peaks that we originally obtained were
partially due to a slight misalignment between the mass filter and
ionizer axes, which this aligning piece corrected.

Extranuclear Laboratories, Inc. Particle Multiplier Model # 051-5.
See the manual for a detailed description.

The Faraday plate cannot be allowed to float electrically , as a
defocusing space change develops on its surface, greatly reducing
the overall detection efficiency.

To reduce mutual interference between the mass filters rf current
and other detection related electrical lines, the rf power source
is mounted above our main chamber, about 4' from the hi Q head.
The hi Q head is mounted on a wooden platform on top of the de-
tector shaft directly above the QMS electric feedthroughs to min-
imize the required length of cabling from the head to the quadru-

~poles, thereby minimizing the line impedance. This impedance
determines the upper limit of the detectable mass to-charge ratio
for a given hiQ head.

The QMS, Faraday plate, particle multiplier voltage delivery and
signal cables within the main chamber are coaxial with the outer
insulation removed. The shielding of the former three are
internally grounded to the detector housing.
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Supplied from a sawtooth generator (DWG 930 AI) built by the
Chemistry Electronics Shop.

-3.2 kV has been found to be about the optimal voltage for opera-
ting the particle multiplier. Working at significantly more
negative voltages has caused arcing between the dynodes, both
damaging them and the opamps within the detecting electrometer.

Extranuclear Laboratories, Inc. Preamp Electrometer Model 031-3.
The power supply included puts out from -5 to +5 kV.

See Extranuclear Laboratories, Inc., Triax Flanges Models #062-1
and the associated manual. '

Facing the external face of the rear detector flange, the BNC jack

under the window is the triax connection for the detector signal
and particle multiplier floating voltage. The larger pin to its
left is connected to the first multiplier dynode, and the pin to
its right to the Faraday plate.

Mechanical drawings MO04-MO11.
Mechanical drawings MOO2, MOO3, and MO30.

This box was built by Allied Engineering Corp, Alameda, CA. It

sits on a steel frame (drawing MOOl) roughly 46" off the laboratory
floor. All other chambers are on stands to match the designed
beam axis of this chamber to be 60" above the floor.

Many of the characteristics of the main box were designed for
future experiments involving crossed molecular beam work and
differential scattering measurements. J. Winn's design for this
chamber was adapted from the design of a mirror image chamber
of Y. T. Lee, J. D. McDonald, P. R. LeBreton and D. R. Herschbach,
Rev. Sci. Inst. 40, 1402 (1969)

A chain operated mechanical hoist is used in removing this door

- from the box. The pulley mechanism rides on an I-beam appropri-

ately connected to the laboratory's ceiling and running parallel
to the molecular beam axis along most of the MBER apparatus. A
three hooked adapter is fit on the hoist's larger hook when it is
used to lift the main box door, the detector chamber insert or
rotating lid. The hoist is also used in the removal of the
spectroscopic chamber door.

This side of the main box has been used for cluster photoionization
and other experiments by B, Hale. A separation chamber has been
built which can be mounted within the box from the inside of this
10" port and which can be independently pumged on through a gate-

mounted to the bottom

.of the box. This pump shares the backing pump and controls of
the 6" pump on the spectroscopic chamber, so that only one of
these should be used concurrently.
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The cold wall was adapted from one given to us by Y. T; Lee. 1t
“has not been found particularly useful for MBER experiments, as
the beam does not travel far in the main chamber regiomn.

Varian 10" NRC Diffusion Pump. See also Note #32. Fittings for a
thermocouple pressure gauge and for venting the main chamber are
on the 10" DP foreline.

One blank flange, typically one covering a 4" port on the right
wall, is left loose to serve as a safety release for the main
chamber when venting with a positive pressure of N,. Given no
other safety valve, the rotating 1lid w111, as it has, lift off
the main box and serve as a vent. :

Fluorocarbon Co., Tec Rings (2) #A00487A and Keene Corp., Reali-
Slim Ball Bearing 25.000" bore KG250XPO.

Mechanical drawings D009-D026 and D040~D042. The wheel is also
supplied with a windowed aperture. It was initially hoped that
with the wheel in a closed position that the vacuum within the
detector chamber could be maintained when the main chamber was
vented. This has not been found to be the case. Early problems
‘'were caused by the aperture wheel freezing in place when the
chamber was in operation.  These were eventually solved by
flattening sides of appropriate pinions where they were coupled
to gears and by shimming between the 1id shaft and parts of the
wheel driving assembly to relieve tension on the wheel. Elec-
trical digital indicators are .also attached to the wheel appar-
atus, originally to indicate externally the position of the wheel
without actual visual inspection. These have been of question-
able value to this author,

These pins are housed by a metal box. The QMS cables from the
Hi-Q head pass through grommets on this box and connect to two
of the pins. The other pins are shielded from the QMS pins and
are connected to MHV connectors on the side of the junction box,

" to one of which the particle multiplier voltage is supplied when
detecting positive ioms.

Both the detector arm to 1lid shaft and the bottom plate to 1lid
shaft junctions were originally to be sealed with indium gaskets.
However, due to the relatively frequent necessity of accessing
the detector chamber during the apparatus' development period,
thesé gaskets have not been used. '

- Mechanical drawings D001-D008.

Perkin - Elmer Ultek D-I Pumps, Model 207-0060. These are each
operated by a P-E Ultek 350 mA Ion Pump Control Dual Voltage,
Model 222-0520. '

Parts of the ionizer fall apart much more readily if it is
operated without 1N2 cooling.
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Extranuclear Laboratory Preamp 032-5.

All conflat seals require the use of a clean copper gasket. Bolts
should be tightened in a "starwise' manner to allow a good seal.

The location of these holes was determined with the ionizer liquid
nitrogen trap full so that they would be concentric to the beam
axis under operating conditions. This region moves up a few mm
when the chamber is cooled. Thus, aside from the reason in Note
133, the detector trap needs to be filled just to have the
detector aligned with the beam.

There is an alternate assembly of the detector-region for other
types of experiments where the ionizer is not required. The
detector shaft is removed and part of the detector arm can is
also taken off. 'In this arrangement, when the arm is fastened
to the 1lid shaft, the mass filter sits largely within the shaft.
The 10" conflat surface on top of the 1lid shaft is covered with
a 10" to 8" conflat adapter and one of the ion pumps.

Briefly, for negative ion detection we used an Extranuclear

Laboratory, Inc., Neg/Pos Ion Current Preamplifier 0324, which

was mounted on the wooden platform on top of the detector shaft
next to the Hi-Q head. A high positive voltage for the particle
multiplier, about 1% times the magnitude of the negative voltage

~used for positive ion detection, is required and was supplied by

the detection electrometer.ll® The MHV jack normally attached to
the particle multiplier voltage supply is now grounded through a
10 MQ resistor. The voltage is supplied to the Neg/Pos preamp
and passed to the multiplier through the shielding of the signal
cable running from the preamp to the triax flange. The ion cur-
rent signal is referenced to the particle multiplier voltage.
Details on hookups for analog and pulse counting techniques for
negative ions are given in the triax flange Extranuclear manual.
Ideally, the spacing between the grid and plate in the ionizer

should narrow in the direction of the beam to improve space-charge

effects, and the polarities of the lenses, Faraday plate and QMS
float should be reversed. When, in fact, all this was attempted
for observing negative ion fragments of SFg, which were seen for
a brief period, something (?) arced in the multiplier, destroying
several opamps in the electrometer. Negative ion detection has
not been reattempted. ' :

impedance of the unamplified anode signal, it is important that
the preamp be close to the triax connection.

Besides affecting the electrometer sensitivity, the choice of input

resistance also affects the detection maximum frequency response.
Specifically,'the 107 @ input resistor allows a maximum frequency
response of 2 kHz and the 102 Q@ resistor one of 20 Hz. This
should be an important consideration when choosing a chopping
rate for an MBER experiment.

Hewlett-Packard 7044A X-Y Recorder.

Because of the high intermnal
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Molecular Beam Interface 956AI. ThlS panel was built by the

. Chemistry Department Electronics Shop.

- The circuit is based on-a LM331 National Semiconductor Voltage to

Frequency chip, following their 'precision' circuit (p. 8-162 in
their catalog). The conversion goes as 93 kHz output per volt
input with a maximum output at 100 kHz. The outputted pulses are
TTL with an approximate 25 psec width, :

Commodore PET Computer Model 2001. 8 K memory,

The original interface was built with a single up-down counter.
Problems occurred resulting with spurious bits being triggered,
requiring signal filtering and other now unnecessary data handling
technlques

Typically, Extranuclear Laboratories, Inc. Preamp Counting Head
#032-3.

The discriminator generally requires a Warming up period. The

optimal dial setting has been found to be about 1.26. Lower
settings allow through much noise, while higher settings begin
filtering out true sighal. The "DC Out" jack of the discriminator
can be connected to the preamp and electrometer for simultaneous
analog measurements. '

_The lens panel can power up to five devices. Of the two columns

of front panel banana plug sockets, the top five jacks on the
left are for cables leading to the devices. The matching jacks
on the right are to be jumped to one of the lower six jacks
depending upon whether the corresponding device requires a
positive or negative potential. The magnitude of the delivered
potential is fixed by the setting of a corresponding 10 turn
500 K@ potentiometer. The jacks on the left of the panel can be
connected to a voltmeter to measure the delivered voltage to a
particular device, with the appropriate setting of the function-
switch near those jacks., The panel is powered by two power
supplies (Lambda Regulated P.S. C-481 and 28).

This plan was prompted by the event of the author once trying to
remove an ionizer from the detector while voltage biases were
being -applied to the lenses, and another occasion where the -
author vented the main chamber while the particle multiplier was
still charged, thereby essentially destroylng the multlpller.
One does learn, eventually

Among the more disturbing effects of a focusing field arcing is the
possible loss of control over the PET or the interface, which can
only be regained by turning off and then restarting the device.
This is normally accompanied by a loss of collected data and time,

Commodore PET-CBM Computer Model 2001, 32 K; Hewlett-Packard.
Plotter-Printer Model 7245A; CBM Tractor Printer Model 2022; and
CBM Dual Drive Floppy Model 8050.
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For a detailed description for the insertion of the 1id and detec-
tor shaft, see the author's laboratory notebooks, p. 1.55-59 and
1.72-3. For other assemblies, refer to J. Winn.

T. E. Hanley, JAP 19, 583 (1948). (Thoria compounds supplied
respectively by Alfa Products and Mallinckrodt.) It is convenient
to make and store this solution in a 180 ml electrolytic beaker.
The solution, or rather the colloidal suspension, should be well
stirred just before use, but not during the cataphoresis process,
as spotting on the filament will result. The suspension should
be stored covered.

See note 95. Presently, the retaining nut on the split post can
not be tightened to the supporting plate. without a spring.
Therefore, there is a little play in the position of this post in
the assembled ionizer. '

Occasionally the ionizer has been assembled with broken long

alumina rods. The breaks then need to be strategically located
so as not to significantly weaken the ionilzer structure.

Short alumina rods have been used threaded through the remaining
holes on the two lenses and the bracket. These are optional.

What is easily said in ome sentence is often quite hard to do.
Extra hands may or may not be helpful here. What is important
is that the posts and the tantalum pieces be thoroughly degreased
and clean. If the first few attempts at spotwelding are not
'successful, take a moment to polish off burn spots before
continuing.

This can also be tricky. If the first few times the ionizer has
been raised it has not been threaded through the housing holes,
recheck your orientation. Furthermore, wires may become discon-
nected when the ionizer has been bumped around, so after a few
unsuccessful attempts, recheck for electric continuity.

The 1/3 hp pumps assigned for the gas cart and rotating 1lid are
generally left on and pumping those regions. The source blower
and backing pump are left off to reduce wear when they are not
in use.

Generally it takes 45 min of mechanical pumping for the pressure in
the main chamber to be low enough so that there will not be pres-
sure surges in its diffusion pump foreline after it has been
turned. on. The diffusion pump interlocks32 should be set to
"OPERATE" mode, and the pressure relays to about 150 y. Failure
‘to do so can and has had catastrophic effects if something should
malfunction such as a cooling water line or a backing mechanical
pump, causing decomposed diffusion pump o0il to be deposited over
the interior of the apparatus. Periodic inspection of the inter-
lock panels' light switches and replacement of burnt out bulbs
are strongly encouraged.



161. After recent venting, a filament generally requires about 15 hrs
of operation time to remove the effects of recent atmospheric
exposure. These effects include nonsteady emisSion currents and
a higher required operating temperature. Particularly a new
filament will require at-least twice this time and the initial
‘mass spectra will show large background peaks of standard atmos-
pheric gases as well as of sodium and potassium (23 and 39 amu).
The time for filament conditioning can be shortened by running
currents larger than 5 A through it, i.e., running it at a higher
temperature, but then the detector cold trap should be filled.

162. This procedure is to allow both for adequate cooling of the detec-
tor and conservation of 1-N,, the former being the more important.
Tf the vent line does not frost exteriorly within 15 min of
pumping, it may be blocked on the inside by frozen water. In
that event, blow out as much as possible the 1-N; that has
already been poured into the trap, and then heat the vent line
with, for example, a hot air gun, while still pumping on the
line until it clears.

163. This is for ionizer protection, beam alignment (see note 136) and
better pumping. If the trap runs low during operation, the beam
signal will typically drop and background peaks particularly at
28 (NZ) and 44 (C02) amu grow in.

164. Particularly with a new filament, a fast temperature increase can
either cause it to buckle and short to the grid or even cause it
to become disconnected.

165. A few experienced ionizer problems and their symptoms are mentioned
here. If there is no current passing through the filament when
the filament power supply indicates a voltage drop, either the
filament has become internally disconnected or you have forgotten
to plug the output of the power supply to the high current feed-
through above the chamber 1lid. 1If the filament current is posi-
tive with no voltage drop across it, it has fallen off and shorted
to ground. If the filament shorts to the grid, a current surge .
will pass through the grid power supply and trip it off if it is
set to a nonnegative voltage. This problem may not require ionizer
removal, for the filament may unshort itself if it is allowed to
cool, and shorting may be avoided if the filament is heated
more gradually the next time. If there is emission current but
the grid or the plate voltage has no effect, one of these is dis-
connected, Finally, if there is emission current but mno mass
spectra are produceable, the filament may be in contact with a
‘Pierce electrode or in some other way misaligned.

166. See note 107. Currently, the high calibration is set to 2.89 and
the low to 0.00, With this tuning, the numbers on the mass tuning
knob and the low mass knob for mass spectral sweeps correspond to
1/40 of the QMS passed mass fragment. For example, the 40 amu
peak for ArT is passed at a setting of 1.00 on the manual mass
knob. If the rf or dec balance meter reads far from O, the QMS
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either needs rebalancing or there may be a short along the power
cables. ' If good resolution is unattainable from the QMC control,
the coarse resolution control on the HiQ head may need readjustment.

167. See notes 115 and 116 for the manual reference for the zeroing
method and a warning on particle multiplier settings. If the
electrometer does not zero, the electrometer may need replacing
of its Zeltex 13303 operational amplifier. If while turning up
the garticle multiplier the electrometer behaves erratically with
a 10° input resistor setting, the signal cable shielding may be
disconnected from the triax connection or may just not be refer-
enced correctly to ground.

168. We have generally used Ar at 20 PSIG source pressure for tuning.
With a new filament, however, there may be interference in the
mass spectrum from a background peak at 39 amu from K.

169. The points along the beam path to check include that all relevant
gas cart valves are open, the source can is held correctly by its
knife edge holder, the pressures in the source, buffer and spec-
troscopic chambers are appropriate, the buffer-spectrometer gate
valve is open, the buffer fields and stopwires are not blocking
the axis, no cables are obviously blocking the beam in the spec=
troscopy chamber, the detector aperture wheel is correctly opened
and the 1id is in correct orientation. Source operation can be
checked by noting the effect of a source gas load on the buffer
chamber pressure. Use the QMS to check for background peaks to
insure that the detector is working.

170. The best 1id orientation is generally near 180.5°.

171. Besides the K and Na peaks mentioned, thorium peaks can become
quite evident and large if the filament current is greater than
15 A. These include Th™® peaks at 232, 116, 77 1/3, 58, 46.4 and
on to n=10, and a ThOt" peak at 124, '

172, The plate current becomes greater than the grid current when the
plates voltage is still roughly 50 V less than that of the grid.
A little time should be spent finding the best settings for these
electrodes for a given filament current. Fixing either the plate
or grid voltage and just adjusting the other will always produce
a local maximum in detector signal, but much improvement may be
possible. Certain otherwise optimal settings produce a beating
(on the order of 60 Hz) in the detector signal which are likely
due to a space charge oscillation within the ionizer. In such
cases, the grid and plate need to be slightly detuned.

173. For electrical hookups, the "Output Sync!" and "Output" jacks of
the sawtooth generator can be attached to the trigger input of
an oscilloscope and the X drive of an XY recorder respectively.
The Y inputs of both of these devices have been connected to the
1000 mV output in back of the electrometer. A rear connection
is made between the sawtooth output and the QMS control ramp input.



174,

175,

. 176,

177.

178.

179.

For single peak scanning during tuning, the sawtooth is set for
0.1 sec/sweep, the QMS scan width at ~0.2 ‘and the low mass at
~0.96 (for Ar). The scope signal time constant is controlled by
the scope knob on the electrometer. The 109 @ input resistance

cannot be used at this scanning rate. For mass spectra recordings,

slower scan rates are used, the QMS scan width is increased (5.4
~ 120 amus, 8.0 ~ 160 amus), and the low mass is readjusted
appropriately. With the QMS control in the ''Sweep" mode, the
sawtooth can also be used to tune individual mass peaks with it
in the "DC" mode. This is often useful for peak identification
purposes as well as giving an alternate means of sitting at a
particular mass for MBER experiments.

It has been observed that all the components of a particular beam
are optimized with a single nozzle to skimmer separation.

Suggested stopwire diameters for the various detector orifices are
(all dimensions in em) 0.185 for .the 0.380 (0.15") orifice, 0.133
for the 0.253 (0.10"), 0.09 for the 0.151, 0.06 for 0.074, and
0.04 for the 0.049 orifice. See also note 73.

If no refocusing is seen, either something is wrong with one of
the fields, you are attempting to refocus a molecule which is not
polar enough for its mass and rotational constant, or the beam
is rotationally too cold to have a significant population in a
refocusable state.

The buffers and the C field dc voltage have on occasion been found
to effect total refocusing up to 20%.

. 2
""Synthesizer Sweep'" was written by J. Winn. As our RF synthesizer6

is equipped with an TEEE bus line, it can be addressed and con-
trolled by a PET microcomputer. Options of this program include
sweeping over a desired frequency range at a selected rate,
chopping the rf output between two. different frequencies and
"dither" sweeping over a particular frequency range, i.e., have
the outputted frequency oscillate quickly about a slowly increas-
ing central frequency to allow artificial band broadening. This
program is used in conjunction with an XY plotter, with its X
direction controlled either by.its internal time base or by a
voltage ramp outputted by the rf synthesizer.

"Fast MBER", written by J. Winn, drives the interface and the rf
synthesizer at selected chopping and scanning rates and stores the
digitized difference signals in up to 200 channels of memory per
spectrum. The control addresses for the interface and a rough
description of the operation of this program and its forebearer
""™MBER" are left for this chapter's appendix. The collected data
can be stored on tape or transmitted through the controlling PET's
user port to a 32 K PET running the "ER Output" program which in
turn can transmit them to disc or tape storage, massage the data
and plot spectra over our HP printer-plotter. 5
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180.

181.

182,

183.

184,

185.

186.

187.
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Choice between modes of detection is dependent upon the
signal-to-noise requirements and time duration desired for the
spectrum. It should be remembered that chopping the rf with the
interface reduces its amplitude by about 50%, and so a corres-
pondingly longer scanning time is required to get the magnitude
of signal obtained in more direct scanning.

- The upper limit for reasonable chopping rates is determined
by the time delay of a molecule undergoing a transition in the
C field and its being detected. This delay stems both from the
flight time of the molecule and electronic response time.
Chopping at 10 Hz in one experiment lost about 10%Z of the transi-
tion signal to the background measurement because of this phase
problem.

One should use an oscilloscope to monitor the final rf signal
going to the C field, both to make sure it is there and to
measure its amplitude. ' '

It is, of course, advisable to have a very good idea of where to
look. There are so many other parameters involved with the MBER
apparatus that finding a new transition is in itself an artform.
As of this writing no unknown transitions have yet been found on
our machine.

' As will be discussed in Chapter IV, the transition intensity and

line shape depend in a nontrivial manner on the rf amplitude.

Or you may spend an extra 20 minutes next time trying to find a
beam signal.

Leaving the filament on will help boil out the Njy. It has been .
found by some that blowing out the detector trap after each

' - experimental run helps prevent ice blockage in the vent line. The

ion pumps and diffusion pumps can be turned off while the trap is
warming.

As much of the detector electronics are interlocked with the ion
pumps, turning off the pumps turns off those power supplies.
However, it is probably not a good policy, and for some power
-supplies definitely not good to activate these devices at nonzero
voltages. :

Spectrum #1, 12/12/79: This was taken (by B. Hale) with three

- lenses in the ionizer and a freely floating Faraday plate,
Settings were filament: 22A, plate:97V (24 mA), grid:113 V

(18 mA), lens 1:42 V, lens 2:-38 V, lens 3:-255 V, QMS float:72 V,
resolution:4.00, AM:3.4. (In notes, lenses are numbered from the
downstream end.)

Performed by M. Maier. Results to be published.
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188. Other detector conditions include filament: 16.5 A, plate:138 V
(20 mA), grid:149 Vv (22 mA), lens 1:66 V, lens 2:-1 V, QMS float:

5V, Faraday plate:157, resolution:2.93, AM:3.7, particle multi-
Qur three lens_éonizer, under similar conditions,

plier:-3.4 kv,
~had an efficiency ¢ = 3.8 x 10 .
189. K. Bowen, Ph.D. Thesis, Harvard University (1980). As an aside
this document is a good source for relevant references to MBER .
and cluster formation, as well as for presenting all the charac-

teristics of the Harvard MBER apparatus.

190. Spectrum #7, 9/15/79. The Ar2+ peak is 16 nA. All cluster peaks
diiappear when+£he beam is blocked, while there remain residual
Ar (40) and Ar (20) peaks, illustrating that these clusters

require a direct path to the detector.

191. Spectra #2~-4, 12/18/79.
192. Spectfum #7, 1/12/79. 1Ionizer conditions: filament:22 A, grid:
138 vV, plate:170 V, lens 1:~142, lens 2:25, lens 3:-250, float:

100 V, resolution:4.41; AM:3, particle multiplier:-3.5 kV.

193. From spectra #13-19, 2/26/80; #17-24, 3/26/80; and #2-8, 314/80.
Due to day to day fluctuations in signal intensity, direct quan-
titative comparisons between different sets of dataare of limited

value.

194. T. J. Balle and W. H. Flygare, Rev. Sci. Inst. 52, 33 (1981);
E. J. Campbell, L. W. Buxton, T. J. Balle, and W. H. Flygare,

J. Chem. Phys. 74, 813 (1981).
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CHAPTER III
STARK FOCUSING OF A MOLECULAR BEAM OF LINEAR POLAR MOLECULES®

The process of deflecting neutral polar molecules with inhomogeneous
electrostatic fields, briefly described in Chapter I, is usefql to under-
stand more éuantitatively for several reasons. Our first purpose was to
aid in the interpretation of the resonance épectra line shapes to be
discussed in detail in the following chapter. Such an anélysis was -done
by Dyke,_gg_él.l on a beam of HCN, but the effect on their beam's
initial velocity distribution by the focusing fields was néglected.2
Stark focusing treats a molecular beam's transverse velocity, longi-
tudinal velocity and rotational distributions in separate ways, so that
the analysis of the refocusing properties of such a beam can probe these
distributions3’4 and test for their mutual dependence. Numerical simu-
lations of fefocusing can also be used to improve the design character-
istics of an MBER apparatus5 and aid in troﬁbleshooting an existing
spectrometer. Finally, deflection experiments alone haveibeen used to
determine dipole momentvmagnitudeé and give some structural information

>’ a purpose which will not be discussed further in this

of molecules,
thesis. 1In this chapter a series of experiments involving the measuring
of refocused beam signals on our MBER spectrometer as functions of the
source conditions and the focusihg fields' voltages will be discussed.
A numerical simulation mode1 is first developed however, to predict the
experimental results and aid in their analysis.

The process of polar molecule focusing8 and approaches for analyzing

9,10

individual trajectories have been discussed elsewhere. Toennies,

gg_gl.3 have done rotational temperature studies by seeding CsF in a Xe
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beam and simﬁlated the énticipatéd'refocuéing és a function of their
field voltage. They used Gaussians for the individual rotational states,
and both Monte Cérlo and convolution techniques to introduce the beam's
velocity distribution. A sophisticated graphical siﬁﬁlation technique
was used by Englisﬁ and Callagher,5 involving a phasé space‘aﬁproach to
the beam moiecule_ensemble and following tﬁis ”cloud'sf'deformation
fhrough an MBER arrangement. In the section that follows, our theoreti-
cal treatment will be presented in some detail. The Sfark focusing
quantum mechanical effect and Qarious approximations will be discussed,
followed by a review on supersonic molecular beam distributions mixed
with a few changes from the standard perspective, and that followed by

a summary of our‘numérical treatment.  The next section presents some '
of our more interesting numerical results. Experimental results from
the focusing of various linear ﬁolecules are presented in this section
as well with special emphasis on OCS studies. The beam properties in-
dicated by a comparison of these results and other MBER focusing phené

omena will then be elaborated.
A. Theory

1. The Stark Effect

In classical mechanics the energy of an electric dipole, y, in a

vector electric field E is given by -
E=-y-E : ' : (3.1)

“If the dipole is held stationary, the direction of the. dipole with re-
spect to the field determines the sign of this energy, and its magnitude
increases with an increase in the magnitude of the field, - (E{§|).

Molecular dipoles, however, are not stationary and rotate with the
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a) Angular momentum (L) perpendicular to the

electric field (£).

202

2

b) Angular momentum parallel to the electric

field. | XBL 829-11551

Figure 3.1. Motion of a linear dipole in an electric
field.

104



105

molécule. A fréely rotating nonlinear mélecule céﬁ generally have
components of i remain fixed with respeét to E. A symmetric'top's
interaction with a field is largely first order in g; while an asym-
metric top molecule has first order componénts; Linear molecules, however,
rotaté'about an axis perpendicular to their y, so that the tiﬁe averaged
vaiue of g’for an unperturbed rotation is zéfo. Classicaily, the ef-
fect of the field on é linear moiecule must come from a perturbation of
its rotational motion. If, for example, a molecule is rotating such

that its angular momentum vector is perpendicular to E (Fig.,3.la); the
molecule will rotaté faster as its positive and negative ends are attrac-
ted toward the negative and positive diréctions of tﬁe field,resﬁectively,
and decelerate as the continued rotatioﬁ brings the dipole into opposition
with the field. Thus, on the average, the dipoie—spends‘more time in |
opposition to E than not, .and -the dipole's potentiai energy will increase
if the field's magnitude is increased. TFor the other extreme, if the
molecule's ro;ational axis is parallel to E (Fig. 3;lb), thé field will
éxert a torque on the rotating dipole .causing its rotational axié to
precess at some small angle_about.the field direction soithat the negative
and positive ends ére mérginally twisted towafd the.pOSitiVe and negative 
field directions. As the dipole'is somewhat aligned with the field, the
potential energy by (1) is negative. 1In both of these cases the amount

of perturbétioﬁvto tﬁe rotating motion cauéed:by E is propértional to

its ﬁagnitude, E, so that the éffective g,.i.e., the dipoie's time |
averaged value, is éléo'?roportional to E, and then ;heypbtentialvenergy
E, by (1), is propo:tional to Ez. It can be‘shﬁwn generallyll>that_for

a linear molecule with moment of inertia I, a permanent dipole u (i.e., -

the dipole that would be measured in a frame rotating with the molecule),
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rotating with an angular momentum L with its axis of rotation at an angle
¢ to an electric field E, the classical potential energy expression is
2.2
E 2
E = pcl (3 cos"¢-1) (3.2)

2L2

with this order of perturbation to the rotator's motion.
The quantum mechanical aspect of the Stark effect has been discussed

9,10,12 . . ,
2T and a short review of wavefunctions, Hamiltonians

several places,
and basis sets is left for the next chapter. The Hamiltonian for a

linear rigid rotor unperturbed by an external field is given by
(3.3)

where i is the total angular momentum operator, and B the molecule's

rotational constant, given by

B = hz
81

s (3.4)

with I the rotor's moment of inertia. Restricting our attention to mole-
cules with only nuclear orbital angular momentum, the allowed energies,

i.e.; eigenvalues, of (3.3) are

Ey u BJ(J+1) | (3.5)

with corresponding wavefunctions

0 _ M ~Mé

bu(8,9) = Ny PJ(cose) e T, (3.6)
Rotation is described by the two spherical coordinate variables 6 and ¢,
and the wavefunctions and energies are characterized by the quantum

labels J, where YJ(J+1)h is the rotor's measurable angular momentum, and
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where Mh is the observable projection of this momentum on a chosen
e space-fixed axis. J may take any'ndnnegative integral value, and, for a
given J, M takesany of the 2J+1 integral values -J, -J+1,...,J-1, J.

In (3.6), P?(cose) is an associated Legendre function, and NJM is a

normalization constant given via

1

5 Q) (3=, ?
M Vor

N 2GrMDT ) 8D

[

- With the presence of an external electric field, E,a second term is

added to the rotor's Hamiltonian,

B'=-p - E 5 (3.8)

i=1aq; I Gy
i : -

with.ﬁi the position vector for each point chérge q; - It is of interest
here to note that the expectatioﬁ value of ﬁ in field free space for a
linear "polar'" molecule is, in fact, zero and that what ‘one typically refer
to as a molecule's dipole moment p, as suggested in the p:e#ious para=-
graph, is actually the expectation value measured iﬁ a molééule-fixedv
rather than space-fixed frame. A standard method of determining the

effect of X' on the state energies of the full Hamiltonian

A= +# =832 -5 -E (3.10)

A0

. A1
assuming the effect of X is small compared to H , is via perturbation

o : o ‘ ‘
theory, in which the effectsof H aretreated as small corréctions to the

EJM and w}M(6,¢) of Equations (3.5)and(3{6). ‘The first order correction

to the eigenvalues of #° is given by
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ﬂ' ‘ 2m i
1 . & |
E§M) = sin® d8 d¢ w;M(e’¢)(_E.§)wJM(e’¢)
o o |
= —<a|g-E|ne
= -F <JM‘ﬁZ|JM>a ’ (3.11)

where ﬁz is the componént of ﬁ'along the direction of g, taken to be
_'along the z axis. Expression (3.11), however, is just the expectatioﬁ
value for ﬁz for state w;M(8,¢) = |JM>°, which, as was previously
implied, is zero. 'That.there is no first order perturbation effect'is
aﬁalogous to our previous classical argument of there being no oriented
averaged dipole moment if one does not éllow the molecule's rotationm to

be altered. Second order perturbation, in fact, allows for this:

oty 1 1 2
52 = lem [ [ M >° (3.12)
Tyt -
O @'TM)H)#F(OM) B E gy
For our particular problem,
. . 1
2 .2 \*?
(J+1)°-M
] \ =
<lu, |3 “((2J+1)(2J+3)> AR TSR VLY
' 2 .2\?
G-1"-M _
+ u((2J-1)1(2J+1)> CSJ',J-l ‘SM',M ) (3.13)

Thus.only states of identical M and J differing by %1 contribute to the
second order energy of a particular |JM>. From (3.5), (3.8), (3.12),

and (3.13),
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2.2

_ o ,
(2) _ u°E J(J+1)-3M
Ev =73 [ZJ(J+1)(2J-1)(2J+3)] f°r J £ 0_
2.2
= E??f (-'%) for J =0
ngz . -
- fZ(J’M); : (3.14)

"u'" is, once again, the dipole moment that would be observed in the
molecule-fixed frame. Values for fZ(J,M) for J up to 4 éfé given in

" Table 3.1. The functional dependence of Equation (3.145 on U, E and B
is.similar to that in the classical expression of Equation (3.2), and
the sign of the Stark energy is dependent upon the relative ﬁagnitudes
of J and M. Those J,M states for which fz(J,M) is.positive are refer-
red to as ''positive Stark states", Qith é cqrrespondihg definition for
negative states. Also note that as the only occurrence of M in fz(J,M)
is with a quadratic term, the Stark term does not remove the degen-
eracy between states that differ only in the sign of M. As an example

of the magnitude of this second order perturbation term, for OCS, with

0
B0

erg x Ez(kV/cm).

L =0.709 D and B = 6.09 GHz, = 8.06 x 10°Y erg, while

_ -30
El,O = 1.40 x 10
The approximation made with second order perturbation theory breaks
down at higher field strengths, so that higher order corrections may be
necessa-ry.13 The next correction via perturbation theory is the fourth

order term:

g4 - nE £,(3.1) (3.15)

where the funciional form of f4(J,M) can be found in the literaturel3’14

and values for it for some lower J's are presented in Table 3.1.



Second and Fourth Order Perturbation Terms
for the Stark Effect on Linear Polar Molecules

Table 3.1

' -9.09 x 10

(3,M) £, (3,10 ERY
(0,0) -1/6
(1,0) 1/10 “1.04 x 1072
(1,1) ~1/20 3.39 x 107%
(2,0) 1/42 2.29 x 1074
(2,1) 1/84 23,32 x 107%
(z,zj -1/42 4,05 x 107
(3,0) 1/90 1.13 x 107°
(3,1) 1/120 -7.03 x 107°
(3,2) 0 -3.51 x 107
L (3,3) -1/72 8.52 x 107°
(4,0) 6.49 x 10> 1.82 x 1070
(4,1) 5.52 x 1072 ~1.46 x 107/
(4,2) 2.60 x 107> ~4.45 x 1078
(4,3) -2.27 x 1073 -6.25 x 107°
(4,4) 3 2.49 x 107°

110



The exact eigenstates and energies for ¥ can be found by a varia-
tional calculation using the [JM> functions as a basis. The energies

are derivable by diagonalizing the Hamiltonian matrix X, with elements

Jcij = <JiMi] B@Z - eﬁzleMj>. . (3.16)
The'B,:T‘2 contributes only diagonal elements, while-thé second ferm, as
shown 'in Equation (3.13), contributes only between eléments of identical
M;s and J's differing by *1. Thus, the new eigenstétes are still charac-
terized by an M, while different J states are mixed somewhat. Energies
calculated in‘this manner for J< 2 are illustrated graphicaily in Figuré
3.2 and compared to energies evaluated by second order perturbation

Eu/B.

theory. It is presented with reduced variables e = E/B and A
For é sufficiently large A any rotational state will become a negative
-Stark state.

As the potential energy of a linear polar molecule is dependent upon
ﬁhe strength of the field it is in, 1f the molecule is in aﬁ inhomo-
genéous field region, i.e., where the field strength changes with loca-

tion, then a force F will be exerted on the molecule via
E=-Y E(D) (3.17)

In particular, assuming that second order perturbation theory is suffi-
cient to describe the Stark effect, from (3.14), the force on a molecule
in the state |J,M> is

2

- _ B o 2
Py == 5 5,00 (@

2
2y
-3 fz(J,M) EZE(I‘) | (3.18)

111 . -
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Stark energy of a linear rotor for J £ 2 (— from vari-
ation calculation; --- from second order perturbation
theory. For 0CS, A/E = 0.06 (kV/em)™1. For c135F,

AE = 0.03 (kV/em)~1.) o

112



113

where E(r) is the magnitude of the field E(r) at r. The particular field

relevant to us is the quadrupolar field. 'Ideally, its cross section -

consists of four hyperboloid electfodes equally spaced at a distance a

0

from a chosen origin, with static;eléctfic'potentials of iVO/Z applied

as indicated in Figure 3.3a. This arrangement produces a potential field

)
¢ = xy —£% '
, 2

and a corresponding electric field
. VO R R
E=-10=-—5 G+yd.
a, ~

For this field, the Stark emergy, via Equation (3.14), becomes

2
0
B a 4
0

| uzfz(J,M) v

E = 2

(x +y2),

and a force, by Equation (3.18),

zuzfz'(J,M) v 2

- g D
L

4]

=—k£,

' (3.19)

(3.20)

(3.21)

(3.22)

where r = xi + yj is the position vector from the origin. This force is

linearly dependent upon the distance the-moiecule is from the origin,

while the sign of k is dependent upon the relative valuésof J.and M

»thfoﬁgh fé(J,M). Force equations of different functional form can be

foundvsimilarly for other field arrangements (e.g., see Ref. 14 for

dipole fields).
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a) Cross section of an ideal quadrupole field.

b) Quadrupole rods-and cylindrical coordinate

reference. XBL 829-11548

Figure 3.3. CQuadrupole field.



" In our ﬁBER spectrométer, the qﬁédrupolar field of.the previous
paragraphxis.appro#ima;ed witﬁ four-éarallel éircular rods, as in Figure
3.3b. . Because of the rédial symmetry of the force exﬁression, it is most
convenient to treat the trajectory anal&sis of molecules traveling through
the field in cylindrical coordinates..vFor spatial variables wé will use

"r'' as the distance from the quadrupole axis, "z'" as the longitudinal

LRI,

distance along the axis and "¢" as the azimuthal coordinate. v'" ‘and "s"

will be, respectively, the radial and longitudinal speeds, T and Z.
Typically, a molecule enters the quadrupole'field (z = zo) with a radial

position r, and a radial spéed Voo where VO << g, the initial longi-

0
tudinal speed. .We will use the convention that r(t) <0 implies that the
moleculerhaé crossed the axis an odd numbér of times since entering the
field region, and that v(t) <0 implies that the molecule is traveling in
the oppoéite direction radiallyvfrom when it entered the‘field. Because
the only force isvradial, the trajectory is independent of ¢, and ¢ does
not change. Furthermore, "s'" remains conétant while the molecule is

" within the field. Solving the radial equation of'motibn from Equation
(3.22),

QE_

; = ..kr’ - E (3.23)
dt

m

gives for k > 0 (pdsitive Stark states),

: N .
cos(pt) + ?;-sin(pt) : (3.24)

r(t)

%o

-pr, sih(pt) + 0 cos{pt); . , (3.25)

1}

' V(t)

for k < 0 (negative Stark states)

115



116

r(t) r. cosh(pt) + vo/p sinh(pt) (3.26)

0

v(t) Pr, sinh(pt) + vo/p cosh(pt) (3.27)

and for k = 0 (no field, or J=3, m = *2)

[}

r(t)_ T, + v.t v - (3.28)

v(t) v (3.29)

O’

where "m" is the mass of the molecule, and

o = Ji‘l.' | ©(3.30)

As "s" is a constant of motion, the time variable above can be replaced

‘with the longitudinal variable z via
t = z/s. (3.31)

Of particular importance in the equations above are (3.24) and (3.25),
which indicate that for k>0 or positive Stark states, it is‘possible
for a molecule to enter the field with a diverging velocity, and yet
leave the field regionvwith a trajectory converging toward the axis
(Fig: 1.2).  All negative Stark states will be defocused.

Because of the linear nature of Equations (3.24) - (3.295 it is
convenient in trajectory analysis to treat r(z) and v(z) as the_two
components of a vector R(z), and the effect of a field region as a linear
matrix oberator é(z).6 If a molecule enters a field region at z., with

1

radial conditions r(zl) =r_ and v(zl) = Vs then at an arbitrary z> 24

1

within the same.field



o ‘br(z) - fa.(z-2z;) a (242 )\ /T
,E(Z):( _>=<1 R U VA
‘ v(z) a3(z—zl) aA(Z_zl)' vi/

g(z—zlj B> :

(2.21), for k>0

there, from Equations (3.24)

a, =a, = cos((z—zl)%J

1 4

a, = %-sin((z—zl)%)

2
~and
= . i - P—
a3 031n((zrzl) s) i
for k<0
= - - 2
a; =a, cosh((z zl) S)
L =1 oy 12
a, =3 sinh((z zl) S)
and
a, = psiﬁh((z-z )B-);
1"s°7%

and for k = 0

al = 3-4 = l,
a, = (z-zl)(s

~and ‘ o
a, = 0.

3

The value of this form will be seen in a later section;‘

117

(3.32)

(3.33)

- (3.34)

(3.35)
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2. The Initial Molecule Distribution

We now have developed the meqhanics required to predict the tra-
-jectory of an individual molecule with a given Sy Ty Vg J and M through
the MBER spectrometer via second order perturbation theory. However, the
observable in refocusing experiments isvdependent upon the ensemble dis-
tribution of these parameters, which is to be discussed here. Some of
thevprbperties of effusive molecular beams will first bé reviewed, with
emphasis on their velocity distrilutions expréssed in cylindrical co-
ordinates. Supersonic beams will then be discussed in terms of their
general properties and velocity distribution, followed by a nbn-staqdard
look at rotational distributions. In the succeeding section, the theory
presented here will be brought together in explaining our numerical method.

We will lét f(y)dy be the probability 6f finding a molecule with a
vector velocity between y and v + dy within an enclosed volume. In a
system at equilibrium and assuming no relativistic effects this is
expressed by the Maxwell-Boltzmann distribution, givén, in Cartesign co-
ordinates, as

2,2 2,2 2, 2
—vx/os —vy/crS -v /os

f(v)dv = N e e e ? dv dv dv (3.36)
~ T~ ) X vy z
2 .
where o = 2kTS/m _ (3.37)

with k the Boltzmann constant, TS the temperature of the ensemble, m
the mass of a molequle,.and Ns a normalization constant, which, itself,
is a function only of g As free space is isotropic, it is in a sense
mdre natural to express this distribution in spherical coordinates.
Using the variable transformation suggested by Figure 3.4a,

-¢ /Os 2
f(v)dy = Ns ) c¢” sin® dcdode, (3.38)
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2
2 .2 2 2
c = Vg + Vy+ Vg
cosf = vz/c
tan® = vy /vy ,
dv = dv,dv dv, = ¢ sinfdcdode
a) Spherical velocity coordinates.
|
X
2z
s=c-cosei s=V,
v =C*sing ve= vf+ v
2 =52+ tan® = vy /vy
dv = vdsdvd®

~ b) Cylindrical velocity coordinates.
' XBL 829-11547

Figure 3.4. Velocity coordinate systems. »
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where ¢ is the velocity magnitude or speed variable. .The part of
Equation (3.38) following the exponential function arises from the
Jacobian for spherical coordinates. An orifice is now introduced to
this volume with the properties that its diameter, b, is considerably
smaller than the mean free path, A, of the molecules within the volume
and that the edges of this orifice are &ery thin compared to A. Thus,
molecules will leave the source region on their chance hitting of the
orifice, andvthey will act independently of each other within the
volume and while leaving it. As faster moving molécules will strike
;he orifice plane with greater frequency, the velocity distribution
outside the source will be weighted by an extra factor of c. Secondly,
if we pick the orifice to be on the z axis, as in Figure 3.4a, moleculés
traveling at different angles 6 relative to the z axis will '"see" dif-
fgrent size effective‘apertures weighted by cos6. Thus, the flux distri-

bution measurable outside the volume, in spherical coordinates, will be

F(y)dv = c cosb f(v)dv

2,2
- e /Os 3 '
x e ¢~ cosb sind dedodg, (3.39)

where flux, F(y)dyv, has units of molecules per unit time per unit area,
i.e., one counts the ﬁumber of molecules with a particular velocity v
passing through a normal plane in a time interval.

Returning to the real world of our expériments, molecules are
éounted by first being ionized b& an electron bombardment device, the
~efficiency of which is proportional to the time the molecule spends
within the iomization region. If the ionizer is along the z axis
(Fig. 3.4a), this time is inversely proportional to c cosf, the speed

of the moleculé relative to the z axis, so that the detected intensity
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of‘the velocity distribution is reduced by ‘this factor:

I(v)dv « F(y)dv/c cosf

« £(y)dy, ' | (3.40)

by Equaﬁion (3.39). Thqs, the measured intensity, ﬁnuﬁifs of molecules
per unit time, is propértioﬁal‘to the velocity distribution within the ef-
fusive,source. As anAéside, thé numbef dénsity of a beam,_N(x)dx, is a
measure of the number of molecules instantaneously within a unit volume
along the beam path with a vélocity of v. Though molecules with a
greater speed éscape,from the -source with a greafer frequency (i.e.,
have a greater flux) proportional to ¢ because they travel fastef, the
distance separ;ting molecules of'similar speed is also greater by a
factor of c¢c. Thus the number density is reduced by this faqtor éf c with
respect to the flux, and thus is also proportional to f(z)dz. For. this
reaéon, eléctron bombardment ionizers are often referred to as number
density measﬁrers.

~ As indicated in the previous section MBER trajectories are best
described in cylindricaifcoordinatés as the fields are axially symmetric.
Using the coordinate transformation indicated in Figure 3.4b, and from

Equation (3.39) and (3.40), we get

2,2 2, 2 oo
-v /crS -s /oS :
F(v)dy = e e vs dvdsd¢ : (3.41)

and '

o | _VZ/GZ _32/02 | )

I(v)dy = e °e v dvdsd¢, (3.42)
where the measured intensity and flux differ by a factor of s, the compo-
nent of a molecule's velocity parallel to the z-axis. Given the measur-

able velocity distributibn, several properties of the beam can be
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evaluated. As an example, the intensity I of an effusive beam measured
by a detector on the z axis at a distance L from the source and with an

orifice radius R, is

e _52/02 sR/L _VZ/ 2 (2w
J ds e j dvv e o J dé
o o

o]
=N o2/ [ 2,52 (2T
f ds e ° J dvv ™7 J
do
(o] [o] (o]
L
=0 - Ty
LR
= n(l - coseb) ’ (3.43)

where n is the total number of molecules leaving the sourcé per unit
vtime, and Gthhe detector acceptance angle, tan-l(R/L). Note that the
integration limits for s include no negative values as only forward
moving molecules can.be measured. Table 3.2 gives some useful integrals
for the evaluation of some effusive beam statistical properties in
cylindrical coordinates, and some results are listed in Table 3.3.

"If the condition that made for an effusive soufce is reversed,
namely, thaf the ratio of the source-molecules' mean free path to the
source orifice diameter (X/DS, commonly referred to as the Knudsen
number, Kn) is significantly less than 1, then many collisions will
occur between the molecules és they leave through the orifice. 1If, in
addition, the central part of the escaping beam is isolated by a
"skimmér" from the stagnant pressure outside the source before a "shock
wave" causes nonadiabatic expansion to ensue, a supersonic molecular beam
will have been formed.15 There are two major effects of the adiabatic
expansion on the escaping molecules' velocity distribution. The random

relative motion of the molecules, both translational and rotational,
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2
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Table 3.3

Effusive and Supersonic Beam Characteristics
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tend to "relaﬁ” to a lower characteristic temperature Tb, as .the colli-
sion process tends to distriﬁute the initial‘random energy of the source
molecules more evenly ﬁo the moleculeS»within¢the orifice an& during the |
expansion that continues.after the orifice. Thus the beam distribution |
is now characterized by a lower temperature and the velocity distribution
is now centered about ; nonzerovvelocity SOE which is representative of
the conservation of energy after the raﬁdom energy has reduced. For an
ideal molecular beam source of a pure gas, the final beam temperature is

. given byl6

-1 ,
T, = Ts(l-k(lél) M5y (3.44)

b
where Ts is the source temperature, Yy is the specific heat ratio cv/Cp’
the ratio of the gas molar heat capacity at constant volume to that at

constant pressure, and M is the beam's Mach number. This is in turn

given-by18

A

~-(y=1) /v
M = F(Y)(zﬁ;‘)
s

where F(y) isvcalculated by Anderson and Fennl6, € is an empirically
determined collision parameter and X the mean free path of the gas mole~-
cules within the source. We have used a simplified version that is

correct for Ar:
M = 1.17(x/Dsj'(Y'1)/Y - | (3.45)
The expression for the mean free path‘ef a gas molecule is
A =.kTé//2—1rR21?S | | (3.46)

where P_ is the source pressure and R the effective collision radius of



the gaseous molecule. As an example, for a pure linear molecule gas,

v =7/5 and

-1

417y (3.47)

=]
I

2
TS(1+B TS
with

s (k%7 =’1o.19(R(2)2'Ds(.1 m) Ps(atm))2/7 (3.48)

R .
For PS =1 aUn,DS= 0.1 mmand R = 3 A, T, = 20 K with a Mach number

b

M = 8.4 for a source temperature of 300 K, and T, = 37.2 K, M = 7.5 for

b

TS = 450 K. The flow speed s, can be roughly calculated via

0

2
ms

0= Cp(Ts-Tb), ' (3.49)

2
where m is the molecule mass, reflecting the energy going into the flow
velocity from the relaxation of the random translation and rotational
energy and from the pressure-volume expansion work. Cp is roughly 5/2 k
for monatomic gases and 7/2 k for linear molecules.

The flux distribution for a supersonic beam then should be of the

form
—(g-sog)z/oi
Fs(x)dz < c e dv, (3.50)
where
% = 2T, /m » (3.51)
b~ b

in analogy to Equation (3.37). The leading coefficient of ¢ again re-

126

flects the selectivity of faster molecules within the source for escaping.

In spherical coordinates16
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' 2,2
: 3 —(c—so) /0b , :
Fs(z)dx «c” e cosf sin® dcdéd¢ (3.52)

is the commonly used distfibution, which differs slightly from (3.50)

+ in the value of the exponent function. It is noted here that the escape

rate from the source should acfually be dependent upon an individual
‘molecule's speed béfo:e.it undergoes expanéion,‘c', aﬁd thét the ¢
contribution from Jacobian in (3.52), should similarly'reflect the speed
distribution before the exﬁansion. -This model distribﬁtioﬁ‘then implies
that the measured molecule.speed ¢ is proportional to c'. ' If the ratio
SO/GE is.sufficiently large, Fs(z) is effected very little by the form
.of its nonexponential factors, so the questions suggested here do not
remain important. The signal intensity of the supersonic beam, expressed
in cylindrical coordinates fr&m Equation (3.50) becomes

—vz/cé

4(s-s0)2/02
I(v)dy = v e e

dvdsdé. (3.53)
Statistical properties for this distribution are compared to those for
an effusive beam in Téble 3.3. As indicated in the integrals of Table 3.2,

a standard approximation used in evaluating integrals for this distri-

bution is

o0

2

0 —(s-so)z/o2
ds

s e ds = J (s-i-so)n e
_ . » -5 .
o 0

sz/o

s 2 —s/g?
a2 (s4-so) e S/

which is quite gdod for so/dbA'M> 2. Most of our work involves M>5.-
0f note is the intenéity of molecules detected by an orifice with angle

acceptance 8_, evaluated similarly as (3.43),

D

ds, (3.54)
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~(s=s )20 -R%s% /262
1 =2 ds e 0 (1-e b »
s Vro )

2, 2 2 ™~
- as e 0T (—9(1-a2)]| ds expl-(s/a-s.a)%/c> ]
ﬁj— ‘ exp 2 a s exp s/a Soa Gb

b o}
0 » o

(with a% = (1+R*LH7h

—sz/czsinzeD

n(l - cose e ° ) (3.55)

Taking the ratio of the supersonic to effusive beam intensities for

" identical flux n from the sources at the limit of small SD gives

2

0 ~ 2
0—2- + 1 YM© +1. (3.56)

b

s
IS/Ie ~ 2

This intensity enhancement is among the fringe benefits of working with
supersonic molecular beams.

When a mixture of gases is expanded together, the resulting beam
properties tend to be mole fraétion weighted averages of the properties
thé pure gas beéms would-have.lél In particular, if a small amount of a
heavier gas is "seeded" into a carrying beam, the expansion will bring
all the molecules to about the same flow velocity, ShE thch may be
considerably greater than could have been obtained by the heavy gas alonme.

The beam temperature, T, , of the mixture can be estimated by Equations

b
(3.44-3.46) using mole fraction weighted values for Cp’ Cv’ and WRZ.
To calculate So? rather than using a direct analog of Equation (3.49),

we will use the velocity distribution properties previously calculated,

and the mean of the square of the velocities in (3.49), i.e.,

m<e™> = - m <sz+v2> = CP(TS-—T (3.57)

(NI

2 B
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- For a binary mixture of gases A and B with ﬁble fractions XA_and XB’

masses m, and mB, and heat capacities C, and CB’ (3.57) becomes

A A

1 2 1 2
Xy 3 mpCy> + X <5 mpep?

) (3.58)

= (X,C) + XC) (T - Ty
From Table 3.3,
_ 2,32
<¢,> = s0 + 2 OA
and
2. 2.3 2
<ep> = So + 5 g (3.59)
where
2 _
O’A‘: Zka/mA
ahd
6% = 2kt / ' (3.60)
9 T KMy .

and we have assumed that both of the beam components will relax to the

same 'I‘b and so. Combining. these results,
9 2(XACA+XBCB)(TS—Tb)—3ka'
8y = X . : (3.61)
aTAXp™p |

In fact it is oBserved tha; a hegvier seeded comfonent trévels with a
bflow velocity slightly lower than that of the lighter carrier. This

"slip" phenomenon indicates that the initial energy of the seed is not
fully accommodated.duringbthe'adiabatic expansion. Another result of
this expansion is that heévier particles tend to be~chused along the.

axis of the beam roughly by the ratio of their mass to that of the carrier.l6’l7
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Of the remaining degrees of energetic freedom in a gas ensemble, the
electronie and vibrational energy channels are irrelevant in our consider-
ations because the typical operating teﬁperatures of our source leaves
virtually all molecules in their ground electronic and vibrational states,
and this does ﬁot change in expansion. The rotational energy, as pre-
viously indicated,. is strongly effected by the expansion. For a closed
system at equilibrium; the rotational distribution for linear molecules
follows the standard Boltzmann distribution (assuming the rigid rotor
harmonic oscillator approximation)

—BJ(J+1)/k’I"R

R(J,M) = = , , (3.62)

0 (T)

where J and M are the rotational quantum numbers, B the molecule's

rotational constant, T_ the characteristic rotational temperature, and

R

Q. the rotational partition function, expressed via
R P

® 3 -BI(IHD) /KT,
e

Q,(T,)
RURY 520 M=y

© -BJ(J+1) /KT, Co
Y (23+1) e (3.63)
J=0

and is roughly equal to kTR/B for sufficiently great values of this
ratio. For both a closed container and an effusive source TR has the
same value as TS, the source "translation'" temperature, as the various

energetic degrees of freedom are at mutual equilibrium. In an adiabatic

3,18

molecular beam expansion, experiments have indicated that as the

translational temperature of the beam relaxes, TR also relaxes toward Tb.

In principle, rotation to translation energy transfer in collisiomns is
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quite facile, so thgt in the expansion process the initial rotational
energy is largely dumped ihto the flow velocity g |
Most previously made measurements characterizing beam rotational
and T ; A queétion

distributions indicate the ensemble properties as T

R b

remains, however, if the "microscopic" properties of a beam molecule's
individual velocity and rotational state are frﬁly indeﬁendent beyond
being chafacterized by similar distribution temperatures, i.e., does
specifying a molecules veiocity give one more information about its most

probable rotational state than just specifying T One such correlation

R
argument would suggest that a given molecule with a velocity that varies

significantly from s héd undergone fewer than the average number of

O .
"cooling" collisions during the expansion, and thus the molecule's ro-
tational state would be also correspondingly warmer. Less intuitively
appealing perhaps, one may argue that the molecules in a beam havé |
individually about the same total energy. Then a higher translational
‘energy, based oﬁ the velocity difference from g would correspond to a
lower rotational energy. Because Stark focusing trajectories are
velocity dependent this question may be addreésed experimentally here.
We have chosen to leave a Boltzmann type distribution for the rotational
states within each velocity group, but based on a TR that ié dependent

both upon the beam translational temperature T, and the velocity of

B

that group:

o : T ‘ v2+(s-so)2 : i . '
T (s,v) = max {1 + af -1)}, €T (3.64)
R 1 2 B

1+-2-Ct O'b ) .

where o is a parameter >-2 which determines the type of rotation to
velocity correlation, and eTB is a lower limit placed for rotatiomal

temperatures, as nonpositive rotational temperatures are not physically
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Figure 3.5. Rotational temperature (Tg) as a function

(8-S )2+V2

2{_ -0 _ ,

of n- e for various values of
o]

a. (See Equ. (3.6}4))_.
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acceptable to this_sjstem. This form was devised to have the property

that TR(s,v) = TB for v and s picked such that

_ ) _3 | '
n = - = . =5 - (3.65)

For o« = 0, T, is independent of s and v. For a = +1,

R

+1 _ 2., .2
TR (s,v) = max{3 T.n", eTB}. (3.66)

B

R

to sog are fotationally colder. TFor o less than 0, Equation (3.64)‘pre-

dicts a negative correlation, where TR increases with a reduction of n

2 ot ' '
As n” becomes smaller, T 1 reduces. Thus, molecules that travel closer

A

Figure 3.5indicates graphically the functional form of T;(n). Other

properties of this proposed distribution function will be discussed later.

3. The Numerical Metho&ologyv

The quantify desired is the fraction F of a supersonic beém of a
polar linear molecuie refocused into the detector orifice through our MBER
spectrometer as a funétién of the voltages applied to the A and B fields.
For simplicity, the relgﬁant molecular parameters consisting of its mass,
m, dipole moment, u, and rotational comnstant, BR will be collectively
labeled as X, and the geomgtric paraméters of the spectrometer including
the 1océtions‘of‘the spectrometer elements z; (see Fig. 3.6a), the stop—
Wire.and détector orifice diameters,_RS'and Rc, and the A and B field

“interior radius a. will be collectively labeled Y. The other relevant

0
parameters include the A and B field voltages, VA and VB’ and the beam
properties 9> Op» TB; and o, defined invKuation (3.64), Using the

- distribution of Equation (3.53),
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- ~(s-s) 2/
J f(s)e ds
Pl — (3.67)
J -(s-s4) /o
e
o

ds

where f(s) is the fraction of all molecules focused with a given longi-
tudinal speed s. The remaihing variables discussed previously are omit-

ted for clarity. .Continuing,

- _VOZ/GZ

g(s,v)ve “dv

5 , (3.68)

o2
® o TV e
’J v e T dv
o

[¢]

f(s) =

where g(s,vo) is the fraction of molecules refocused with a given s and
vo; the molecule's initial radial velocity. Recall that in the refocus-
ing process a molecule's radial velocity v will change while its longi-
tudinal velocity s will not. The radial velocity distribution given in
Equation (3.53) reflects that distribution leaving thé soﬁrce before any

field effects. Again continuing,

© J o -J(J+1)B/kT (s,vo)
J=0 M+-J R'R
© J ,
= 7 7 ns,v°,I1,M R(I,M,s,v0) ©(3.69)
J=0 M+-J )

where h(s,vo,J,M) is the fraction of molecules refocused with a given
s,vo, J and M, and R(J,M,s,vo) is defined by Equations (3.62) and (3.64).
To evaluate the function h(s,vo,J,M) we now return to the second

order perturbation Stark focusing process and the formalism introduced
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in Equatioms (3.32) - (3.35). A molecule is detectable if its trajectory

 possesses the following criteria: (a) it gets by the stopwire at z (see

4
‘Fig. 3:6a), (b) it'rémains within the effective focusing fields between
z, and z, for the.é field and zSVand zg for ;he B‘field; (c) it passes
through the detectdrforifice at z,, and (d) it does not entertthe def

" tector so steeply that-if would collide with the ionizer. -Using the

vector-linear matrix operator of Equation (3.32), we define gi via

r(z,) T, ‘
R, = * * (3.70)
+ v(z,) v, :
» 1 1 . .

where z, are the positions indicated in Figure 6a. For between each'zi

_and z,

j+1 Ve can define a matrix éivda.Equations(3.33)—(3.35) which,

aside from the general molecular properties, are dependent upon the field

conditions and rotational state for A

2 and‘és, and just dependent on the

region lengths for the remaining matrices. Then, by (3.32),

Rivn = 212500~ 208 (3.71)

For initial conditions, we let z, be the source point.

1

v, = v(z

L y=v°, _ (3.72)

1

aS'v?.has alreadyvbeen defined as a molecule's.initial radial velocity.
For the purpose of this calculation we assume a point source so that

all mblecules begin'on the axis with r(zl) ; 0, which turns out to be
only é small épproximation; Because of the linear property of (3.71) and
these init1317conditi§ns, r(z) and v(z) are proportional to v° for a

given molecule for all z within the spectrometer to Zg> and we can define

new variables
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136



r(z,V

. T(z,V A,VB,S,J,M,X,Y)/VO and

AsVB,SaJ,Mast)v'

v(z,V VB,S,J,M,X,Y)/VO B (3.73)

v(z,V,,Vg,5,3,M,%,Y) W

where ¥ is dimensionless,aﬁd T has unité of time, and alivof'the relevant
parameters have'been includéd as a reminder that the trajectory is still.
élso aependeﬁt upon molecular properties and the field pérameters.
Thus,'it.is sufficient to find ?(z) and ¥(z) alone to know the trajec-
tories for all initial radial velocities v°. Furthermore, for a given s

and ¢, given a particular v> for which the trajectory can get by the

L
stopwire at 2,5 then any other trajectory with v° > VZ can get by as
well. Similarly, if there exists a v; for which the trajectory r(z)

remains close enough to the axis to meet the focusing criteria (b)-=-(d),

. . . ' , -, . o o

then these criteria will be met by all trajectories with v < vy
. . ' . [

It now remains to find those particular valuesvVL(VA,VB,S,¢,J,M,X,Y)

,4,J,M,X,Y) such that all trajectories with

0
and vH(VA,VB,s

v;>< w0 < v§ : (3.74)

are focusable, and the remaining trajectories are not. The lower limit
condition is determined only by criterion (a), the stopwire. If the stop-
. wire were radially symmetric in our coordinate system with diameter Rs’

then a trajectory would pass if

R
=% = '
T, =T,V > > | (3.75)
so that
o) vRs
vO o= == ' (3.76)
L 2'{.‘ .
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However, there is a ¢ dependence from the stopwire we use. As can be

inferred from Figure 6b, for a given v > vf, in the quadrant 0 < ¢ <-%
there exists a ¢m(vo) such that the stopwire blocks the beam for
¢m < ¢ < %u As the figure indicates,
R /2 w2
oy _ -1 s _ -1 L
¢m(v ) = cos - = cos S (3.77)
: e v
To find v;,~one seeks the strictest constraint of (b), (c), and
(d). For (c) and (d) we simply require that
R R
c d
r7 < 5 and r8 < 7
so that
0 Rc o Rd
V. =—— and V., = — ., (3.78)
H ¥ - O Hy o 2%
C 7 d r8

For constraint (b), we choose a radius Rb for the qﬁadrupole fields for
which a focusable molecule will no longer be allowed to reﬁurn into the
field region. The physical reasons for doing this include cdllisibns
with the field pieces, the spherical aberrations of the fields due to

not having hyperboloid electrodes and the increasing effect of higher
order defocusing Stark terms at the greater field strengths existing here.
If a trajectory does not change its direction within the A (B) field,
then its maximum radial position is attained at either zz(zs) or z3(z6).
If it does change direction, remembering that this is independent of vo,

the maximum radial position from Equation (3.24) becomes

D s [P+ (vz/p)z]l’2

or
) b
T 1@+ G0, . (3.79)
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with similar equations for the B field, changing the index "2" to "5".

Then

N e
e el
- TA 2 3 r
A
and
v° =max;i,ib-, Rb - . (3.80)
H r r ~max . .
~B- 175 7“6 Ty :

and finally the actual upper limit for v° is

v, = min{vg s Vg’, V; , w2 1. . (3.81)
A - B. c d ‘

o

Returning to our integral distribution function h,

, cos_l(vz/vo)
4 J _ : ' k(s,vo,J,M)d¢ .
h(s,vo,J,M) = — (3.82)
' 21
e
o
where
k(s,vo,J,M)"= 1 for vz(s,J,M) < v° < V;(S,J,M)
and = 0 otherwise. - - : (3.83)

Now, reassembling the integral,

) .
_ q v '
h(s,vo,J,M) =‘§%-cos 1 _—% k(s,vo,JgM), , (3.84)
o ‘ v B . T
0 2 ¢ 3 _l:'vi .0 o) '
g(S,V ) .= T Z Z - cos -—5 k(s,v »JL,MRJ,M,s,v s (3.85)
' : v B .

J=0 M=-J
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o

-1 vL o] o
© 02 2 z 2 cos (;;) k(s,v J,M)R(I,M,s,v )
f(s) = 2 avov® e v /o J M
™ o
o o’ —v°2/02 o
_ o v e dv
o ' °©
VH(S) 0
4 J o -1 'L o, O -V02/02
=— dv cos Y R(IJ,M,s,v )v e , (3.86)
mg” J=0 M=-J o v
VL(s)‘
and finally o
. o 2,2 Yy o
. -(s-s,) /o o2 v
F = —5;%—5 ~ds e | 0 e avov® eV /o cos 1'(-%% R(J,M)
LA S J M W0 ' : Vo (3.87)
i

In our calculations and experiments, to remove the factor of total source
flux in the measurements of refocusing, we measure F relative to the

straight through signal of a beam without a stopwire present, given

analytically in Equation (3.55), with R = RC/Z and L = 24= 2y, 8O that
the percent refocused signal becomes
P=ix100=20, (3.88)
F I :
0 s

To conclude our analysis of trajectories in our MBER apparatus, we must
also see the effect of state‘transitions Qithin the C field. This is
simulated numerically quite simply by instantaneously changing the J
and/or M qﬁantum descriptors of our trajectories betweén the A and B
fields; i.e., befween z

and z For example, if we were to assume a

3 5°
75% transition between (J,M) = (1,0) and (1,*1), recalling that rotational

states are doubly degenerate for M # 0, we calculate the values for V;
for trajectories with a given s with M = 0(#1) in the A field and

£ %
M = £#1(0) in the B field thereby deriving the function k(s,vo,J M) to

use weightéd by 0.75 in Equation (3.85) while subtracting k(s,vO,J= 1,
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‘M =0) x 0.75 and k(s,vo,J=.l, M = 1) x 0.75. Results of'these calcu-
lations are given in the following section. 'A listing of tﬁe computer
progfam "ABFIELDG ﬁhich does this trajectory aﬁalysis is preéented in
this chapter's appendix. |

As a check for the validity of using second order .perturbation
thebry in our analysis, Qe have also determined trajectories using
&ariational'theory to célculatevyhe energies and.fofces in the focusing
fields. The Hamiltonian matrix of Equation (3.16) can be expressed in
a block tridiagonal form, with each block having a unique value of the
quantuﬁ number M. The eigenvalues of these matricés can be solved for
by the'cdnversion of the matrix secular equation into a continued frac-

tion form,9 for which numerical methods exiSt..l9’20

A program

to generate a table of these energies as a function of field strength

is given in the appendix. There are several reasons why. we have not

done all of our trajectory analysis with thesé vafiational energies.
Firét, the trajectories cannot be treated analyticaily as we have done
with ;he second order perturbation calculations. The lineér relationship
of trajectories r(z) to v° is not preserved here. TFinally, it is not
necessary that the range of focusable v° values is even "connected" in a
topological sense. Ideally Monte Carlo'type calculatioﬁs shduld be used

t 1

, o o A
here. We have instead sought values VI and vy from variational calcu~

i and v; from second order perturbation theory -

. to check if under certain field .conditions there is a major error in our

lations close to those of v

preferred method. These results will also be presented later.
B. Experimental and Numerical Results

- The experimental method used for our refocusing experiments has been
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described in the previous chapter. In the first ﬁwo sets of experiments
described here neithef stétic nor radiofrequency voltages were applied

to the C field. Aside from the geometric parameters of thé spectrometer,
given in Table 2.1, the relevant experimental parameters include the gas
mixture, the source pressure and temperature and the sourée nozzle dia-
meter, which determine the initial beam eﬁergy distribution, and the A
and B field VOltages, which determine individual trajéctqries. The
numerical éimulations use the same geometric parameters, and have assumed
a stopwire diameter of 0.119 cm and a detector orifice diameter of

0.15 cm, consistent with most of the experiments. The effective A and B
field radius used,'outside.of which simulated trajectories are coﬁsidered
unfocusable, has been the inner radius of the quadrupole rods, 0.3175 cm,
and the effective ionizer diameter used was 0.4 cm. The initial beam
conditions have been inputted several ways, such as inputting the beam
mixture, source temperature (TS) pressure (Ps)-and nozzle diameter (Ds),
and using Equations (3.44), (3.51) and (3.61) to determine the beam
temperaturé (Tb) and from that the velpcity distribution parameters‘so
and g, or directly inputting T, or finally, directly inputting s° andvo.
In addition we input a value for the rotational distribution parameter «

(see Eq. (3.64)). 1In the first part of this section the basic experi-

.mental and numeric refocusing curves as functions of the A and B field

voltages for several linear polar molecules are described and compared.
Following that the éxperimental dependence of the refocusing curves of
0CS and CIF on the source conditions will be shown and compared with
numerical results from various initial conditions. The third section
will discuss the effect of A and B field voltages on the transition spec-

trum for OCS, again both from a theoretical and experimental point of view.




1.  Refocusing as a Function of the A and B Field Voltages

‘Figure 3.8 gives the refocusing "spectrum'" for OCS in a 5% mixture
with Ar at source conditions of 1 atmosphere, 22°C and a 100 u nozzle,
.in the range of 0-30 kV for both the A and B fields. It has been found
that such spectra are quite sensitive to the background pressure within
the spectrometer chamber. While the data of Figure 3.7 were taken with
a spectrometer pressure onathe order of_S b4 10—7 torr, Figure 3.8 depicts
data coilected with the background pressure about an order of magnitude
greater. The enhanced magnitude of the refoeusing stems from the larger
source nozzle diameter (200 y) used (the effects of which will be dis-
cussed further in the next section), but the general pattern was typical
of higher background pressure work. In these and in all the following
refocus data to be presented the refocused signal is given as a percentage
compared to the signal measured from a beam with the stopwire removed
from its peth and the A and B fielde off. The lensing effect of the
quadrupole fields becomes more obvious seeing refocused signals of greater
than 100%. 1In fact, when refocusing scans are made with the stopwire out
of the beam path the observed spectra are approximately just these ob-
served seperimposed.en a flat beam background signal, so that refocused
signai comes primarily from molecules with initial trajectories not co-
incident with the detector orifice. A refocus spectrum of C1lF (3% in Ar,
' PS= 1 atmosphere, Té= 22°¢C, DS = 100 u) is given»in Figure 3.9. The en-
hanced refocusing relative to that of OCS and the general change in the
form of the spectrum is characteristic of blF and should ultimately be
attributed to the differences in the dipole moments, rotational constants

and molecular moments. No refocusing was evident to us in beams of HC1,

143

and HF refocused up to about 307, and only at the highest A and B settings.
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Figure 3.7. Refocusing spectrum of OCS (SZ in Ar Ps =1 atm, TS = 295 K).
‘ Individual lines for different B field voltages (kV).
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Figure 3.8. Refocusing spectrum of 0CS (10% in Ar, P3v= 1l atm,

TS =300 K, DS = 200 u; high background pressure).
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Figure 3.9. Refocusing spectrum of C1F (3% in Ar, PS =1 atm, TS = 295 K, Ds = 100 u).
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‘Figure 3.10 represents a cémputer'simulation for the»refocusing of
0CS (10% in.Ar, TS = 20°C, PS =1 atm, Dé = 100 u)xcaiculated by the pro-
gfam ABFIELD, described in the theore;iéal éection and ap@endix; A beam
temperature of 3;08 K was calculated using effective diameters of 3.5

and 2.9 R_fOr OCS‘and Ay respectively, and heat capacities of 2.5 k and
1.5 k. This in turn leads to's0 = 54466 cm/sec and o = 2920 cm/sec

(Mach number = 17.2). For the rotatibnal &istributionj<1= 0, so that the
rotational temperature is fixed at 3.08 K. Before attemptipg to compare
Figure 3.10 to Figure 3.8, we will discuss in detail the contributions to
the simulated refocusing pattern, tﬁe knowledge of wﬁich is attainable
from the computer output. Before this, two more points should be made.
First, eacﬁ curve for a given B voltage (VB) is a summation of properly
weighted curves over the Gaussian "s'" distribution centered at So* Sharp

corners; such as near the maximum of the VB = 25 kV curve, are due to the

choice of how many such "s" curves are included. Secondly, as shown in

the previous section, using second order perturbation theory for linear
molecules experiencing a Stark effect, given a longitudinal speed s and
rotational state (J,M), there exist upper and lower initial transverse

velocity limits vo
ocity L H L

o . . : cea
and vO where v. is determined by the stopwire condition

and v; by either the detector, ionizer, or A or B field geometric constants.

Such a group of molecules is partially focusable only if v;(s) > vz(s).
How much this group contribufes to the rechusing'curveé depends both on
the magnitude of the difference beﬁween these limits and on the number of
molecules ‘in the (J,M) state with longitudinal.spéeds near s.

For Figure 3.11 we will use the V_ = 15 kV curve as representative

B

of curves for VB = 15 kV. :In this paragraph, furthermore, we will dis-

cuss molecules traveling at the mean longitudinal speed;.sd. Temporarily
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Figure 3.10. Simulated refocusing spectrum of 0CS (10% in Ar, TS = 293 K,
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considering only the most focusable rotational state (1,0); at VA =5 kV

) there exists [v°,v;] limits of [82,2261, where v_ is restricted by the

L H

‘ Ces o o .
detector orifice, and, as Vg >V _there is a contribution to the re-

L’
=0, 5 or 10 and for V

. o ‘
= 5, v, remains the same,

- focused signal. At V L

B A

as the B field does not affect trajectories up to the stopwire, but V;

is reduced as the B field pulls only those molecules with a lower initial

o . ’ -0 o ) .
v~ toward the axis. In those cases, Yy < v and no (1,0) refocusing

occurs., Returning to V_, = 15, as V, increases from 5 to 7 kV, [vi,v;]

B A

changes to [88,284], with vi and v; increasing as (1,0) molecules are

pulled closer to the axis, but o

q increasing substantially faster. .

Because of the linearity of the radial displacement of molecules from
the axis with respect to their initial transverse velocities, all mole-

cules of a given s and (J,M) will cross the axis at the same position

. . o . .
along the spectrometer. The increase in Vu here affects this ~ crossing

point, which was initially far‘beyond the detector orifice, and approaches

it as the A field increases. At VA = 8,[v§,v;] = [92,335], where v; is

now determined by the B field restriction, as the detector determined

_vg has exceeded what is passable by the B field. Between VA = 12 and 13
c

the (1,0) states are focused directly at the detector orifice and V;

would be infinite if there were no other geometric restrictions aside

from the orifice. At VA-= 12, v§(562) is still constrained by the B

field, while at V 13, vg(—675) is restricted by the A field. The

A

N o . .. , .
negative sign for v_ indicates that the trajectories have crossed the

H
beam axis once before the detector orifice., At VA = 1.4, [v;,v;]-=

{139, -725] and the largest fraction of (1,0) molecules are passable for
A" Note . that 'this position is determined both by

the crossing point criterion (i.e., that the trajectories are crossing

an integral value of V



Lower (v_) and Upper (v

H

Table 3.4

) Transverse Velocity Limits, Total Percent Refocusing (Relative to a Straight

Through “Beam) and (1,0 ) <> (1,1) Transition Signal (Relative to Straight Through Beam, Positive for "flop
out") for OCS Calculated with Second Order Perturbation Theory, as a Function of A field Voltage (V )

= 15 kV, Longitudinal Velocity (s) = 54466 cm/sec. Units in cm/sec.

Vs
_ a % ‘ : * Total

VA(kV) vL(l,O)_ vH(l,O) vH(l,O) vL(l,l) vH(l,l) VH(l,l) | Refocusing (%) Transition (%)
5 82 226 30 74 25 - 168 136 10
6 85 250 32 73 24 162 175 62
7 88 284 35 72 23 155 240 140
8 92 3358 38 71 . 23 147 356 269
9 96 3708 43 69 22 140 443 369
10 102 4168 50 68 21 132 574 510
11 109 4778 59 66 20 124 778 724
12 117 562B 74 64 19 116 1109 1066
13 127 -6758 99 62 18 108 1641 1605
14 139 -725A 151 60 17 101 1875 1844
15 154 -624 314 58 16 94 1272 1058
16 173 ~442 8258 56 15 87 483 -1865
17 198 -346 -285 54 14 80 181 + 91
18 231 -287 ~150 52 13 74 40 30
19 276 -248 -104 50 12 69 0 - 8
20 344 -221 - 81 48 12 63 0 - 6
21 449 2202 - 67 46 11 . 58 0 - 4
22 638 -188 - 58 43 10 54 1 - 3
23 1067 -179 - 52 41 9 50 4 - 2
24 2932 -172 - 48 39 9 46 8 - 1
25 -4676 -169 - 46 38 8 42 28 - 1
26 ~1367 -168 - 44 36 8 39 37 0
27 - 832 -169 - 43 33 7 36 76 0
28 - 615 -172° - 43 32 6 33 171 0
29 - 501 -179 - 43 30 6 30 450 0
30 - 432 ~189 - 45 29 6 28 : 1385 0

aUnless otherwise indicated, v, is determined by the detector orifice constraint. 'A' or 'B' indicate

the bound is created by the focusing field geometrical constraint.

0CT



- beyond the detector. TFor V

‘ A - - - . o . .
near the detector) and the field geometry constraints, as vy is still

limited by the A field. At V, = lS,v; is .again detector orifice limited

A

as the crossing point recedes from the_detéctor with increasing VA' By

VA A

the C field region,'with [vi,vg] = [231, —287], vg continues to decrease

with V, increasing and at V, = 19 there is no refocus signal frdmv(l,O).

A A

Between V, = 24 and 25 the crossing point reaches the stopwire, so even

A

. o o
if v were not small, v

H L A

has become quite large. TFor V, = 25, [vi,vﬁ] =
o

: : o
1 asain reduces and v

[4676, -169]. With a further increase in VA’ v H

begins to increase as an impending second crossing point approaches from

=15, v, = 30, [vi,v;] = [432, -189], so

B A

no more refocusing from (1,0) occurs on this curve. 1In Table 3.4 the

values for [vi,v;] as just described are listed for V_ = 15, s = 54466

B
cm/sec and (J,M) = (1,0). Also listed are results for the (1,1l) state
which, as expected, never refocuses, being a négative Stark state. 1In

fact, the only other state to make a contribution to this refocusing

curve is the (2,0) state, which starts making a contribution at VA’= 21,

after the (1,0) state is no longer focusing into the detector. By VA = 30,

the v; for (2,0) has become limited by the A field geometry; as its
crossing point nears the detector orifice.

For the V_ = 20 curve, at V, = 5, [v;,v;] = [82, -181] for the (1,0)

B A

state, indicating that the trajectories have already crossed before the

detector orifice. Increasing V, to 21, [vi,v;] =v[449, -778], with the

A

: ' . . . o
detector geometry still the acting constraint on v_. Apparently, as

H
opposed to the VB = 15 trajectories, these do not experience as great a
radial displacement in the B field until higher values of VA’ and the

. 0 . ’ . : . . L
increase of vy forebodes the approach of the second crossing point to the

= 16 the crossing point is within the B field and at V, = 18 it is in
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detector. However, at V, = 22, the B field constraint begins reducing

A

v;, while vi is rapidly increasing as the first (1,0) crossing point
approaches the stopwire. Thus, maximum refocusing for (1,0) occurs at.

VvV, = 21, drops to 0 by V, = 23, and becomes nonzero again near V, = 30,

A A A

where [v;,v;] = [+432,488], from the first crossing now receding from
the stopwire and the second (l,O)Acrossing near the detector orifice.

Meanwhile, (2,0) begins focusing at V, = 16, accounting for 137 of the

A

refocused signal at V, = 22, 100% at V

A = 24 to 29, and 96% at V, = 30.

A A

For VB = 25, VA = 5 to 10 there is no contribution from (1,0), as its

first crossing point is already within the B field and the trajectories
have swung far from their mark when they reach the detector. The maxi-

mum attained near VA = 19 from (1,0) occurs as its second crossing point

passes through the orifice, and then soon drops as it again becomes
detuned and the stopwire increases its effectiveness. The (2,0) state

is already focusing at V, = 5 slightly, and its refocusing gradually

A

increases to VA = 30, At VA = 27 the (2, il).states begin to focus and

at VA = 29 the (3,0) also starts making a contribution. The vy = 30

curve description is similar to that for VB = 25, Thus, looking once

more at Figure 3.10, the refocusing maxima for 12 < VA < 20 are due to

(1,0) states, with the maxima for V, > 20 from (1,0) trajectories that

B

have crossed the beam axis once far upstream from the detector, and the

refocusing for V, > 22 is primarily from (2,0) trajectories. -Finally,

A

as a reminder, Figure 3.10 is summed from contributions over the s dis-

tribution. For s < g the A and B fields will have longer times to act

on the traveling dipole, so that for a given VB’ the refocusing maximum

will be shifted toward a lower VA' The reverse is true for s > g

Thus the curves observed in Figure 3.10 are wider than what would have
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been obtained for only s = s and the maxima may be slightly shifted.

0’
As described in the end of the theoretical section, we have also
-dons trajectory.calculatioas using variational théory to analyze the
focusing in the A and B field regions. Figure 3.11 fepresents the re-
focusing curves for.the same conditions as in Figure 3.11, with V; now

found using individual trajectory integrations through variationally

calculated force fields, while vo is still -determined by second order

L
perturbation (as the electric fields encountered near the beams axis
remain low and probably well characterized by this simpler method).

Also, fewer "s"

points were included to expedite the calculation, causing
the greatef roughness of Figure 3.11. The>greatest changes occuf,in.the
magnitude of the refocusing maxima for Vﬁ # 20 kV., A detailed analysis
of the calculations indicates that, as expected, (1,0) trajectories are
not as well focussd in stfong field regions as compared to the pertﬁrba—
tion calculations. The A and B geometric constraints, as well as the

s o , O . el , S .
detector orifice, restrict v significantly more in the variational cal-

H

culation. It was shown in the pfevious paragraph that the VB = 20 curve

in the perturbative treatment was made from trajectories with primarily
small radial displacements in the field regions. Thus ths VB = 20 re-
f0cusing curve was not effected as greatly when changing to the varia-
tiqnal method. The VB > 20 kV (1,0) maxima are most effected as, having
been formed from trajectories that oscillated more than once across the
beam axis, their dipoles have experienced larger radial positions in the
fosusing‘fields and the change'tO’variation becomes more significant.

The (2,0) parts of the curves do not change significantly. Thellocations

of the curve maxima have not changed much either. Though the variational

method is probably the more realistic one, its greater difficulty and the
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| regentnesé of ourvdevelopment of it has constrained us to the use of tﬁé
vperturbaﬁive method for the remaininngork showﬁ here. in-general, it
should be remembered that the perturbationbtreatment over-predicts,.
focusing by up to a factor of two at lower VB’ and sbmewhatfmofe at
greater Blvoltages..

A_simulation of ‘the refocusing for C1F ﬁsing the perturbative treat-
ment is given in Figure 3.12. The two major qualitative differences
between Figures 3.10 and 3.12 stem priﬁarily from the difference of ro-
tational éonstants between 0CS (6081MHz) and ClF35 (15484 MHz), as their
dipole moments (0.709 and 0.888 D) and masses (60 and 54 amu) do not dif-
fer greatly. With the ratio u/B roughly half as great for C1F, aﬁd
referring to Figure 3.2, one would expect ClF to focus at roughlyvtwice
the voltages of 0CS. Given that C1lF is ligﬁter, which enhances its
focusability, the peak location in Figure 3.12 is rationalized. The
enhanced amount of refocusing reflects the greater J=1 population in
the ClF beam, again due to its greater rotational constant and a beam
température on the order of 3 K, as had the 0OCS simuiated beam. The value
of this simulation is further reduced by the unaccounted for presence of
nuclear quadrupole éoupling'in ClF. Though discussed in more detail in
the following chapter, briefly, with thé presence of this coupling and a

Cl nuciear spin of 3/2, the molecular states of CIF cannot really be
described adequately using a (J,M) basis set. In fact, there are several
states for ClF which in the strong'fiéld limit can be ‘assigned, fér
instance, J=1, MJ==O, and each experiencessbmewhat-different focusing
effects in iﬁtermediate fields. Though a simulation including these ef-
fects is possible (Chaptér IV will discuss the calculation of molecule

state energy as a function of field strength for molecules like C1F),
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we have not done one at ‘this time, Thus, Figure 3.12 is at most of only
qualitative interest. Simulations were also done for HCl and HF, each

showing refocusing only at greater VA and VB' HF fefocuses better pri-
marily because of ité lower mass. Each have rotational constants an
order of magnitude greater than that of ClF,.e%piaining their require-
ment of high yoltagé focusing fields.

In COﬁpéring the eéperimentél and theoreﬁical refocusing results it
is significantly simpler to note their differences rather théﬁ ﬁheir
similarities. Looking at Figures 3.7 and 3.10 (or 3.1l), one notes that
0CS at best refocused about 100%, an order of magnitude lesé than that
predicted. Next, for-each value of VB’ the experimental refocusing curves
generally increése.with VA’ with some peak stfucture superimpésed. A
similar effect ié evident at low VA as a function of VB' There is nothing
in our existing model that can account for this. An experiment was done
using, in place of a stopwire, a target which allowed only those mole-
cules to pasé its’' central obétacle (of about the same diameter as a
stbpwire)»that were within ca. ¥ cm of the beam axis. This was to test
whether this phenomenén was due to voltage enhanced scattering toﬁard
the aperture axis, with the hope that the target would remove scattered
molecules with unusually large radial displacements. The results when

done under conditions as in Figure 3.8, were similar to that figure and

lead to no better an understanding of what is happening here. _The local

B
VA-than in Figure 3.10, and shift toward greater VA with increasing VB’

maxima of the V, = 0, 10 and 15 kV curves in Figure 3.7 are at greater
again ‘as opposed to Figure 3.10. Surprisingly, the ClF.spectrum of
Figure 3.9 has more similarities with its counterpart in Figure 3.12,

particularly if one recalls that using-rvariational theory for the Stark
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Figure 3.13. Refocusing spectra of 0CS (5% in Ar, Ps =1 atm).
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effect would'probabiy greatly reduce the VB7= 25 and 30 simulated curves,
as happened with the OCS calculations...The ClF experimentél spectra do
not shoy the géneral incréase of refocusing with VAvand VB neérly as
strongly as was evident in Figure 3.7 (and Fig. 3.8). These problems
‘will be addressed again later. | |

As for similariﬁies, Figure 3.7 does show biﬁodal behavior in the
.VB = 0, 10 ‘and 15 cgrves. The reduced fefocusing maxima for VB >-20 kV

compared to the lower values of V particularly predicted in Figure

B
3.11 is reflected here. In going from OCS to ClF, the predicted shift

of refocusing maxima toward greater V

A is seen, and the ClF enhanced

refocusing of up to 300%, as seen in Figure 3.9, also matches the theory
qualitatively. Theoretical simulations of the 0OCS refocﬁs spectrum with
no stop&ire; as with the experiment, gave results of the stopwired
signal_plus the 100% beam signal, [thougﬁ somewhat larger enhancement
for VA and VB > 20 kV}. The HF and HCl refocusing results were also
qualitatively.matched, with HCl not being seen to refocus and HF only

slightly, at the highest voltages, though again the theory overpredicted

the magnitude.

2. Refocusing as'é Function of Source Coﬁditidns

Refocusing spectra of.OCS (5% in Ar, PS =.l atm, DS = 100 u) are
giveﬁ iﬁvFigure 3.13 for Ts = 75°C and 155°C, to be compared with Figure
3.7. As can be seen, -the three general trendé with increasing Té ob-
served are 1) the total amount of refocusing increases slightly, 2) the

location of thé curves' maxima for V, = 0, 10 and 15 has shifted to

B

, and 3) the various V_, curves become less distinct. Figure

greater v B

A
3.14 portrayé_a C1lF spectrum (3% in Ar, PS =1 atm, DS = 100 u) at

TS = 165°C. Comparing this with Figure 3.9, one sees that the refocusing
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Figure 3.14. Refocusing spectrum of C1lF (3% in Ar, PS = 1 atm, DS = 100 yu, TS = 165 C).
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maxima have shifted significantly and, in fact, appear to occur at

V, > 30 kV for V, > 0 kV. On the other hand, the percent refocusing has

A B
decreased.

In Figﬁre 3.15 we have_plotted'refoéusing results for GCS as a
function of the source pfessure 'at‘TS = 23, 75 and 155°C. At each tem-
perature the A and B fields were fixed a;vthe vbltagesvthat gave maximum
'refocusing fér PS = 1 atm. The signal intensity for a straight through

- beam éhanges with the source pressure, so each point on this plot was
found by measuring both the stopwired, refocused signal and the "straight
through" signal ana taking their ratio; Dire@t comparison of thev
absolute refocusing at different Ts is difficult to interpret as dif-
ferent focusing voltages were used. However, the three curves do show
maxima, and these maxima move to greater Ps with greaterATS. ClF refocus-
ing versus P_ curves are givep in‘Figure 3.16 aths:=22 and 165°C, apd

’show a similar tfend. Another set of refocusing versus PS curves for 0CS
(127 invAr)'is given in Figure 3.17, where all were taken a; TS"“115°C,

but with varying source nozzle diameters (DS) ofleO, 200, and 400 u.Zl

The trends observed in Figures 3.15f3.17 and otﬁer similar work on 0OCS

refoéusing can be qualitatively summarized thusly: at a fixed TS and Ds’
the refocusing curves. go throughré maximum as a function of PS. In our
range of studies from TS = 20°C to 175°C, these maxima were at»PS< 2 atm.

The maxima shift to;greater PS with either an increase in TS or decrease

in DS. Generglly the amount of refocusing at the maxima is greatest for
large DS values.
In other related work in our laboratory,22 refocusing of OCS in 50%

mixtures with He, N, and Ar were studied at TS values from 22 to 140°cC.

2

With each carrier, the required focusing voltages for maximum signal
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increased w.ith'Ts and the refocﬁsing intensity increased as well. In
comﬁaring the different carriers,’the focusing voltages required for
mgximum intensity increase from Ar to N2 to He. Time of flight'aﬁalysis
of 10%Z OCS in Ar Beam was performed at a'variety‘of source pressures,
‘temperatures and nozzle diameters.21 Using measured speed ratios

(sO/cb) and'Equatioﬁ (3.44), for Tsl= 2.95 K and a bs = lOb u, we found
beam températures of 4.3, 2.5, and 0.7 K for P = l,:l.7vaﬁd'3’atm. At

T, =390 K, T = 5.0, 4.0, and 3.8 K at P, =0.78, 1 and 1.7 atm, and

b

at T_ = 446 K, T

. = 7.3, 4.1, 3.1, and 3.0 K at B_=0.65, 1, 1.7, and

2.3 atm.
The effect of changing TS in thevnumeriéal siﬁulétions is demon-
strated in Figure 3.18, where 50% OCS in Ar is refocused with source
- temperatures of 295, 353, and 413 K. Respective beam temperatures of 4.1,
5.6, and 7.3 K were calculated in the manner descriﬁed previously, assum-
ing Ds = 100 p and PS = 1 atm. Several trends ensue with the increase
of TS, including 1) for a given VB # 20 kV, the maximum refocusing point
shifts to a higher V,, 2) the VB = 20 kV curve shifts from peaking in

the vicinity of the V_ > 20 kV curves toward the V_ <. 20 kV curves, 3)

B B

the V_ = 15 kV curve increases in magnitude relative to the other curves,

B
4) the refocusing peaks widen slightly, and 5) the absolute amount of
refocusing decreases. To better understand these kinds of trends, a
series.of calculations were performed in which the velocity distribution

parameters s, and o and a fixed rotational temperature TR were directly

0
“ inputted and varied independently. Varying g alone one finds that the
location of the focusing maxima for both the (1,0) and (2,0) peaks in-

»creéSe almost proportionally with sq The amplitudesof the (1,0) maxima

are not greatly effected, while that of the second peaks decrease by
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roughly a factor of-j?. Effects (2) and (3) above are also solely depen-

dent upon Sy where increasingfso shifts the VA maxima for individual

VB curves down, to the left, and then up from the-VB = 30 toward the

'VB = 0 kV maxima. Varying ¢ had no effect oneither the location of the

maxima or on the refocusing percentage of the (2,0) peaks. There was a
weak inverée depéndence of the aﬁplitude of the (1,0) peaks with o, and
increasing 0 _broadened  the refocusing patterns. The amplitudesof‘the
refocuéing maxima were most stronély affected by varying TR; where the

amplitudes changed as é;-for TR > 1 K. Returning to the derivation of
R B

the distribution parameters from source conditions, simulations of 50%

0CS in He and*Né have been done. As expected, when compared with the

similar calculations with an Ar carrier, the refocusing spectra show the

evidence of increasing s. and decreasing T_ as one .goes from Ar to N

0 R 2

to He.

To rationalize the experimentally observed refocusing maximum as a
function of source pressure, we were‘left to conclude that_we were observing
dramatic changes in the beam's effgctive rotational temperature, aé'the

calculations indicated that only TR could have such dramatic effects on

peak amplitude. Inputting direc':tly'TS and T, into our perturbative

b

program gave the refocusing results in Table 3.5, for Ts = 20°C, and

with VA and VB fixed at 15 and 11 kV, respectively, to coincide with a

sizeable refocusing point from Figure 3.9. Here, TR is set equal to
Tb(a==0). As can be seen, a refocusing maximum occurs near TR = 0.8 K.

Using Equation(3.62)to determine the value for TR which maximizes the

J=1 population for OCS gives T, = 0.682 K, which should be close to the

R

rotational temperature for optimum (1,0) signal. On the left-most

columns of Table 3.6 are calculated values for Tb for the typical pressures
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Table 3.5

Calculated Refocusing as a Function of Inputted
Rotational Temperature (OCS(10%/Ar), TS = 20°C,
vV, =15 kv, V. = 11 kv, a = 0) ’

A B
IRLEl : %'Refocusing
2.0 2700
1.5 ’ 3180
1.0 3710
0.9 3770
0.8 3800
0.7 3770
0.682 3760
0.6 | 3640
0.5 3350
0.4 2800
0.3 1920
0.2 754

1 0.15 264
0.1 29

0.05 0.04



Table 3.6

Calculated Refocusing (%) as a Function of Source Pressure (PS) for Various Values of a. Cor-

responding Calculated Beam Temperatures (Tb) and Fraction of Molecules in (J,M) = (1,0) for

111 1360 2880 3720 3440 2860 2240 1140

=0 (R also given. V, =15 kv, Vy = 11 kV, T_ = 293 K, 0CS(10% in Ar)
P_(atm) T,(R) R (Te=T) -1 .0 0.5 0.8 0.9 1.0 2.0
0.13(100 t)  14.5 0.019 1200 360 710 1330 1790 930 220
0.26 8.6 0.031 230 640 1190 1990 2340 1450 . 350
0.39 6.3 0.042 340 920 1640 2520 2720 1880 460
0.53 5.0 0.51 480 1220 2100 - 2990 3040 2250 570
0.66 4.2 0.059 500 1430 2370 3170 3080 2320 670
0.79 3.7 0.066 690 1620 2610 3300 3100 2350 750
1.0 3.1 0.076 . 840 1910 2920 3430 3090 2370 870
1.2 2.7 0.84 . 960 2140 - 3160 3490 3060 2360 960
. 1.4 2.4 0.091 ' 1080 2390 '3360A 3520 3020 2350 1030
1.6 2.1 0.100 1180 2570 3520 3530 2980 2330 - 1100
1.8 2.0 0.104 1280 2740 3640 3500 2930 2300 1130
2.0 1.8 0

69T
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at which our expériments were run with 0CS (10% in Ar) at TS = 293 K, as
derived from Equations (3,44) - (3.46). The calculated Tb do not go to
low enough values to show the refocusing maximum of Table 3.5, though
the Ts = 23°C experiment curve of Figure 3.15 evinces such a maximum
at Ps ~ 300-400 t (0.39-0.53 atm). Thus, at this point, the model is
probably either '"greatly" overestimating the beam‘temperature Tb, or it

is wrong to equate the beam translational temperature to its rotatiomnal

temperature T The time of flight analysis indicated that the former

R
possibility is not correct, and, in fact, that beam temperatures are
probably being overestimated. On the other hand, simply to set TR to a .

value less than Tb counte;s the experimental results of other groups.
Thus we were led to the a-type distribution of Equation.(3.64), which
allowed us to élter systematically rotational distributions of the core,
and therefore the focusing paft of the beam (with initial transverse
velocities < 1000 cm/sec) toward lower effective rotational temperatures,
while leaving the beaﬁ as ‘a whole with a temperature comparable to Tb.

In Table 3.6, calculated refocusing amplitudes with V, = 15 kV,

A
VB = 11 kV, and Ts = 20 °C are given at various inputted pressures for

a from -1 to 2. Of those shown, only for o = 0.8, 0.9, and 1.0 are thére
pressure dependent maxima. We have not ascertained if.a particular o
would have this maximum coincide with the experimental results. One

notes that though the relative refocusing increasé on the low pressure
side of the maximum is similar to that seeﬁ experimentally in the

Ts = 23°C curve of Figure 3.15, the higher pressure side does not have

as fast an intensity dropoff. To the extent shown in Table 3.7 for

TS = 150°C, there is somewhat better qualitative agreement between the

o = +1 calculations and the Ts = 155°C curve of Figure 3.15.




Calculated Refocusing versus Ps'

v, =11 kV, T
5

Table 3.7

VA = 15 kV,

= 423 K, 0CS(10% in Ar)

B

P (atm) T, ()
0.26 15.
0.53 9.
0.79 6.
1.0 5.
1.2 4,
1.4 4.
1.6 3.
1.8 3.
2.0 3.
2.2 3.

0 +1
380 1250
690 1770
950 2050
1120 2170
1270 2240
1420 12290
1540 2312
1660 2322
‘1770 2323
1890 2318

028



3. Transition Signal Intensiﬁy as a Function of the A and B Field

Voltages

The process that occurs in resonance spectroscopy was briefly
described in Chapter I and will be'discuésed in full detail in the
following chapter. Here we will restrict the discussion to transitiohs
for 0CS, as OCS can be accurately described with the (J,M) basis set.
Furthermore, we wiil‘treat transitions phenomenologically, saying that
with the C field at a frequency near resonance between two states (J,M)
and (J',M'), some fraction of (J,M) molecules will become (J',M'), and
thé same fraction of (J',M') will become (J,M). Specifically, we will
consider the (1,0) to (1,1) transition, where (1,1) represents actually
both the J=1, M=1 and M = -1 states, which are degenerate in a Stark.
field. Iﬁ discussing trajectories, we will let (1,0) refer to molecules
which remain in that state throughout the spectrometer path, and (1,0)*
to molecules initially in the (1,0) state, but becoming (1,1) in the
C field, and thereby having (1,1) focusing properties within the B field.
Similarly, (l,l)* will refer to molecules initially in the (l,l) state,
but changed to the positive Stark state (1,0) in the C field. The the-
oretical simulations presented here give the calculated difference be-
tween'the refocused intensity with no transitions occurring and with
transitions occurring within the C field. Thus, a '"flop out" signal due
solely the loss of once focusable (1,0) trajectories to now no longer
' focusing (1,0)* trajectories is represented as a positive signal. The
choice.for the fréction of molecules in a state undergoing a transition
has been set to 1.0. Smaller values would just reduce the scale of the
simulations following.

Figure 3.19 represents the signal for the (1,0)*4-(1,1) transition

calculated perturbatively as a function of the A and B field voltages,
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with the same initial beam conditions that gave the refocusing spectrum
of Figure 3.10. Once again, this result will be discussed in detail.

There is no signal along the V_ = 0 kV curve as the trajectories of the

B

* %

(1,0) and (1,0) states are the same (as are the (1,1) and (1,1) states).
.With no trajectory changes, there is no difference in the signal with

the transition off and on. As previously done in this chapter, we will

use the V, = 15 kV curve to typify the process for V, < 15 kV. There

B B

we described the transverse velocity limits [vi,v;] for the focusing
(1,0) state, and indicated that the (1,1) molecules never refocus.

% *
Here, therefore, we will restrict our attention to the (1,0) and (1,1)

trajectories, and their contribution to the transition process. For VA

. .
from 5 to 13 kV, the (1,0) wvelocity limits change from [82,30] to [127,

*
99]. As, for this range, v < v (1,0) do not refocus. As (1,0)

H L’

states do refocus, there is a positive contribution to the refocusing

- signal. At VA = 14 kV there is the largest positive transition signal.

As noted before, the refocusing signal of (1,0) now begins decreasing
as its trajectoriesf axis crossing points move .upstream away from the

_ *
detector. However, the (1,0) , with a large enough VA to counter the

defocusing of V_ = 15, also cross the beam axis, and as V, increases,

B A

the crossing point of (1,0)* "rapidly" approaches the detector orifice.

At VAI= 14 kv, for (1,0)*, [vg,vg] = [139,151], so that some of (1,0)*

is focusing, i.e., not all of the molecules initially in (1,0) miss the
detector when changed to (1,1). At VA = 16 kV, [Vi,vg] ='[l73,825] for
(1,007, while for (1,0), v§ = -442.  (Note that (1,0) and (1,0) will
always have the same VE, as they are identical states up to the stopwire.)

: %
Thus, the computer predicts that at these focusing conditions the (1,0)

trajectories focus better than the (1,0) states. In a semse, the (1,0)




states are "overfocused" and swing wide of the detector, while the (1,0)

molecules enter the B.field with transverée velocities directed toward
the beam-aiis,'and the field serves only .to slow them down but not to
déflect them off_axis again. The transifioh signal becomes large, but
negative. The vg for (1,0)* at this voltage, as an. aside, has been

limited by the A field geometry. Further'increasing V, causes a quick .

A
. o * . , . \
decrease in vy for (1,0) as its crossing point enters the B field.
Once a (1,0) "actually crosses within the B region, its radial velocity
‘ *
is accelerated away from the axis, so the (1,0) focusing characteristics

are quite "sharp" in terms of the acceptable V, range. At V, = 17 kV,

A A
v ' *
‘the transition signal is positive again, and for VA > 18 kv, the (1,0)
molecules do not refocus at all. Meanwhile, back at VA = 5 kV, [vi,vg] =

* v *
{74,168] for (1,1) . That is, while (1,1) was totally defocusing, (1,1)
is slightly focusable as the B field "pulls'" the newly formed (1,0)

states toward the axis. There are no dramatic changes as VA increases

* .
A,_the further the (1,1) states are defocused

for (l,l)*. The larger V
beféré they enfer the B field, the fewer the number ofrmolecules the B
vfield can refocus. The contribution of (l,l)* to the transition signal
is negative and small, and only noticeable when the (1;0) state is no
longer focusiﬁg, thus causing a slight negative transition sighal. These

results for the VB = 15 kV curve are tabulated in Table 3.4.

~ As indicated before, the refocusing maximabfor‘VB > 15 kV occurred

at those VA where the (1,0) trajectoties crossed the axis at the detector

after crossing once before, and so were shifted to higher values of VA.
: *
The (1,0) axis crossing, however, is determined mostly by the magnitude

of VA and shows only little VB depéndence. Thus, for VB = 20 kv,

v, =16 kv, [vi,v;] = [173,826] for (1,0) , and [173, -354] for (1,0),
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so.a large negative transition signal is predicted. As the (1,0) state

never focuses as weli for v 20 as for V, = 15 kV, the positive signal

B .

at VA > 16 kV is less for VB = 20'thanbit was for V

B

B 15 and VA <_l6 kV.
The (1,1) trajectories make more of a contribution at all VA’ so small

negative transition signals are anticipated at V

A < 10, before the (1,0)

.state starts growing, and for V, > 22, when the stopwire has begun

A

effectively blocking (1,0). The situation at VB = 25 and 30 kV is

similar, except that as (1,0) can be better focused, the ppsitive transi-
tion peak is larger, and that the (1,0)* and (1,1)* tfajectories do not

. focus as well. - Finally, comparing Figures 3,19 and 3.10, note that

there are no (1,0) <« (1,1) tranmsition peaks predicted associated with

the refocusing maxima at V, > 25 kV, as that refocusing was due primarily

A
to- (2,0) states.

Figure 3.20 gives the variational caiculation result to parallel
Figure 3.19. The qualitative differences are the same as these between
Figures 3.10 and 3.11, and negative transition signals.are still predic-
ted. 1In Figure 3.21 are the transition curves calculated for the
(2,d)+ﬁ5(2,1) resonance, Though (2,1) is a positive Stark state as is
2,0), it does not focus as well and a t:ansition, in principle, shéuld
be obsérvable. The (2,1) <> (2,2) transition cannot be seen significantly
for VA and VB < 30 kV as (2,1) is not focusing well yet. vThe.effect of
increasing the source temperature to 150°C is seen in Figufe.3.22'(the
concentration of OCS has also been'feduced heré),'esseﬁtially'shiftiqg
" the transition pattern to greater VA;
Experimental OCS transition curves as a function of A and B field

voltages are given in Figures 3.23 and 3.24, at beam conditions cor-

responding to the experimental refocusing spectra in Figures 3.8 and
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3.13b. In Figuré'3.23,‘the C field dc voltage‘was 310.0 V with an rf
voltage of 15 V at 307 kHz and a source temperature of 300 K (DS = 200 yu,
PS = 1 atm). This transition pattern was found to be independent of the

dc voltage with the appropriate radiofrequency. Figure 3.24 arises from

T = 150°C, PS = 2 atm, D_= 100 u, and C field conditions V,

= 1043 V,
s

C

V... =8 V and VrF = 3478.5 kHz. Additional detail is supplied for the

RF F

VB = 25 kV curve. Thebnegative_transition signal.seen in this figure has
not been previously reportea for typical MBER flop out type experiments._
We have also observed such a "flop-in" signal for room temperature beams.
'Finally, we note ﬁere.that we have observed réfocusing effects of up to
ca. 107 by changing the.buffer field or C field dc voltagés for given
settings of the A and B fields. We have no'explanation for this pheno-
menon aside from the possible océurren;e of '"nonadiabatic' transitions
after the A field which are reduced ' by these transversely homogeneous

fields.
C. Discussion

1. Refocusing Spectra

We do not have a good understanding of the mismatch we_have observed
between the eﬁperimental-and theoretical refocusing plots for OCS (cf. é.g.,
Figures 3.7 and 3.10). We found no way experimentally to reduce the
underlyingvmonotonié inérease of refocus signal with the.A and B field
voltages, with such attempted methods as changing source conditions,

- changing the'backgrodnd scattering and stopwire configuration within the
spectrométer'chamber, and altering the detector brifice‘diémeter. For
n

VA < 10 kV, the refocusing curves in Figure 3.7 increase as VA with

n = 1.456 +0.002. Theoretically, we could find no combination of inputted
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pétametefs'ﬁo duplicate this behavior. Tﬁe fact thaf ClF.refoéusing

' eséentially does not follow this behavior does-not help -our understanding.v
Tﬁe experimental lack of the predictéd refocusing intensity is also not
understood. It does not seem unreasonable to have réfocusiﬁg on the
ordef of 1000%, as even Our'vériational calculatioﬁs prediét. .There are
fhree possible explanations tﬁat occurlto us presently. First is the
possible inadequaéy‘of our initial theoretical velocity and rotation
distribution. Time of flight studies, however, indicate that.the beam -
does have the expected translational properties. The rotational distri-
bution will be discussed in the following section. for now it will just
be said that other experimental evidence suggests that using a Maxwell-
Boltzmann rotational distribution wi;h the rotational temperature equated
to the beam temperature underestimates the J=1 population, so this does not
aid in the explaining of ;his intensity discrepancy. The second possi-
bility is suggested by the previously reported effect of C field dc
voltage on refocusing, indicating thét nonadiabatic transitions may be
occurring after the A field, which is not included in our simulation.
Dipolar molecules traveling suddenly from a high to low electric field
‘region may expefience Fourier components in thg field change resonant to
transitions, and the molecules once (1,0) become no longer focusable.

As wili'be shown in the appendix to Chaptér IV, however, this effect is
expected to be minimal. Finally there is the possibility‘of some kind pf
scattering in the experiment that eifher depletes the refocused signal

or enhancés the straight ‘through beam signal that is used for normali-
zation. If the problem is experimental and if it could be remedied to
give the predicted refocusing; the signal—ﬁo—noise in MBER experiments

would, in turn, be.greatly improved. In any case, as long as the match



between our experimental and theoretical resulrs is so inconsistent,
the use of this method in conjunction with the resonance theory of the
following chapter to predict velocity convoluted resonamnce spectra
remains questionable.
The better quality.of the refocusing spectra of Toennies, et al.
is not surprising, given that their focusing fields are of lengtﬁs
1943a and 169 cm3brand that they are working with alkali halides, with
almosr an order of magnitude greater dipole moments than the linear
molecules we have been studying. They indicate in their numeric simu-
" lations of the refocusing for CsF in Reference 3b that using only second
order perturbation theory for the Stark effect can cause.error, and
therefore add a fourth order term and use Monte Carlo techniques for
careful fitting of their experimental results. We question their exclu-
sion of multiple crossing trajectories in their analysis, as both our
work and that of English and Gallagher5 indicate their contribution to
calculated intensities. As Toennies, et al. normalize the amplitudes
of their simulations to their experimental results, it is not clear if
they find a difference between the predicted and observed absolﬁte in-
tensities. As Wicke2 suggested, both Toennies and we find a longitudinal
velocity selection with given focusing field volteges. |
We find the flop-in resonance signal of Figure 3.24 an interesting
phenomenon. Asesuch an occurrence is predicted in the simulations, we
cauriously suggest that our observed flop-in signal arises from the en-
hanced focusing of (l,O)* trajectories over that of the (1,0) trajectories
not undergoing transitions to the "defocusing" (1,1) state. Why we did
not observe this at lower source temperatures earlier is not understood.2
Continued experimental investigetion of this may suggest different

applications,ovaBER work.
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2. Molecular Beam Energy Distributionv

There have been a significant number of studies concerning the
internal molecular energy relaxation that ocqﬁrs in aﬁ adiabatic expan-
sion. In general it has been found that vibraﬁional relaxat&on occurs
to some extent, but rotational relaxation 'is much more complete. To
stafe this in a more.quantitative'manner‘it has,Been loosely assumed
‘that the vibratiénal;and rotational state distributions are still
"statistical” following thé expansion and can be characterized with
Boltzmann distribution functions and corresponding "temperatures" Tvib

and T , where T is generally found to be on the order of T the
rot rot .

b’
beam translational temperature, and TVib less than the source. tempera-

ture TS, but still significantly greater than T The questions we wish

b’
to address here are how much rotational relaxation occurs and is the
rotational distribution really statistical in the expanded beam.

In the Xe seeded CsF, electric quadrupolé'selector work‘of
Borkenhagen, Malthen, and ToenniesBd their focusing spectrum for a
TS =800 K, PS = 780 t beaﬁ was bést fit numerically assuming a rotation-
al temperatufe TR = 6 K, as compared to a measured translational temper-
atﬁre, by time of flight analysis, of 7.5 fi:g K. . ; This, they
éuggested, infers that rotatiqnal relaxation occurs on thé order
of one collision during the expansion process, and that this, in turn,
is rationalized by the strong potential‘enefgy anisotropy that these
polar molecules can experiencé in collisions where the relative velocities
are only on the order of 2500 cm/se;. In fact, the initial radial velo-
cities of their focuséble molecules will be an order of magnitude smaller,

lending more support to the effectiveness of collisions for rotational

cooling. Using laser induced fluorescence (LIF) and time of flight (TOF)
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v techniques, Bergmann, 93_35.23 studied the dependence of the velocity

distribution of Na, in a molecular beam as a function of its quantum

2

state. In general they found that a greater internal energy state
tended to have a wider velocity diétribution, suggesting to them that

assuming a uniform T, for all quantum states is probably a bad approxi-

b
mation. Of particular interest to us is their finding a lower speed
ratio (so/c) for v= 3, J=43 than for v=3, J=13, indicating that the
rotational state alone is somehow correlated to that state's velociéy.
distribution. Bennewitz and Buess24 used MBER to étudy the vibrational
relaxation of CsF and LiF with several different seeds. Among their
results,  they noted in work with CsF in Ar different wvalues of Tvib
along the centerline and boundary of their jet; indicating relaxation
as a function of transverse velocify. vFurthermore, they found less vi-
brational relaxation of moleculés with longitudinal speeds 1.19 54 and

0.86 Sq° than at g whgre oh

these results are explained by relating the number of collisions a

was their beam's flow velocity. Both of

single molecule experiences in the expansionvwith its final velocity
relative to the beam flow Qelocity. Those molecules traveling signifi-
cantly faster, slower or in a different direction from the beam flow had
ip Vas correspondingly greater.

On the other hand, in the work of McClelland,_gE_gL.l8 using LIF to

fewer "cooling" collisions, and so their Tv

study seeded I, beams, they found vibrational and rotational distributioms

2
which were of Boltzmann form. The distributions they found, however,
represented molecules from the full cross section of their beam, unlike
the MBER work just previously mentioned which sampled particular velocity

groups. - Finally, we mention. the work of Kukoiich,_g&_gl.4 where a micro-

" wave resonance cavity was used in conjunction with a-quadrupole and
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single wire f6Cusing fields to study the populatioﬂ in the 3 = 0,1 and 2
states of OCS from a supersonic source. ‘- They found qﬁite stréng evidence
of a norn-Boltzmann rotational distfibﬁtion,vbut ;ssign rotational temper-~:
atures T_ to each state as a function of thé source pressure < 150 t,

J

in geqeral findingvTO‘< Tl < TZ. Their comparison of these temperatures
loses séme méaning; however. ' As Bennewit'224 pointed out, and our results
concur, different focUsing fields result in the sampling of different
parts of the initial velocity distribution, so that Kukolich's various
TJ are in some sense not from the same beam for different values of J.

| Aside from tﬁe work of Kukolich there has been little work done
investigating the nonstatistical rotational distribution in-a molecular
beam, The argument that Bennewitz gives concerning thé.effect of expan-
sion collisions on vibrational cooling and the resulting correlation of
Tvib to different velocity groups within a beam we'feel_Should hold at
least ‘as strongly for the beam's roﬁatidnal distribution. Furthermore,
as .it is inherent in an MBER setup to bé working at focusing voltages
that best collect molecules with longitudinal velocities near the most
probable Qalue of Sy» and that dnly low initial radial velogities v’ are
fécusable, one is aptbto observe a rotational distfibutioh’significantly
"colder" than a rotational temperature that might characterize the beam
- as a whole. In Figures 3.15-3.17 we demonstrated a peaking'of_OCS re-
focusing,strength as a function'ofvsource pressure, PS, under various
conditions., We belie&e the maxima correspond to those conditions which
have maximized thé'J= 1 population in the central part of the beam.
Using.Equation (3.62) -and the rotational constant for 0CS (0.291 K), this

corresponds to.a local rotational temperature of 0.682 K. On the other

hand, both TOF measurements and the use of the beam temperature calculation
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methods -of Anderson and Fennl6 indicate signifiéaﬁfly‘greater'beam trans-
lationalvtemperaturés‘at these conditions. The drop in refocusing at
higher values of PS corresponds to the depopulating of the J='{ states

as most of the core molecules reiax to J= Q. Anvobvious way of treating
the results of Figure 3.15 is to assume that'ﬁhé refocuéing intensities
vary.direétly as the J=1 population. Using Equation (3.62) and fur-

. ther assuming that the maximum refocusing points are at T, = 0.68 K, a

R.

rotational temperature can be assigned to each data point. Meanwhile
one can use Equations (3.44) - (3.46) to estimate beam translational

temperatures from the values of PS and Ts. A plot of calculated TR vs

Tb for source temperatures of 23, 75, and 150°C is given in Figure 3.25.

The curve for Ts = 23°C is quite linear for T, > 2.5 K, with a slope of

b

0.20. The rate of TR decrease with Tb clearly has to reduce at low Tb.
There would be little physical meaning and no mechanism is apparent for

there to be a population inversion which is required for negative values of

75°C curve seems to have two linear components of slopes

Tb. The Ts

0.07 for T, > 8 K and 0.25 for T, < 8 K. The data for T, = 155°C are too
scattered for a curve to be drawn. Admittedly this analysis suffers from
a éomplaint similar to that expressed of Kukolich's results. Workiﬁg
Qith beéms of different flow velocities, the fraction of velocity groups

focused varies with s,.Even in our trajectory simulations, as shown in

0
' Table 3.5, we predict ﬁaximum refocusing at a fixed VA and VB at'TR'~
0.8 K. Héwever, thg linearity of the TS = 23°C curve in Figure 3.25 and
the general phenomenon of loss of refocusing at higher pressures, we
feel, is compelliné e&idence of the center beam énhanced relaxation.

The rotation diSfribution introducéd in Equation (3.64) was an

attempt to put a systematic dependence of the rotational distribution on

a molecule group's velocity distribution. Its form was based on a
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correlation of the rotational energy to the translational energy in a

frame moving at the beam's flow velocity s E. The parameter o allowed

0
a linear flexibility for this correlation. In the refocusing simulations
for la[ <1 thé effect of varying o was similar to that of simply changing
the rotational temperature of the entire beam. Again,_this reflects

that primarily the center part of the molecular beam is involved in
fécusing..,There is not gﬁough flexibility in Equafion (3.64), however,

to mimic wéll the experiment effects seen in Figure§A3.15-3.l7, as can

be seen in the results of Table 3.6. Values of a near 0.9 do predict
refocusing maxima as a function of PS with Ts = 20°C, but this refocusing
does not drop off nearly fast enough at higher values of Ps' An example
of another interesting property of this rotational distribution form is
shown in Table 3.8. The distribudtion of Equation (3.64) was integrated .
over the beam velocity variables s and v with o = +1 and Tb = 1.0 K for
0CS, yielding theoretical fractional populations for each J state for™
the full beam. From these values of NJ/N, and using Equation‘(3.62) as

a definition of T_ (assuming the partitién function Q is fixed), rota-

R
tional temperatures for each J state are estimated using two different
methods indicated in the table. Apparently, this distribution predicts
that TR increaseé with J. This parallels. the experimental observations
of Kukolich; EE.EL'4
In conclusion, we have experimentally obta;ﬁed Stark refocusing
spectra of OCS and ClF as functions of the A and B fields and the source
gas compo;ition, pressure, temperature, and nozzle diameter. Computer

simulations were attempted to better understand the molecular beam

dynamics in an MBER apparatus. For unknown reasons, though some general
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Table 3.8
Fractional Rotational State Populations and
Rotational Temperatures for a=l, Tb =1.0K (QCS) .
3 - NJ/N o Tél)(K)‘ | Téz) (K)
J J
0 0.262 - -
1 0.347 - ~0.36 0.72
2 0.217 . 0.67 | 1.19
3 0.104 ©0.95 1.64
4 4.38 x 1072 1.22 2.09
s 1.69 x 1072 1.47 2.53
6 6.13 x 107> 1.72 2.97
7 2.14 x 107 1.96 3.42
8 7.20 x 1074 2.20 3.86
-(1) _Calculated via
P A2y
J +kln_(QN N ).
, J
(2) Calcuated via
TRJ<= . NijJ'2J+1
kln(EE:I ' —ﬁ——)v

J
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properties were numerically reproduced, many qualitative features of
the experimental.worku@rerun; Among the more interesting aspects of
this work-was the obser§ation of a"flop-in”sigﬁal for OCS at higher
source temperatures. More importantly, there is strong evidence given
tha; the rotational energy distribution sampled by.the focusing fields
is significantly colder thanbthe beam;s translatibnal temperature and
thevsuggestion that this points toWard a nonstatistical rotational
distributioen, |

It would be beneficial both for better understanding the apparatus
and for result analysis to find the cause for our experimental and
theoretical discrepancies. More emphasis in the future should be
placed on doing variational trajectory calculations. As for the study
of the beam energy distribution using MBER, much can be done. Continu-
ing along our experimental lines, the inclusion of a velocity selector
in front of the focusing fields, as Toennies, et al. have done, can
allow the probing of rotational distributions as a function of molecule
velocity. Working with longer fields or more polar molecules would
éllow the probing of several rotational states. 1In a differgnt directioﬁ,
_the use of 1aéer induced fluorescence techniques and Doppler tuning
could ailow the probing of a mpiecular beam for the coupled velocity-
rotation.distribution. On the theoretical side, statistical mechanic
work is required to develop adequate médels for supersonic beams that

no longer treat velocity, rotation and vibration independently.
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- APPENDIX -
The Computer Programs ABFELDV and ETABLE

‘The computer program listings for thése'programs; as well as for
programs relevant to Cﬁapters IV and V are reproduced on miérdfiche and
appended to the‘end'of-this thesis. "In most CASeskwe have tried to .
document theseiprograms sufficiently enough to allow a clear following
of thé foutines. These programs &ere run on the CDC 7600 at the
Lawrence Berkeley Laboratory. Several of the subroutines referred to
in fhesé programs were obtéined'in object code from the LBL core library.
As an-éxamplé of the method of running a typical job, a sténdard set of
control commands for ABFELDV is listed here.

ABRUN, 7, 200 . XXXXXX , LUFTMAN
(Job card, with account number)

LIBCOPY,JSW,ABFELDV/BR,ABFELDV
(Calling the program from the PSS library.)

LIBCOPY,JSW,POSE15 /BR, POSE1S5.

LIBCOPY JSW,DATR/BR, DATR.
(Calllng the necessary data files.)

~ MATHLIB.
(Attach the core library.)

FETCHPS GPACBN7 GPAC,AIDBN,VABN,
(The graphlcs routines for the LBL Varian plotter )

FTN4,I=ABFELDV,B=SUSAN.
(Compile the FORTRAN program.)

;LINK X, F=SUSAN, F=GPAC,PP=[DATR, ,POSE15]. :
(Run the program, attaching the required data flles )

GRAPHIC,FILM,FT=VA.
(Plot the results.)

The program ABFELDV calculates the refocusing signal of a polar

linear molecule in an MBER experiment as a function of source conditions,
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spectrometer geometricai parameters and focusing fields. It uses second
order perturbation.theory as a first approximatibn for the limits of

the acceptable transverée velocities for a given longitudinal velocity,
and then recalculates the upper transverse limit via variational theory.
A small change in this program (removal of the CALL SLIMIT2 line in the
REEOCZ routine) allows refocusing calculations using only perturbation
thgory. An -example éf the data file DATR is appended to this program's
listing.

The file POSEl5 contains an energy grid for the Sfark effect on
linear dipoles calculated variationally by program ETABLE. ETABLE
calculates the diagonal elements of the Stark interaction matrix by
converting this tridiagonallmatrix to continued fraction form and
solving for its roots. The program uses the method of Posener for
rapid convergence, with frequent checking that the roots calculated have

not "jumped surfaces', as the convergence is sometimes not well-behaved.



CHAPTER 1V
RESONANCEvSPECTRA‘OF LINEAR DIPOLAR MOLECULES

The spectra obtained through MBER can Be exceedingly rich in molec-
ﬁlar information, due to the high resolution (6n the order of 1 kHz ~
10—7 cmfl) inherept to spectroscopy in the radiofrequency and micro-
wave regions. Different spectral peaks observed in MBER have generally
two different origins. The'primary source of lines is from the existence
of different molecular states with corresponding differences in state
energies. For a molecule with no net electronic angular momentum and no
quadrupole moment associated with any of its nuclei, the mdst essen-
tial terms-in the Hamiltohian for MBER are the rotational énd Stark.
energy terms. Quéntitative intefpretatiqn of the resultant spectra.gives
direct information on the molecule's rotational constant (and, thus,
corresponding geometficai information) and dipole moment. Adding a spin
to one or more nuclei the spectrum bécomes more complex and correspond-
ingly richer in information, and one can obtain quadrupole coupling and
other spin interaction coefficients, further elucidating the molecule's
geometry :and electronic struéture. The second source of spectral struc-
ture arises from the.time dependence of any transition pfocess, and from
the coherent raaiation source and narrow molecular velocity distribution
inherent in the"MBER process. A moleéule'in a radiation field resonant
or nearly resonant to the energy separating two states can be alternately
"pumped" up and down between these stateé via induced adsorption -and
emission as long as the molecule remains within this field. This effect
manifests itself in MBER spectra as an oscillation supérimposed on each

transition spectral line.
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- It is the MBER spectrum that is the subject of this chapter. Much
of what follows is given fairly detailed attention in the literature.
- Here it is intended to give an intuitive overview of the quantum
mechanics behind the spectral structure. ' Experimental MBER spectra of
OCS and C1F follow, which are in turn followed with attempts at cor-
relating the theory with these results. Some of the general problems
in MBER spectra interpretation will be discussed. Aside from relevant
computer program listings, in the appendix is a detailed discuésion on
the time dependenﬁ effects in resonant spectroscopy, both in a wide

sense and in how it applies to electric resonant work.
A. Theory -~ Stark and Nuclear Interactions in a Linear Molecule

As mentioned before, this section does not preteﬁd to be a detailed
treatise on quantum mechanics. Its purpose is to clarify the salient
aspeéts neéded to interpret the complexity of the MBER spectrum. Gen-
eral ‘quantum mechanics texts fill in many of the holes in the discussion
‘that follows.l: The details of standard microwave spectroscopy are also
.well»explored topics.2 Here we will be concentrating on the phenomena
in radiofrequency spectra, involving transitions within anbindiﬁidual
rotational state manifold. Just as an aside, the formalism of irredué-
ible spherical tensors can be quite useful in the analysis of angular
momenﬁum operat:ors.B_5 Though this apﬁroach will not be used here, it
is advised that an understanding of that method can be a great aid to
one's intuition.

In quantum mechanics, the Hamiltonian of a system, or more speci-
fically in our case, of a molecule, contains implicitly all the infor-

mation about its various states. The kinetic energy and all the

198



'intefaétionsbbetween pafts of the'molecﬁle ér between the molecule and
its en&ironment are included in this operator. Ope cén write the
Hamiltonian in a quité compact fdrm in terms of simple canonical
&ariables of the individuai electrbns and nucleons. = However, more
typically it is. written as a éollection of tefms which sepérate various
interactions and motions into forms which are bothféasiér to deal with
in an operative sense and intuifively more tractable in a classical
mechanics seﬁse. In this manner one can have terms specifically rela-
ted to molecular vibration and rotation; and other interactions involv-
ing electronic spin and angular momentum,'nuclear spin and angular
momentum, and external electrostatic and/or magnetic fields.

The Hamiltonian allows one to determine fhe system's possible
stationary states. ."Stationary" implies that if the system or mole-
cule can be described as being in such a state, it will remain in that
state as long as- the Haﬁiltonian'does not change. A function
@;@5) = [¢a> which describes such é state must be an eigenfunction of
the Hamiltonian operator, with an eigenvalue that cqfrespondsvto the

states energy:

a''a

*lo > = lo > | 1)

As is true with any other quantum mechanical operator, one can construct

a set of all the linear independent eigenstates of ¥, and this set can

serve as a ''complete ‘basis" for any other function of the same variables. -

That is, given such a set {|¢a>} and an arbitrary function |a >, there

exists a set of constant coefficients such that’

qi% ) g Aia|¢a>v : | (4.2)
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This set {{¢a>}'can be constructed to be mutually orthogonal and normal-
ized in an integration sense, and all basis sets to be described here
will be assumed to ha#e this property.

In general, when an arbitrary operator 0 acts on an eigenstate of
ﬁ, the result is a fﬁnction which is no longer an eigenstate of ﬁf(i.e.,

no longer satisfies Eq.(1)). If, however,va commutes with ﬁ, i.e., for

an arbitrary funqtion [u>,
0ft|a> = #0|a>, (4.3)

then one can cdnstrucf a complete set of functions that will be simul-
taneously eigenfunctions of these two operators. In molecular systems,
for example, there exists‘an operator ﬂF which commutes with ﬁ, and thus
there exists such a set of eigenfunctions. As the eigenvalue of ﬂ;E,.is
associated with the classical concept of energy, the eigenﬁalue of the
operator ﬁF (MF, without a carat) has as a classical counterpart the
component of the total nuclear angular momentum of a molecule on some
space fixed axis. As they share eigenstates, MF’ as E, is a constant of
motion for the molecule as long as there are no changes to the system's
energy from its environment.

Another examplé was giVen in Chapter III for the rigid rotor, with

a Hamiltonian

= BJ (4.4)

where B is the rotational constant (Eq. (3-4)), and J the operator cor-

A

responding to the rotor's orbital angular momentum. = The operators HkOT’

J and a third one, N, corresponding to the projection of this momentum

on a space fixed axis, all mutually commute, and so share a set of




eigenfunctions {[¢a>}, with corresponding eigenvalues,{Ea,Ja,Ma}. As a
short hand, we will label an individual eigenstate, when possible, by

its eigenvalues aside from energy. For rotational states, then, ]¢a$

~

can be relabeled [J M >, For X ,  the values J and M can be refer-
. a’ a ROT* .

red to as "good quantum numbers' in that they may be used to describe

the system's stationary states. -

A

If a new term,\ﬂ’,’is added to ﬂéOT to give a new Hamiltonian ¥,
and if #' commutes with M but not with Q, then the set of functions

{|¢a>} = {[JaMé>} can no longer be stationary states for this system.

A new set {|a

w

no longer of J, and thus J is no longer a 'good quantum number". 1In
classical terms, the rotor's full angular momentum is no longer a con-
stant of the motion. This new set {!aa>} can be expressed as linear

combinations of {lJaMa>} as this latter set is complete. If the magni-

tude of the effect of b is much smaller. than iﬁOT’ then one would find
|aa> = AaaIJaMa> + a;;a Aaa'IJa'Ma'> - (4.5)

where A ~ 1l and A , << 1, i.e., that the |J M >'s are almost eigen-
aa aa v a‘a §
functions of #. Then, J is almost a good quantum number. M, in this

example, is still good, as M commutes with X.

1. The Hamiltonian

| We will begiﬁ here by noting the terms in the normally complete
molecular Hamiltonian that will not be included in this analysis. Though
MBER is certainly not limited to linear molecules, this study is. The
general rotor Hamil;onian for an asymmetric top is not much more complex

than that of a linear rotor, and the added complications in the

>} can be constructed that are eigenstates of # and ﬁ, but
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determination of stationary states are handled with an extension of.the
method to be described. Microwave and radiofrequency spectroscopy do
not usually involve electronic or vibrational transitions. Furthermore,
most molecules studied by MBER are without net electronic orbital or
spin angular momentuﬁ (i.e., having 12 groﬁnd states), so that electronic
terms will be excluded from our Hamiltonian and electron coordinates
- need not be included in the wavefunéﬁions.v In our work essentially
’éll molecules are in their vibrational ground state, so that vibra-
tional interaction terms aﬁd their_associ&ted coordinates also do not
concern us. The-terms remaining in the full molecular Hamiltoniap
which will be of consequence in the energetics and state determination

3>

are summarized by the equation

A0 A ~ A~ A ~

P = + . .

Ho=Hoor * Horare * ¥ + Hor * s (4.6)
The dominant term in this series, X was given in Equation (4).

ROT?

B, the rotational constant of the molecule, is inversely proportional

to the rigid rotor's effective moment of inertia:
B = h/87I. (4.7)

(Most energy expressions will be left in uﬁits of ﬁertz, as these are
the conventional units used in microwave and radiofrequency spectroscopy.)
vThe parallel between Equation (4) and the classical expression for rota-
tional energy ( (Iw)z/ZI) is obvious.

The second term of (4.6), the Stark term, is due to the interaction

of a dipolar rotor with an external electric field E:

x = -{-E. (4.8)

~




‘Much of this term has already been discussed in the previous chapter.

The relative magnitude of : compared .with the other terms of (4.6)

STARK
will depend greatly upon the magnitude of the external field. Generally,

in our'considerations, it willvbé significantly smgller than ﬁkOT' For
the purpose of this: and the next two sections, the field g will be
constant with fespect fo-time. It will be the time depéndént form of

~ the Stark term, hoWever} thét will be reépoﬁsible for thevtransitions in
the lattér partvof'this chapter.

In addition_tq having a net positive charge, if a nucleus has a
spin (I) greater than or equal to one it will also have an electric
quadrupole moment. This Will interact with the gradient of the field
generated by the molecule's electrons, and gives risé to the nuclear

A

-electric quédrupole term of ﬂb. Expressed in terms of the nuclear spin

operator for a given nucleus li’ the rotation operator J, and their

associated eigenvalues,

Csen an2, 3,8 A 222
3G DT+ DL

= eq,Qy 7T, (21,-1) (23-1) (23+3)

7 (4.9)
Q ,

|
Such a term exists for each nucleus in the molecule with Ii 2. 1. Here,
Qi is the nuclear quadrupole'mbment and eq, the gradient of the electric
field at that nucleus due to charges outside of the nucleus. Though a
detéiled deriVatioﬁ’or_intuitive justification of (4.9) will not be

given hére, it is clear that ﬁb;‘should depend upon the mutual orienta-

: i

tions of the nuclear spin with the molecular axis, as the ii.i terms
reflect. The Appearance of Ii and J in this expression .is allowable as
long as they are "goodﬁ quantum numbers, which, as will be discussed

shortly, is essentially true.
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The spin-rotation coupling term in (4.6), KéR’ is due to the inter-
action between the nuclear spin magnetic moment of a given nucleus with
the magnetic field induced by the charged particles of the molecule

rotating with the molecule. This field is therefore parallel to the

molecule's angular momentum and the interaction term is given via

=C, I,-J. (4.10)

Such a term appears for each nucleus with a spin.

If the molecule has more than one nucleus with a non-zero épin,
then their associated magnetic moments will interact, giving riéé to
the spin-spin term of (4.9),

A

it = ij 2
ss - (2J43) (2041

teHd D +3E DA, D - 2, L
y 6A DA D +3d DD - 201D

~

(4.11a)

This expression is derivable from the classical dipole-dipole interaction

expression

o1 2
B = 3 ' gj—3(}gi gij)(gj gij)/Rij) | (4.11b)
ij
where Bij is the vector separating the dipoles By and Ej' There is also
" an indirect coupling of the nuclear spins due to the coupling of the

nuclei with the electron spins associated with the individual atoms,

followed by the effect this has on the electron exchange energy:

B esl 11 | (4.12)




for ail of ¥

. Table 1 is a list of observed ﬁolecular constants forClF?5 and OCS,
given heré primarily to demonstraté fhe relative mégnitudesof the indi-
Vidual terns in the Hamiltonian expression (4.6). The.Stark term is
represented by the expression,quz/B for £ = 1000 V/cm, from the second

order perturbation expression for the Stark effect (Eq. (3-14).

2. Relevant Basis Sets

A0

Given the Hamiltoniaﬁ H for a linear mplecule5 it would be quite
difficult if not impossible, to determine directly the stationary states
of the molecule which satisfy (4.1). An approach that has significantly
more promise is to find a basis set of functions {l¢a>} that are eigen-
functions of the more significant parts of ip, and then determine the
linear combinations of thése functions {Iaa>} that are eigenfunétions

A0

°. As X is made primarily of the operatorsvi and ii’ a
chosen basis set should consist of eigenfunctioné of various combina-
tions of these operators and their projections along some space~fixed
difecti;n. Keeping in mind this motivation, and the restrictions. con-
cerning the neceésity of two operators commuting if they are to share a
set of eigenfunctions, we will hére derive some.likeiy cahdidates for
basis sets. For the remaindervof this chapter we will.be considering a
system consisting of a linear molecule with at most two nuclei having a
nonzero spin, and equl >> equZ

Of the types of operators we haye considered so far, only the
operator'ﬁF described pre&iously1commuteé with the full molecular |
Hamiltonian, including very small’terms left‘out of Equation (6). Thus,

the true eigenstates of the molecule can be only precisely labeled with

the eigenvalues E, the molecule's energy, and MF’ the projection of all

205




206

Table 4.1

8
Observed Molecular Constants for 0CS and C1F .

-ocs
B = 6085.5 MHz
u o= 0.769 D
u2E -
3— (E=1000 V/cm) = 10470 kHz.
ce®F
B = 15483 MHz
u = 0.88804 D
10235 = 3/2 1? = 1/2
quCl = —145.872 MHz quF = O'
Coq = 21.613 kHz | 'cF = ~22.56 kHz
S = 2.556 kHz
S' = 1.074 kHz
J2g2

3 (E=1000 V/cm) = 6455.7 kHz
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the molecule's nuclei's angular momenta on a space-fixed axis. The

A~

operators Ei commute with éll the terms we have included in (4.6) for

ﬂb, éo that Il_and IZ’ representing the magnitudesof the nuclear spins,

will also be "good" quantum numbers for us, and, therefore, should

remain as appropriate labels for any basis set we may choose. The

-

rotational angular momentum operator, J, commutes with all of (4.6),

A

Due to the magnitude of X compared to

with the exception of 3 ROT

TARK" -

under most normal electrostatic field conditions, and that X

T
STARK ROT

depends solely on the vector operator J via Equation (4.4), the quantum
number J remains "almost good" fdr.ﬁo, Saying this a different way,

the aétual energies, E;, derived from #° with X will be nearly

STARK
equal to,BJa(Ja+l) where JE;ZE;:ESh would be the rotational angular
momentum we would assign to the stationary state Ia;> if the ﬂSTARK term
were'turned off", i.e., if no external field were present. Thus, even
with.a field, we caﬁ assign a pérticular Ja with.a particular E;, and,

as E; is definitely a good label for some eigenstate‘ [a;>, we cén also
assign Ja with that particular eigenstate. The care used here in making
the point_that J is almost a good quantum number is due to the point
that will be made later that it is the small "badmess" of J that will
allow the tfansitions observed in MﬁER.

At this point we have four good labels, excluding the actual energy,
to‘describe the possible_eigenstates of 7 - namely, MF’ Il’ IZ’ and J.
Howeﬁer, as it turns out, these. are not enough tags to distinguish all
the possible linegrl& independent eigenstates of #°. What is needed are
labels to indicate the various ways the'angular momenta can couple, and
the best choice for these extra labels is depéndent upon the relative

Ao

magnitude of the terms in H . We shall try to reach an intuitive feel

for what these labels might be.
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Figure 4.1. Weak field basis angular momentum vectors.

. Ml ‘
M L Mg =M +M+ M,

N\ |

XBL 829-11700

Figure 4.2. Strong field basis angular momentum vectors.
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Given a very weak electric field, so that particularly

HZEZ

<< C2 or 812’

and noting that, in general,
Cy and S << eq;Q

(note Table 4.1), then the strongest perturbatién to ﬁkOT will be the

term ﬂb.. Noting the form of ﬁb in (4.9), one might expect that in |
1 1 ‘ :

~‘this case, there should be a quantum number associated with the operator

"ilvg", indicative of the mutual orientation of ;l'and J. 1In a clas-

sical sense (see Fig. 4.1), as the energy of the molecule depends so

strongly on the angle 6 between I. and J, that angle‘should nearly be

1
a constant of motion. Alternatively, if the magnitudes of Ll and J are
. . . 2 _1 2 2
fixed, then so is their vector sum F, (as ‘Ell = |J|° + Illl -

'ZIQI]Iﬂcose). As will be shown in Appendix I, furthermore, J and 21

claésically precess about F due to the torque they experience from

1’

their mutual interaction. Quantum mechanically we will define the

operator

FLo=3+1 (4.13)
with an associated quantum number Fl indicative of the orientation
between J and ll' Fl may have values lJ-IlI, |J-Il|+], cens |J44Il|.

What is left now is how I, will couple with the other angular momentum

2
vectors. In a very intuitive sense one might say that (assuming

35F) the magnetic moment of I, really

_GQ2Q2 << SlZ’ as is the case with Cl )

interacts.dnly with the magnetic field associated with El’ as J and Ll
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are precessing about F. too quickly for I, to couple to either of them

1 2

individually. So the next operator, representing the total nuclear

angular momentum coupled in the order given above, becomes

E=F + 1, (4.14)

It will be this totél angular momeﬁtum coupling to the weak extefnal
field that will give rise to the projection operaﬁor ﬁF’ with its asso-
ciated eigenvaluerMF representing the projection of F along the direction
of the external field E. Wé now have a sufficient number of labels for

the molecule. This "weak field" basis set

{i¢a>}wf <=> {IJIlFlIZFMF>} : :  (4.15)

consists of exact eigenfunctions for ﬁkOT + ﬂb , which are still pretty
1

good for all of ib as long as E is very weak.

In the limit of a strong electric field, where KETARK

(i.e., B >> u?fz/B >> equl), the rotation-

has a signi-
ficantly larger effect than %é
al éngular momentum of the molecule will priﬁarily "couple" to the
.external field E, as opPoSed to;1 as in the weak field case. 1In clas-
sical mechanics, the torque on a dipole by a field is perpendicular to
both the dipole and the field directions, and, as a linear molecule's

" effective dipole moment is parallel to its rotational angular momentum,
J, this coupling will result in the angular momentum vector precessing
on a éonical surface abou; the external field direction (Fig. 4.2). As
a result, the projection of J on the field direction vector, MJ, will be
a constant of motion, and a basis set consisting of stationary states of

this system can be eigenfunctions of the associated operator MJ. The

magnetic moments of the nuclei will couple to-E indirectly, for, as J is
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"rapidly" precessing about E, the nuclear dipoleé will only experience
the electric and magnetic fields due to the projection of J along E.

Thus in this case, I and.; will also precess about E, and their pro-

1 2

1 and MZ’ will also nearly be cohstants_of

motion, and, correspondingly, nearly good quantum numbefs.__The pro-

jections in this direction, M

jection of the total nuclear angular momentum will just be the sum of

the projectionsdue to rotation and nuclear spins,

Moo= M+ M+ M. - L (4.16)

As Mj,b%_ansz are good quantum numbers in this basis, and MF commutes
with all other projection operators, MF itself is good, and in fact is

just the algebraic sum of M_, Ml and M2‘ " The strong field basis set,

then, can be represented as

{I¢a>}sf <=> {|JMJI1M1I2M2>}, . _ (4.17)

where the label MF has been left off because it is redundant. These are

good eigenfunctions for aﬁOT + ﬂéTARK’ as far as J is ever a good quantum

number with I Rg Present.

STA
Neither of these sets of functions are close to being eigenstates
for molecules in electric fields of intermediate strength. For

, 2.2 . i
.equl.>> u EY/B >_>vC2 or S12 or equz, one appropriate basis set may
consist of mutual eigenstates of the operators 3, I s F (=3+1 Y, M. ,
> ‘ =R ~1 ~ g Fl

2

- strongest interaction is between J and Ll’ as in the weak field case.

.iz'and-ﬁ where ﬂF is the projection of ﬁl or E. In this case, the
1

'Fl then couples to the electric field, and 12, as in the strong field

basis, indirectly couples to the field. Alternatively, one could choose

- a basis set characterized by the operators Iy Iy Lys 1 (=£l+-52),
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U=

(=i-+i), and ﬁF' However, the actual stationary states of a molecule

in a field that does not satisfy the criteria of the weak or strong cases
will not, in genéral, be eigenstates of El’ E, ﬁJ, ﬁI’ or any of the
operators introduced since the third paragraph of this section. The
prescribed course here is to choose one basis set, typically one of'those
described above, determine the effect of operating on each basis func-
tion with the full Hamiltonian ﬁo, and use the results to determine the

A

(=]
actual eigenstates of ¥ .

3. The Numerical Solution of Eigenstates and Energies

The problem to solve is given a complete basis set of functions
~ 0o
{|¢a>} which are not eigenstates of the Hamiltonian ¥ , find a new set

of states, {|o >}, which are linear combinations of { 6 >}, i.e.,
%y , a

ja > = T A le >, (4.18)
a

A

such that {Iab?} are eigenstates of Mb, i.e.,

H |a > = Eb]ab>. : (4.19)
The effect of 7 on a particular element of {|¢a>} is to give a new
function which can be expreséed as a linear combination of {|¢é>}:

Ve, , ' I<4-.20)



" A0 » ) : ' : '
¥ in the basis {[¢a>}. It will now be stated without further proof
(though, from this point in our development the proof is trivial), that
there exists a unitary transformation which will diagonalize the

Hamiltonian matrix:

ATHASE (4.22)

. . : A O
The diagonal elements of E are in fact the eigenvalues of # , and the
columns of the transformation matrix A are those coefficients in (4.18)
which connect the old basis set {|¢a>} to the actual eigenfunctions of

K. In practice, one determines the matrix H for a given basis set of

functions, solves the secular equation

det(-E 1) = 0 L (4.23)

where | is the idéntity matrix, to determine the eigenvalues of the
matrix H, and then finds the eigenvectors éb expressed in the given

basis such that
- DA = 0. | (4.24)

The structure of the Hamiltbnian matrix H can be quite simplified
by the appropfiafe choice of basis functioms. For example, given a
baéis set of functions {1¢a>} that are eigénfunctions of the operator
'ﬁF’ as aré all the basis sets described in the previous section, and
given.that thisvobérator commufes with ﬁy, and, finally, that all quéntum
mechanic operators are Hermitian (an important point neglected until now)

one can easily show that

Lo =M <o i o > =0 (4.25)

213
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M > = M = i
for MF|¢a Mal¢a> and MFI¢b> Mb[¢b>. That is, there can only be
matrix elements inv,I;I° connecting states which have the same eigenvalues

i

associated with the operator ﬁF' Similarly, H° is "block diagonal" in

A A

o .
regard to the operators Il and I2 if H 1is expressed in terms of any of
the aforementioned basis sets.

As an example in the evaluation of nonzero elements of H, we will

'~ determine the value of the matrix element of Ll°g using the strong field

basis (4.17). That is, we will evaluate
gk, - <Ja'Ma.'Ia'1\€'Ia'Ma' RETRYip YR iy Vo o Vi ne i (4.26)
aa' J 1 2 2 =1~ J 1717272 :

One can decompose the vector operators into their scalar components, i.e.,

I=J1+34+Jk
~ x~ y&~ z~
L= a+f gtk (4.27)

If k is chosen as the direction of the fiked field E, then one can iden-

~

tify the operators Jz and ilz with ﬁJ and ﬁr respectively. It is useful

to define the following complex operators

3. =5 + i3 J =3 -1i3
+ X y - x Ty
I =1, +il I. =1, -1ii ' (4.28)

1+ 1x ly 1- 1x 1y

| =
>
L]
[
+
N
—t>
N

G- = Hy + 513 (4.29)
The use of the strong field basis set becomes advantageous here as

it has the property of being made of functions that are direct products



of three sets of functions spanning smaller spaces. In more coherent

terms, the function variables associated with the sets of operators

A~

J and MJ, El and Ml’ and 22 and M2 are different, in contras; to the

weak field basis set, where, for example, the operators i, El’ E and ﬂF

share some variables. Thus, it is appropriate here to discuss the
effect of, say, the operator 3+ on the IJMJ> part of a strong field
basis function alome, as.it will not have any effect on the remaining
part of the fﬁnction. The effecté of the i operators on ]JMJ> are

listed here, with the proofs relegated to any of numerous standard

- quantum texts:

- L
Jt|J,-MJ> = R[(JFM) (T M +1)] 2 |J,MJt1>
MJ!J,MJ> = hMJ|J,MJ>. . - (4.30)
Similar equations hold for the Ll family, replacing’j+ with il+’ ﬁJ with

ﬁl’ J with Il and MJ with Ml' Itbcan'be casually observed here that the

components of the operator i -i will not "connect" basis functions of

’ 1
'differing Il, J, 12 or M2. Indeed the operators associated with these
eigenvalues commute with il.g’ so that this is just another manifestation

“of (4.25). The full evaluation of (4.26) can now be easily doﬁe by the

use of (4.29), (4.30) .and the orthonormality of our basis set:

SR, 2
Haa' = h MTM§=6ma ma' éma ma'
1°71 J>T
l,,.a,.4a,,.a,a a.,a, .a,a Y _
+ 2[(I‘+M1)(I —M1+l)(J —MJ)(J +MJ+1)] 8 a ' § a . . a'
m,-1l,m,a m_+1l,m
1 71 J 7 J
i
+ L1y (2 af+1) (32ad) (P24 1 s .6 ,
2 1 1 J J ma+l ma ma_l o a
: 1 771 J 7T
x.8 a .a' 8 a a'-6 a _ a' § a a; v
#0081 1,0, et 4 (4.31)
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Thus i1°i "connects' states of the strong field basis that satisfy the

conditions that

AM_ = -AM, = 0, #*1 , (4.32)

J 1
and that no other quantum numbers differ. Given (4.32) and that AM2 = 0,
it is clear that
MMy + M) + M, = AM_ = 0 (4.33). v

for Hii, to be nonzero, reinforcing the notiqn-of (4.25). Table 4.2 is a
summary of the connections made by the various terms of ﬁo between the
strong field basis set functions. |

It is in part because of the relative ease demonstrated above in the £
evaluation of Hamiltonian matrix elements, that the calculations done in
this work will involve solely the use of the strong field basis set (4.17).
The second reason is due to the commuting of the operator ﬁJ-of this basis
with ﬁ%TARK’ which will give ;ignificaﬁt advantages when dealing with
transitions and time dependent fields, as will be seen. The chief dis-
advantage is that typically spectroscopy between states is studied in
weak fieid conditions, where the wéakvfiéld basis is more nearly correct.
The '"better'" the basis set one uses ﬁo set up the Hamiltonian matrix g,
the more nearly diagonal it already is, and, therefore, the easier it is
to extract its eigenvalues. Using a strong field basis for the weak
field case results with a harder job for the computer, but a significantly
easier job for the programmer.

In the second appendix to this chapter is a listing for the computer
program "W vs E" which calculates state energies fof a given linear

molecule by the method previously described, as a function of the electric
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Table 4.2

Operator Connections Made Between the Strong Field Basis Set
' Eigenfunction Labels

L . T A T«
+1 0 0 0 0 0 0
1 #1 or 41 0 0 o o t1 or +1
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0,%1 0 0,+1 0 0 0
3?2 0 0, £1, %2 0 0, +1, +2 0 0
0 [0, 1 - 0, +1 ;
Ld oo il o Jom %fal o O
+2 1 | +1
) 0 0 0 0, :i 0 0, +1 0
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' XBL 829-11698

Figure 4.3. J=1 energy levels for C135F as a function of external electric field (V/cm).
Energies in kHz relative to BJ(J+1) for ClF. (Calculated from spectral constants
of Ref. 8.) '
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field strength.f This program uses the étrong field basis approach, with
one further change which allows the use of a minicomputer for this‘work.-
The Hamiltonian matrix is made block diagonal with respéct'to the
operator i, leaving significantly sﬁaller matrices of unique values of

J to be diagonalized. The Stark term of the full Hamiltonian of Equation
(4;6) is accounted for with a second and fourth order pertufbation approx;
imation that includes the energetic effecﬁs on the individual states
within the J' manifold of interest from states‘with J=J"%£1 and J't.Z.
The perturbation terms are added directly to the diagonal elements of
this Hamiltonian matrix. Comparing rééults of this type of calculation
to more complete calculations which do not prediégonalize ﬁith respect
ﬁovJ shows sufficient accuracy throughout the field strength regions of
intérest to us.  Figure 4,3 depicts the energies of the states of Cl35F
as a function of field strength up to £ = 6000 v/cm, while Table 4.3 and
4,4 presents energies and states at a few specific field strengths. In
both 6f these, the charaéters of the sfates are given by labeling them
wiﬁh qﬁantﬁm numbers from the different types of basié set descriptions
given before. The method used for thisvlabeling and a discussion of the
energy trends will be left to later. As an aside, it is the changing
character of these curves of Figure 4.3 that was alluded to in Chapter
III when it was said that C1F refocusing calculations could not be done
just with the consideration of the Stark'effect. For a molecule like
016C12532 which has no nuclear spins, the full Hamiltonian only has the
rotational and Stark terms. To the extent discussed in Chapter III, the
> is rather good at the’field strengths transitions will be

J

basis set |JM
looked for, and the perturbative results from that chapter are sufficient.
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Table 4.3
The Strong Field Basis Set for CSZ,35F, .f= 1
State IDf ! ) M ! )
1 1. 3/2 1/2 0 1/2 -1/2
2 1 3 1/2 0 -1/2 1/2'

3 1 3/2 1/2 1 -1/2 -1/2
4 1 3/2 1/2 1 -3/2 1/2
5 1 3/2 /2 -1 3/2 -1/2
6 1 3/2 1/2 -1 1/2 1/2
7 1 3/2 1/2 0 3/2 -1/2
8 1 3/2 1/2 0 1/2 1/2
9 1 3/2 1/2 1 1/2 -1/2
10 1 3/2 1/2 1 -1/2 1/2
11 1 3/2 1/2 -1 3/2 1/2
12 1 3/2 1/2 0 3/2 1/2
13 1 3/2 1/2 1 3/2 -1/2
14 1 3/2‘ 1/2 1 1/2 1/2
15 1 3/2 1/2 1 3/2 1/2
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Table 4.4

Calculated Energies and Eigenétates for Cl35F, J=1, for EDC = a) 10 V/em

and b) 500 V/cm

a) .EDC'; 10 V/em

Energy (kHz)l'  S.F. State Contribution'(%)Z‘ : Label3
L2 3 4 5 8 Mp =0
-29202 3 3 27 20 20 27 e o
-20187 3 3 27 20 20 27  F1=3/2F=21
7316 30 30 15 5 5. 15 ~ .
7340 30 30 15 5 5 15 Fp =5/2, F = 3,2
36400 . 7. 17 8 25 25 -8 _ _
36419 17 17 8 25 25 8 ML F=LO
2z 8 5 w0 11 My =1
-29202 15 5 10 40 30 F, =3/2, F =2
- -29187 45 2 30 13 10 Fj =3/2, F=1
7316 13 40 20 20 7 ‘F] = 5/2, F =3
7340 ‘ 27 20 40 10 3 F] =5/2, F =2
36419 0 33 0 17 50 F] =1/2, F=1
1z 13 14 .  Mp =2
-29202 60 0 40 F| =3/2, F =
7316 33 17 50 - , F{ =5/2, F =3
7340 | 7 83 10 . F=5/2, F=2
15 M, =3
7316 100 o o F| =5/2, F=3
1 o
Energies given relative to the pure rotor energy of 30.963 GHz.
_ % strong field basis contributions use state labels given in
Table 4.3. ' ' ' ‘

3 Labels in (a) from weak field basis, and in (b) from the inter-
mediate field basis. = () states are formed by 50-50 contributions ‘
~ from the functions indicated.
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Table 4.4 (continued)

b) EDC =500 V/cm

Energy-(kHz)l S.F. State Contribution (%)2 Labe13
12 3 4 5 6 My = 0
-29331 3 3 27 20 20 27 . )
~29316 33 27 20 20 27 F =32 =

7444 30 30 15 5 5 15 _ _

7467 30 30 15 5 5 15 F) = 5/2, MFl = £1/2
36402 17 17 8 25 25 8 . o
36420 17 17 8 25 25 8 Fy = 1/2, MFl = t1/2

7 08 5 1 1 M = 1
-29328 0o 7 0 53 4 - F = 3/2,_MFl =1/2
-29063 59 0 41 0 0 5 =372, MFl = 3/2

7364 40 1 58 0 0o F, =502, MFl = 3/2

7453 1 59 1 30 10 F, = 5/2, MFl =1/2
36420 0 3% 0 16 50 P, = 1/2, MFl =1/2

2013 1 M = 2
-29074 59 0o 41 | 7 =3/, MFl = 3/2
7174 0 100 0 F, = 5/2, MFl = 5/2
7355 41 0 59 =5, MFl = 3/2
15

7155 100 F, = 5/2, M, = 5/2
1
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' 4. Transitions

As previouslf stated, if a molecule is in a particular eigenstate,
it will remain there until‘there is a change.to its Hamiltonian (barring
spontaneous decay, which is briefly described in the appendix). State
~ transitions, therefore, involve the addition,of a.time dependent pertur-

bation to the molecule's Hamiltonian,
. ¥ ) . _ B
=3 + X (t). : (4.34)

‘For transitions caused by electromagnetic radiation the principle term

of this perturbation is simply a time dependent Stark energy term,

A' ——A' : ’
x‘(F) = -u ERF coswt, _ (4.35)

where | is -the dipole operator previously described, ERF the maximum
electric field associated with the oscillating radiation fields and

the angular frequency of this radiation. The classical and quéﬁtum
mechanical effect§ of this term are described in detail in Appendix A.
In essence, one calculateé the eigenstates l¢j(t)> of our new by using
as a basis set the eigenstates of ﬁo, {ai>. The new states of interest
are those formed by two states of thg old ¥ basis that differed in

0

energy by~hw. If we refer to these states as Ial> and [a2> and assume
that before our radiation is turned on our system is described totally
. by |a1>, after being in the field for a time T our system will be

described via

[6()> = a; () ]ay> + ay () ]a,>, | - (4.36)

At time t=0, al(t)= 1 and a2(t)=:0. At time T, az(r) may be nonzero,

. . - 2
and if the radiation is now turned off, the quantity Iaz(r)[ represents



> to |a,>:

the probability of a transition from [a 2

1

P,W,7) = |a2(1)|2 C(4.37)

Taking the results from the appendix for a two level system,

(Zwl)2

P12(m?t) = 3 sinz{g{(2w1)2-+(wo-m)z)z} (4.38)

5 -
(Zwl) +(w0-w)
where

0y = IEa (ED

) - E (E.)|/n - (4.39)
1 c’ a2 DC

is the resonant frequency dependent on the initial energies of the
states |a1> and |a2>, which will in turn be dependent upon the DC field

strength from the static Stark term, and

W = |<o,

|

1 - ne Egp lop/m = H /M (4.40)

is the "couﬁling" constant that depends on how the states ldl> and.la2>
mix in the presence of a field. '"t" here is the time.duration of the
interaction field.

| With Equation (4.38) at hand, the problem of calculating the
probability of a ;ransition is now reduced to the evaluation of wy or
le in Equation (4.40). Values of w reétricted.to the radio frequency
realm, which is the frequency range of interest to us, correspond
energetically to traﬁsitions between states of the same J, i.e., Ji=\12.
However, as will be seen below, the value of the matrix element

My, lE'“TlMJf
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is nonzero only for AJ = J-J, = *1. Thus, to find H of Equation

271 12
(4.40) to be nonzero requires that,if ]al> and ]a2> are expressed in a

]J,Mj> basis, they must contain terms of different J. The mechanics of

the problem are thus to express Ia > and |a2> as linear combinations of

1
the complete strong field basis lai> = IJiMJ,IliMliIZ.M2> s but, unlike

Ll

the method described at the end of the last section, the diagopalization
process cannot use a block diagonal approximation for J, for we need to
know precisely how the J states mix. Once we can express the states in
the strong field basis, i.e., know the values of Aij for, as in Equation

(4.2),

o> =74 la>, R AVAT

we can then evaluate le via

— * - .
<a2| ) ERFIal> = IZ. lzcv_ AilAkZ <akl K ERFlai> e - (4-42)
As will be seen, the choice of the strong field basis makes the evaluation
of the matrix elements on the right of Equation (4.42) particularly
simple. .

As an example we will solve for H bfor molecules like OCS which

12

have no nuclear spin. Then the stationary Hamiltonian is

~ . A~

%o = Hzor * Fsrark | (4.43)
and we use as our basis set Iai> IJiMJi>, which is diagonal for ROT
i Tn i t: i >
but not ﬂ%TARK' In order to find exactly the eigenstates laj , agd

hence the coefficients Aij’ one would need to diagonalize the entire

'<JiMJi|ﬁle > matrix. This, however, would be quite formidable,

kK



given the large number of possible values of J. The actual eigenstates
aj> end up being predominantly associated with a particular _JiMJi>’
with contributions frdm other states'rapidly decreasing as the value of
J from those cher states differs more from Ji. As loqg as the Stark
perturbation is significantly less than the pure rotational energy it
is a quite good approximation to allow only the mixing of one Ji state

k

allows precisely this, so we shall use its mechanics, as opposed to

with states of J = Ji + 1, In fact, first order perturbation theoryv

matrix diagonalization, to find our Aij' Given an initial basis set

|ai(o)> with energies Eio) and a Hamiltonian perturbation ﬁg, the first

order perturbation eigenstates are given via

(O s ]a(0)>
i s' g

|a€l)> = la§0)> + z P [a§0)>. . (4.44)
J J i#] E,-E,
j i
. . (0) (1 " o '
We identify |aj >.to |JjMJi>’ {aj_ > to [aj> and ﬂ; to ﬂSTARK' Mu;h of

the mechanics of this problem was worked on in Chapter III in Equations

(3.10)-(3.13). Briefly, we have

* = -u-E = -u E and (4.45)

=1
1

BJi(Ji+ L,

and combining Equation (4.44) here with Equation (3.3-3.13), we get

la.> =~ |J M(l)>
J 1
' uE 2 2 &
= NJM{IJM(O)> - zgc 5 1l -M 3-1,m8005
J%(23-1) (23+1)
E 2 2 -
u
R e S FESRAS T (4.46)

(J+l)2(23+l)(2J+3)
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whgré webhave dropped the "j" subgcripts for éimplicity from Jj and Mj
"NJM" is a normalization cbnétanttappfoximately‘qual.to 1 as uEDC/ZB
is typically quite small., "u", as beféfe, is'the'dipolé moment of the
molecule in a ffame>rotating with the molecule. The energy of this state .
is given by the sécond order perturbation result of Equétion (3.3-3.14).
Comparing Equation (4.46) to (4.41) one notés that we.haveunow solved for
- the Aij' We also note that each {aj> has a gnique quantum number M,
i.e., "M" is still a good quantum number in our new basis.

‘Knowing [aj> now, we consider the efféct of the time perturbation.
We will=assuﬁe here that the radiation vector ERF of Equation (4.35) is

in the x direction, perpendicular to the direction of E

DG’ so that

By = - Ep (4.47)

The matrix elements for Hy in the IJ,M> basis are given by

1
“3
v 1 = T B [(IxM+2) (JiMH])
<JM|ux|J+1,M-1> * o < (2340) (2343) (4.48)
Thus, Mo connects the strong field states [ai> and Iaj> only if
Jj-Ji = *1 and Mj--Mi = *1. As our eigenstates Laj> from Equation (4.46)

‘consist of strong field basis states with only a particular value of M,
Equation (4.48) also indicates that '"perpendicular" transitions between
a> states can only occur if M = %1 between those states. Combining

»Eduations (4.42), (4.46), and (4.48), we can now evaluéte lez

o (1) =~ o (D)
\ CHpy =< | - uxERFlJ,Mil >
2 _
WELE | |
- -——%—%‘E £(3,M) (4.49)

where,



1 1
b *

[(JtM+l)(JtM)(J2-M2)] - [(JlM—l)(JiM)(JZ-(Mil)Z)]

£7(3,M) = J(2J+1) (23-1)

2 2. %2 _ 2 2
[(J+HM+D) (JHM) ((J+1) -M7) ] = [(3#M#2) (I=M+1) ((J+1) "= (M+1) ) ]

+ (D) (20+D) (2043) -

(4.50)

Appendix I attempts to give some intuitive sense for the leading factor
+ ' : '
of Equation (4.49). Values for f (J,M) for J<5 are given in Table 4.5

If we consider ERF parallel to E looks ‘quite similar to the

pc’ Hp2

" second order perturbation energy:

5 .
pE_E
_ ¥ “pcrr o
le == fZ(J,M) (4.51)

where fz(J,M) was defined in Equation (3.14). However, with ERF parallel
to EDC there is only coupling between |ai> states of the same M. Since
we are already restricting ourselves to AJ =0 transitions in radio-
frequency spectroscopy, for molecules like 0CS, AT = 0, AM = 0 implies,
no change in the state at all. N

For the more general cése of moleéules with nuclear spin, as C1F,
the idea is the same but the method slightly different. As with OCS,
&hen determining the stationary states |ai> of ﬁo from Equation (4.6) we
need to find the contributions from different J states in the strong
fieid'basis |ai> = IJMJI1M112M2i> from the Stark DC te?m. The program
"TWOSPIN" in Appendix IIincludes only the contributions as far as
Jj = Ji £ 1 in the calculation .of ]aj>, just as we limited ourselves in
the evaluation of the |a> for 0CS. This program, then, differs from
"W.vs E" by diagonalizing a matrix connecting the basis elements of

J-1, J, and J+1 to find the states [a>.associated with J, and therefore

does not need to havebthe Stark perturbative results addedlalong the
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Table 4.5

Change of Second Order_Energy Coefficient and 
Transition Probability Factor for a Linear
~ Rotating Dipole

(R £5 (3,02
1o 1 00 0.4243
2 0 1 0.0238 0.05832
2 1 1 0.0714 0.1429
30 1 5.5 x 1070 1.925 x 1077
3 1 2 1.67 x 1072 5.270 x 1072
3 2 3 2.78 x 107> 6.804 x 1072
40 1 1.95x 10>  8.712 x 1073
4 1 2 5.8 x 1070  2.479 x 1077
4 2 3 974 =107 3.64b x 1072
4 3 4 1.36 x 1072 3.857 x 107>
5.0 1 8.55x 107% 4.681 x 107>
5 1 2 2.56 x 107> 1.357 x 1072
5 2 3 4.27x 1070 2.09 x 1072
53 4 5.98 x 1070 2.538 x 1072
5 4 5 7.69x 107 2,433 x 107
1

AET(I,M) = £,(3, 1) = £,(J,M) where
fz(J,M) is defined by Equation (3.14).

2 £*(3,) 1is defined by Equation (4.50).
As note it can be shown that f-(J,M) = f+(J,M-l).

229



230

diagonal. The selection rules for Q.EDC in the strong field basis were
indicated in Table 4.2. Diagonalizing this Hamiltonian matrix now gives
the coefficients Aij'of Equation (4;4l) in the matrix that performs the
diagonalizing transformation, as shown in Equation (4.22), i.e., we now

know the eigenstates of H, as

0

oy - g A3 !JMJI]_MlIZMZi>', | (4.52)

Again, given the Aij’ can be evaluated via Equation (4.42). The

B

matrix elements for <akl—ﬁ-§RF}ai> are the same for this strong field

basis as they were for the !JM> basis, with MJ substituted in for M in

the equations for ﬁx and ﬁz’ (4.48) and (3;13).5 Besides having

= +], transitions as with OCS, parallel AM. =0

perpendicular, AM 5

J

transitions are now also allowed, as there now may be several different

stationary states of ﬁb with the same J and M Recall that in the weak

7
field limit MJ is not a 'good" quantum number if the molecule has
nuclear spin, so that a single laj> state may have contributions from

strong basis states of different M_, again making H

5 evaluation slightly

12
more complex. Table 4.6 présents some of the J = 1 eigenfunctions de-
rived for C1F including the J = 0 and J = 2 contributions and all the

J = 1 eigenvalues, while Table 4.7 gives values for Wy and le connecting
these étates for both the parallel and perpendicularvtransitions.

The transition line shapes as a function of the radiating frequency
are given for simple two level systems by Equation (4.38) and are
described qualitatively in Appendix I. The two level approximation'works
as long as neither of the two |aj> states of interest which have a

resonant frequency of Wy (Eq. (4.39)) are resonant to any other states

at a frequency within a few factors of Wy (Eq. (4.40)) from wg-
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Table 4.6

a) J=1, MF = 2 and 3>Eigénstates for C1F, E_. = 1052 V/cm in the Strong

Field Basisl De

M_F' Staté#

W

[
AV
i

1.0000{1,1,3/2,1/2> + 0.0034|2,1,3/2,1/2>

0.0066(0,0,3/2,1/2> - 0.7558|1,0,3/2,1/2> - 0.0003]1,1,3/2,-1/2>

N

]
\
1]

+ 0.6548|1,1,1/2,1/2> - 0.0030/2,0,3/2,1/2> + 0.0022|2,1,1/2,1/2>

|3> = 0.0001|0,0,3/2,1/2> - 0.0065]1,0,3/2,1/2> - 0.9999|1,1,3/2,-1/2>
- 0.0080|1,1,1/2,1/2> - 0.0034|2,1,3/2,-1/2>
14# = 0.0057|0,0,3/2,1/2> - 0.6547|1,0,3/2,1/2> + 0.0103|1,1,3/2,-1/2>

0.7558]1,1,1/2,1/2> - 0.0026|2,0,3/2,1/2> - 0.0026|2,1,1/2,1/2>

b) Eigenvalues for J=1, ClF, EDC = 1052 V/cm

7868.20

Statef _ fz‘ Energz2 Stated fg Energy

1 3 6601.80 9 1 36451.10
2 2 -28659.50 10 0 -29778.92
3 2 6621.13 11 0 -29764.31 .
4 2 7493.69 12 0 7859.95
5 1 -29775.52 13 0 17882.94
6 1 -28647.56 - © 14 0 36432.69

7 1 7504 .32 15 0 36451.39
. ) _

l Basis states are in the form |J MJ; Mi, M,y>. Il = 3/2 and
12 = 1/2 throughout. C ’ . S

2 Energies relative to BJ(J+1) =.30966; MHz.



232

Table 4.7

Transition Frequencies (w,) and Connecting Dipole Matrix Ele-
ments (le) for ClF, J=1, EDC = 1052 V/em

MM = 0 ' M = £l

“ol e HIZ/ERF3 mo1 1k’ HlZ/ERF3
1128.0 5,6 -0.01 147 8,13 0.0l
872.6% 3,4 -0.02 8.2 8,12 -0.01
363.,9% 7,8 -0.02 29830.0% 3,9 0.01
35280.6 2,3 -0.02 - 1247.1 - 3,8 -0.02
37279.8% 5,7 0 0.04  36163.8% 2,7 ~0.03
28946.8 - 7,9 -0.06 = 65080.2* 6,14 ~  0.13
36515.8 6,8 -0.07 65099 .0% 6,15 0.13
| 65110.6% . 2,9 0.19
37269.6% 7,11 0.21

37283.2% 7,10 0.25

37269. 2% 4,5 0.33

378.6% 7,13 -0.35

66226.9% 5,15 -0.35

355.6% 7,12 0.35

66215.4% 9,11 -0.35

66230.0% 9,10 0.35

66208 . 2% 5,14 0.35

374.5% 4,8  0.50

66215.7% 11,15 -0.61 28583. 2% 8,15 -0.62
66226.6% 5,9 0.61 28568. 2% 9,13 -0.64
66211.6% 10,14 -0.61 128591.2% 9,12 -0.64
1131.4 6,10 ~0.65

1116.8 6,11 -0.65

28564 . 5% 8,14 0.67

37647.1% 8,10 0.70

37643.7 5,8 0.76 37658.4 5,13 ©0.70
37624.3 11,12 0.76 37635.5 5,12 0.71
37661.9 10,13 -0.76 37632.5 8,11 -0.71

(continued)
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Table 4.7 (continued) .

AMF =0 : AMF'= +1

”ol LK’ Bly/Bep wol 1k’ By Brp
36507.5 6,12 0.77

36530.5 6,13 . -0.78

28928.4 7,14 -0.91

1116.0 2,5 92

883.2 3,7 .94

| 891.9% 1,4 -0.94

28582. 9% 8,9  -1.86 28947.1 7,15 -0.95
28549.8% 13,14  -1.86 35261.3 1,2 -1.09
28591.4% 12,15 . 1.86 35268.7 . 3,6 21,09
36151.9% - 6,7 2,02 36537.7 2,8 -1.09
36153. 2% 2,4 -2.02 28957.4 4,9 1.31

1 Transition frequency (kHz).
2 Interacting states' labels (see Fig. 4.3 and Table 4.6).

3 Dipole matrix.element (kHz/(Volt (RF) cm_l)).

" .
Transitions observable by Stark focusing (the focusable

states are #4, 7, 9, 14, and 15).
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Qualitatively the predicted line shape is a Lorentzian envelope about a
sinusoidal beating. This beating Qould be evident in other forms of
spectroscopy as well if they had the resolution on the order of Wys
which most do not.

There are other aspects of the transition spectra due to the molec-—
ular beam part of the MBER. Collisional perturbétions and Doppler
éffects piay essentially no role in determining the lineshapes. In
fact, it ié in part the narrow velocity distribution inherent with
molecular beams that allows the observation of Rabi beating. Increasing
the time moleculés spend within the resonance region would permit the

use of lower rf voltages, reducing w, of Equation (4.38) and thereby

narrowing the linewidth. However, it is difficult to reduce a beam's
speed below the flo& velocities we are using without simultaneously
broadening the velocity distribution. Increasing the length of the
resonant region would introduce a different sourcé of inhomogeneities,
Ultimately there are three conditions to be met for a transition
to be observable.in_odr MBER apparatus. First, trivialiy, the resonance
frequency Wy must be attainable. Again, the value of W is dependent
upon the C field static voltage, typically on the order of 0-1000 V/cm.
Secondly, as elaborated upon in thisbsection, there must be a suffi-
.ciently large dipole matrix element connecting the two states; relatgd

to the frequency w,, which is dependent both on the static and rf

19
voltages within the C field. This Wy contains the radiative dipolar

selection rules for the transition. Finally, for the transition to be
detected, the initial state must be focusable by the A field while the

final state is either defocused or much less focusable by the B field.

This is the Stark selection rule for MBER spectroscopy. As the A and
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B fields are of strengths on the order of 104 V/cm, the behavior of the
- initial and final states needsto be known here, as well as at the field
strength in the transition region, to predict the presence of a flop-out

or flop-in signal.
B. Experimental and Numerical Results

"1. 0cCs ﬁata

The experimentalvmethod for taking MBER spectra has been described
. in detail in Chapter II. The spectra shown in this and in the following
section were taken with a 100 u diameter source nozzle, a 0.032"diameter
stopwire barrier and a 0.06" diameter detector orifice. The C field was
set fof the parallel-perpendicular mode. A typical OCS resonance spectrum
is given in Figufe 4.4. As indicated in the capti&n, this spectrum cor-
responas to a dec voltage of 1043.4 V applied to the C field and rf
voltages of 10 V (measured peak to peak) through the frequency range.
The A and B fields were set to their first refocusing maximum (see
Chapter III), with'VA ~ 20 kV and VB ~ 11 kV. This OCS spectrum is seen
és an oscillatory pattern beating at about 5 kHz and enclosed by an
envelope with a 40 kHz FWHM centered at 3479 kHz. The general shape
Ais in qualitative agreement with that predicted. by théory for a single
_ resonénce transition, thoﬁgh, as will be seen later, it cénnot be matched
quaﬁtitafively to Rabi's formula (Eq. (4.38)). 'The beatiﬁg'nodes do not
vgeﬁerally return to the“baSelinevdue to velocity averaging effects. The
'femaining spectra of this secﬁion were taken to examine the effects of
varying the paramefers relevant to Rabi's formula on the 0CS J =1, -

M= 0 <+ *1 line shapes.
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OCS resomnance spectra for various carrier gases and source
(V.. = 1043.4 Vv, VRF = 11 V. Beam 50% OCS

temperatures. '
A and B fields ad'justed

DC

for best signal. Spectra taken by S. A. Sherrow.)
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Two methods were used to vary T, the time period that the molecules
experience the radiation field: <changing the source temperature and
changing the molecular beam composition. These affect the mean beam
velocity. Figure 4.5 gives some representative results for OCS seeded
in Ar, He and N2 carriers and somevtempeféturé variation. In general
one notes that aside from heat capacity effects, the iarger the mean
mass of a particle within the béam, the lower ﬁhe resultant mean speed,
SO’ will be via energy conservation, and, thus, the longer t will be.
Increasing 7 in Eq. (4.38) would iead to a decrease in the separation
‘of the nodes as a function of w. As an example, the ratio of the
separations betﬁeen the first and second nodes to the sight of vo for
ﬁhe He and Ar specfra in Figure 4.5 is ca. 1.3. Meanwhile, the inverse
ratio of the square roots of the average masses of these beams is 1.25.
A decrease in the source temperature also decreases the beam velocity
and thereby decreases the nodal separations. The ratio of the first
and second node separations for TS = 413 and 297 K (Qith a N2 carrier)
from Figure 4.5 is 1.17, while the ratio of the square roots of their
temperature is 1.18,

The effects of varying just the dc voltage of the Stark field in-
'§olve changing the resonant frequency and the line shape. As 0CS has no
nuclear spins, the resonant frequency for the J = 1 transition can be
accurately predicted via fhe second order perturbation equation for
energy levels given_by Equation (3.14). Using established spectroscopic
values for the rotational constant and dipole moment of OCS and our
measured central frequencies for the transition as a function of the
applied dc voltage to the C field flats (VDC), one can calculate the

effective spacing between the C field flaté, r.s as
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Table 4.8

0Cs (1,0) < (1,1).Resonance Ffequencies as a Function of
Applied DC Voltage to the C Field

‘ _ 2 2, *
VDC(V) v (kHz) o \)O/VDC ,vO/VDC(CalC)
1043.6 3480.70 ©3.1959 x 1073 3,1958 x 107>
911.4 2655.35 - 3.1967 x,1o'3 3.1965 x 107>
723.6 1673.95 3.1970 x 107> 3.1974 x 107°
620.3 1230.15  3.1971 x 107> 3.1978 x 107°
311.3 310.05 3.1992 x 1073 3.1986 x 107>
i
* v . 2 .
From best fit of = A+ B V_ ., with
: ) DC
DC
. —3 —12 1IN ) s
A= 3,1989(4) x 10 ~ and B = -2.9(6) x 10 . ("A" implies a

C field spacing of 0.9908 cm.)
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Figure 4.6. OCS resonance spectra at various Stark field voltages (VRF =10 V, Ps = 1 atm,
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"intensity at v

‘EDC =.VDc/rc, _ (4.53)

by linearly fitting the frequenciés versus V2

DC* In Table.4.8 data from

" such a series of experiments are presentéd with the resulting best fit

allowing for a fourth order perturbation term as well (Eq. 3.15). This
allowed the determination of a 0.9908 cm separation in the C field.

The line shape effect of varying V_, is indicated in Figure 4.6. The

DC

center resonance frequencies, vo, at various V_,.'s have been aligned

DC

to allow a comparison of the beating patterns. As the voltage is in-
creased the shape evolves from a single peak of width 6 kHz, to a sym-

metric oscillation about Vg Further increasing VDC increases the

relative amplitude of the "secondary" peaks to that of Vo and creates

some asymmetry in the pattern, until at high Vpe the spectrum becomes
too distorted to assign accurately a value for the center frequency.
The baseline itself becomes skewed. However, the nodal separations do

not appear to be very sensitive to VDC'

‘Changing the rf voltage amplitude while holding VDC constant does

not alter v,, but does vary the line shape in a manner similar to that

O’

mentioned above. Figure 4.7 shows this effect for OCS with VDC = 428 V.

For the given V range one observes the spectfum evolving again from a

RF

single maximum to a beating pattern with the secondary structure growing

with'VRF while the nodal spacing remains insensitive to the rf powér.

‘Asymmetry also develops. This is seen again in Figure 4.8 where V__, =

DC

1043 V. As VRF increases the distortion increases;the baseline of the

' peaks shifts, and the node positions shift as &ell.’ The flop out

= 3478.8 kHz as a function of V__ (V__ fixed at 1043 V)

0 RF
is plotted in Figure 4.9. As qualitatively predicted by Rabi's formula,

DC
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Figure 4.7. OCS resonance spectra at various RF voltages (VDC = 428 V, PS = 1 atm, TS = 23°C).
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Figure 4.8. OCS resonance spectra at various RF voltages (V
P =1.2 atm, T = 23°C). V
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Figure 4.9. O0CS transition strength as a function of RF voltage

(Ve = 1043 V, v = 3478.8 kHz, P_ = 1.2 atm,

TS = 23°C).




Figure 4,10, OCS resonance spectra (a) Flop in:

Flop in intensity —

<— Flop out intensity

- 3500
XBL 829-11707

VA
HVB = 25 kV; (b) Flop out: VA = 18 kv, VB
(VDC = 1043V, V__ =81V, P_ = 2 atm, TS- =

5% in Ar).

RF

= 25 kv, -
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it does show an oscillation, though its form is distorted from a pure
sinusoidal shape.

As an example of other observed results for OCS spectra, Figure 4.10
compares a flop in spectrum to a flop out one. As discussed in Chapter
III, this phenomenon is predicted to occur and be particularly dependent
»updn the A field focusing‘voltage. Recently this has been found to also
be sensitive to the detector aper;ure diameter.b Atéempting to cause an
- 0Cs J =1 transition with the C field in parallel onlyvmode (see Chapter
I1) gave a resonance signai about one third as stfoqg as when using the
parallel-perpendicular mode. As this transition is supposed to require
an rf excitation perpendicular to the dc Stark field, there is an indi-
cation of some rf field line distortion in the parallel mode. Finally,
no J = 2 transitions for OCS were observable from our apparatus. In
those experiments, the A and B fields were tuned to maximum voltages to

enhance the J = 2 refocus signal, but to no avail..

2. CLF Data

As indicated in Section IVA the ClF J = 1 resonance spectrum can-
have many peaks due to the additional eigenstates present corresponding
to the coupling of the C1l and.F nuclear spiﬁs to thé molecule's rotation.
(See Tables 4.4, 6-and 7.) Figure 4.11 and Table 4.9 indicate the
resonance regions we observed with‘the Stark»field‘at 1043 V. The rough
assignment (with intermeaiate field basis labels) of the transitions in
Table 4.9 was made by the use of Table 4.7 and Figure 4.3. Other
expected peaks indicated by Table 4.7 were sought bﬁt not found.

The effect of varying the Stark dc voltage can be seen for the
F. =1/2 > 3/2 resonances in Figure 4.12, As with the OCS spectra, these

1

spectra shift to different frequency regions with VDC’ but not in as
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Figure 4.11. C1F resonance spectra for J=1 transitions (v
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Table 4.9

Observed Cl1F Resonance Flop Out Peaks, E_ .= 1054 V/cm,
Low Resolution (see Fig. 4.10.

28562.
28595.
28599,

28604,

37253.
37268.

37263.

66221.
66206.
66209.
66216.
66213.

66224,

0
7

7

o
]

1/2
1/2

0,1

5/2

3/2

1/2

1/2

0,1

Units in kHz.)

-+ 5/2
>1/2

-+ 0,1

- 3/2
> 1/2
> 0,1
> 3/2

+ 1/2

-+ 0,1
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at Vpo o= (a) 247.5 V3 (b) 808.0 V (V. = 1.6 V,
P_ = 1.2.atm, T_ = 23°C, V, = 24 kv, V; = 17 kV).

 Figure 4.12. C1F resonance spectra J=1, F
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easily a calculable manner., Though the spectral pattern is more complex,

in this example the change in V maintains the peaks' relative spacin
P P P g

DC
and amplitude. Figure 4.13, which demonstrates the spectrum change for
Fl =1/2 > 5/2 with VDC’ shows at first glance a significantly more
complex series of change. This was probably.at least partially due to
the greater rf amplitude available at these frequency ranges. On closer
inspection, howe?er, one finds that though relative amplitudes are
changing, with the approp;iate choice of a reference.frequency for each
of the spectra'in Figure 4.13, there is a good deal of consistency in
the peaks'relative spacing. This is further indicated numerically in

Table 4.10.

The effect of varying VRF with VDC fixed at 1043.4 V for the

Fl = 1/2 » 3/2 transition, as illustrated in Figure 4;14, is not very
dramatic. This may again be largely due to the limited range of rf
power available to .us near frequencies of 66 MHz, The effect of the

Fl = 1/2 > 5/2 transition as V is varied from 20 to 60 V (peak to

RF .
peak) is quite spectacular, as indicated in Figure 4.15 (VDC = 808 V).

Relative peak positions do not change much, ﬁut amplitudes tend to change
quite a bit. There also appear to be significant "flop in" peaks which
are also VRF dependent. It is also of interest to compafe (a) and (b)

of Figure 4.15 with (a) and (b) of Figure 4.14, noting the qualitative
match of spectral patterns, though centered at different frequencies,

between spectra taken at both different VDc and VRF' Figure 4.16 maps

the C1IF F, = 1/2 - 5/2 transition strengths at v = 28784.0, 28788.2 and

1

28792.4 kHz with VDC fixed at 808 V as a function of V One notices

RF’

both flop-out and flop-in at a single frequency depending upon VRF'
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‘Table 4.10

Relative Peak Locations for the J=1, F. = 1/2+>5/2

" Transitions -of ClF at Various Stark =~ = Voltages. (Units
in kHz. Reference Frequencies are Indicated in Figure
4.13 by Tic Marks at the Top of the Plots.)

v (V) o/ __247.5 465.3 808.0 1043.4

DC
-33.0 = -36.3 -37.3
-29.0 - - =29.2 -30.0
-26.4 -26.0 -24.6 -24.0
-21.7 -22.4 -18.6 -18.7
-17.7 -18.0 -17.6 S
-12.4 -12.4 -12.6 -12.4
- 8.7 - 8.7 - 9.2 - 8.8
- 5.0 - 5.4 - 4.6 - 3.8
0.0 0.0 0.0 0.0
- 5.3 3.7 2.8
7.0 9.6 7.7 7.2
14.6 15.0 11.7 11.0 -
19.0 18.6 17.7 : -
Reference

Frequency 29064.7 28990.7 28788.0 . 28596.0.
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Figure 4.13. CIF resonance spectra J=1, Fl = 1/2 « 5/2 at VDC =
(a) 247.5; (b) 465.3; (c) 808.0; and (d) 1043.4 V.
(VRF = 60 V, PS = 1.4 atm, TS = 23°C). See also

Table 4.,10.
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(d)

]
66200 66240
' XBL 829-11710

1= 1/2 <= 3/2 at VRF =

(a) 0.8; (b) 1.0; (c) 1.3; and (d) 1.6 V. (Vo = 1043 ¥,
P = 1 atm, T = 23°C). ' :
.S S

Figure 4.14. C1F resonance spectra J=1, F
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Figure 4.15.

XBL 829-11711

C1F resonance spectra J=1, F,o= 1/2 <= 5/2 at Vep =
(a) 20;. (b) 30; (c) 35; (d) 40; (e) 50; and (f) 60 V.

(VDc = 808 Vv, PS =1 atm, TS = 23°C).
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Figure 4.16.
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1 atm, TS = 165°C).
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3. Calculation Results

One of the motivations for our detailed work with OCS was to test
for the fitting of Rabi's formula,

(Zcul)2 | !

: |
() = - . sinz{ngml)Z ¥ g0 Y, 4.38)

P
12 (2wl)2+(wo-w)

with an experimental spectrum which had no ambiguity of linevassignments
from multiple closely lying levels. With such a fit and an empirical
evaiuation of Wys it was felt that one would thereby be able to-calibrate
the rf field strength actually present between the C field flats.  From
a:given spectrum, five different ways occurred to us to evaluate Wy .
Fifst, with the knowledge of the approximate rf and dc voltages in the

- C field and knowing the spectroscopic parameters of the transition, a

theoretical calculation for w

l-is possible. From Equations 4-38, 40, 49

and 50,

2

o) G E (M. (4.54)

O _ 5 oor
wy) = VT () (E

The leading radical factor arises from Equation A71 in Appendix I due to
the degeneracy of the J = 1, M = *1 states both of which couple to J =1,
M= 0. ERF’ the applied rf voltage, is halved, as in a sense only 50% °
of that radiation is polafized broperly for transitiomns. (This is also
elaborated upon iﬁ the Appendix.) f+(1,0)_can be taken from Table 4.5.
The second method simply notes that the envelope for the beating in
Rabi's formula as a function of w is a Lorentzian, which, from Equation

(4.38), has a half width at half maximum of 2w A third approach in-

1
volves the nodes in the spectral pattern. Assuming that the HWHM, Wi
of the spectrum is at Zml, if there are n nodes between Wy and Wy then,

from Equation (4.38),
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or

(3) _ nm

wlr ~m . (4.55)

In a given spectrum, n can be counted and t can be evaluated by a
knowledge of the length of the resonance region and the mean velocity

of the molecules, thereby allowing a reestimation of w The .fourth way

1
uses datalike that shown in Figure 4.9. If the transition intensity is

measured as a function of Wy with w set at resonance, then from Equation

(4.38),
L2 » : .
I « sin (tql). ‘ . (4.56)

From Equation (4.54), w, is directly proportional to ERF' If one assumes

1

that the first node for ERF > 0, E;F , occurs when wt =, i.e.,

w? = v/t, then measuring EEF and calculating w? allows a determination
of wy for an arbitrary rf field:
L9
‘17 @ Erp- S (4.57)
RF‘ ’

Finally, one can attempt a best least squares fif»of Equation (4.38) to
an actual spectru@. The calculation éan be improved‘fof.velocity éfread
_effects by using the focusing simulation methods of Chapter III to deter-
mine the populationicontribution to thé transition.éignal froﬁ_diffefent
velocityAgroups. -

These methods were all attempted on a sinéle 0CS spectrum - that

. shown in Figure 4.8b. Given that the applied dc field was 1052 V/cm and




that the rf strength inputted to the C field was 5 V/cm, wil) =

52.4 x 103 sec—l or 8.34 kHz. (Note that Wy has natural units of

radians/sec. Conversion to units of frequency involves division by 2u.)

The measured HWHM for Figure 4.8(b) is 12 kHz, giving wiz) = 38 x lO3

sec_l. Using Equation (4.55), setting t = 15 em %+ 5.5 x 104 cm/sec, and

(3) _ 3 -1
N :

setting n to approximately 2.5 gives as an estimate w 70 x 107 sec

From Figure 4.9, EEF ~ 20 V/em, and, with w® = 7/t = 11.5 x 103 sec-l,

1
3 -1

then, for £ _ = 5 V/cm, Equation 4.57 gives w£4) ~ 2.9 x 10”7 sec .

RF
Given that the node spacing and Lorentzian shape methods predict such

different values for ml,vit is not surprising that the computer fit for
the spectrum was quite poor. The least squares analysis allowed for the
optimization of two parameters: 0y and an overall normalization factor.
It found a value for w, similar to that of the HWHM method. No further

1
numerical analysis of the 0CS transition line shapes has as of yet been
attempted.

The energies and eigenstates for Cl35F as a function of electric
field strength have been calculated from previously reported spectroscopic
constants8 and were presented in Figure 4.3 and Tables 4.4, 6 and 7 for
J=1. Though in principle there are 24 different J = 1 states, each
state with MF >0 has a corresponding degenerate state with M% = —MF.
Furthermore, the splitting betweenvstates due to the spiﬁ of the fluorine
nucleus is not‘resolvable in Figure 4.3, thus leaving dﬁly six apparently
different curves.. The MF labeling in Figure 4.3 and Table 4.4 is an
easily obtained result from the calculation as the Hamiltonian matrix is
block diagonalized in MF' Fl is the primary label at very weak fields

. due to the strength of the Cl35 quadrupole coupling. At the moderate

field strengths, at which our spectroscopy is performed,_MF becomes a
1

258



259

meaningful label. Their assignﬁents to the liﬁes of Figure 4.3 are made
'fo be consistent with the lines’ reépecti&e MF values. At the high field
limit, eight states are seen to be Stark focusable (i.e., their energies
increase with field strength) corresponding to a strong fiéld basis set

. label of MJ - 0, while the remaining sixteén sfates shqw MJ = *]1
character. The identities forvour-observed C1F transitions were indi-
catéd in Iable 4.9. As a result of the poor fitting of Rabi's f0rmula

to OCS spectra, the uncertainty as to which peaks correspond to the central
resonance frequencies in our C1lF spectra, and the laék of clear identi-
fication of the specific tramsitions we are observing (qombare Tableé

4.9 and 4.7), no direct attempt has been made to fit our CIF spectra with
a computer simulation.which wquld have included the Rabi oscillations.
Table 4.7 predicts values for w, on the orderv30—60.kHz fof the F, =

1 1

1/2 » 5/2 transitions (where V__ was as large as 60 V) and uﬁ to 1 kHz

RF

for the 1/2 +'3/2 transitions (where Vep Was limited to 1.5 V). The
only other -item of a quantitative nature to note is that in the data
depicted.prev£ously, the spectra of Figures 4.13(a) and (b) correspond
to VRFVDC products of approximately 15000 and 28000 V? respectively,

while those for Figures 4.15(a) and (b) have V.. . values of 16000 and

VRF DC
24000 Vz., That these pairs of spectra have similar qualitative features-
corresponds correctly to the notion that the line'shapés are determined
by ‘the Rabi parameter w, which is in turn directly proportional to ERF
. and EDC'
C. - Discussion
' This section must obviously focus on the mismatch between our experi-

mental and predicted results. Among those aspects of our OCS spectra that

we do not understand is the spectrum distortion we observed, particularly
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at large values of VRF and VDC‘ As indicated in the previous section,

1 in an apparently undistorted

spectrum, indicating that Rabi's formula is not consistent with our

we could not find a single value for w

observations. The regularity of the nodal spacing as a function of T,
as indicated in Section-Bl, is also not consistent with Rabi's formula

unless wy is quite small compared to 1/t, which is probably not the case

here. We expeéted that‘our evaluation of_m{l) would overestimate the
true value of w; as we could not predict the rf power loss in the
resonance field region. However, the mismatch of'wiz) and w§3) is not

rationalizable within the context of the theoretical model posed here.
As for the C1F spectra, we do not understand why we have not found lines

corresponding to the Fl = 5/2 » 3/2, MF =3/2>3/2 0 F, =1/2 +~ 3/2,
1

1
MF = 1/2 +~ 3/2 transitions. Both of these, particularly the former,

ari prediéted to be observable by our calculations. (Refer to Table
4.7.) The values of ml'we have calculated do not appear obviously
consistent with the spectral features. Finally, the appearance of both
flop-in and fldp-out features in a single ClF spectrum is not consistent
with our énalysis. As indicated in our model in Chapter III, whethef
the transition signal appears as an increase or decreaée over the back-
ground (no transition) signal depends solely on the A and B field focus-
ing conditions for 0CS. All of the possible transitions observed in a
single ClF spectrum of, say, from Figure 4.15 or l6locéur from one of
the focusing Fl ='l/2;'MF1 = 1/2 states, Whicﬁ, noted in Figure 4.3, all
should experience similar electrostatic forces, to one of the defocusing
F1 =,5/2’ MFl = 1/2 states, which also behave in a field negrly |

identically. Thus, as with OCS, this spectral region should evince

either flop-in or flop-out character, but not both,



As support for the resonance theory here it should be indicated that
Rabi's formula has been fit well to MBER‘spectra of the nuclear-spinless
HCN system9 as well as to the LiBr systems.10 We are not really in a

position now to evaluate critically our theoretical treatment beyond

what has been stated in the Appendix. .Here are.mentioned a few possible

experimental artifacts. As indicated in Appendix I, there are several

. possible sources for line shifting from the true w, value predicted .for

0
a transition. Our calibration of the C field spacing presented in
Section Bl did not inciude these, so that our predicted spacing of thg
.flats may not bevaccuréte. However, this uncertainty.alone does not
account for the difficulties of the preceding paragraph. Thé dc homo-
geneity of our field was verified by reparalieling the plates between a
set of spectra, with no apparent change observed in our results. There
is a good deal of uncertaintyvon the nature of the rf field, however.

W¢ were surprized to find that the perpendicular (AM = *1) OCS transi-
tion maintained 30% of its signal strength when performed in éur
parallel-only radiation node, indicatiﬁg the fresencevof many stray rf.
field lines in our C field region. In our parallel-perpendicular mode
we do not know the relative field strength of the‘different rf compdnents
as of yet. The amount of rf power absorbed by the C field circuitry as

a function of rf frequency is also unknown to us. Finally, the only
explanation we’currently.have for the flop-in Eldp—dut problem of the

» preﬁious paragraph is to assume the existence of a large amount of rf
field strength inhomogeneity between the C field flats, which would
result with different holecﬁle velocity»groﬁps possibiy experiencing

very different transition probabilities.
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The complexity of our C1F spectra indicates that spectral fitting
procedures which do not include Rabi beating features are probably not
- adequate in determining very detailed spectral coﬁstants. Given that
Rabi splitting features can appear easily up to 20 kHz away from the
itself may not appear as a

0

local spectral maximum creates doubt as to the validity of the wvalues

central resonance frequency, and that ®

of C., S, and S8' in Table 4.1. Short of doing a full spectrum

Cer»

. simulation, our work shown in Figure 4.16 suggests an alternate approach.

F)

If one assumes a certain spectral feature corresponds to a central
resonance frequency, Wy, one can then plot the intensity of that feature

as a function of ER The nodal spacing observed, as indicated by

P
Equation (4.38) and (4.49), will depend on t, which is fixed for a given

spectrum, and o, = Zwl/ERF’ which, for a given EDC’ is characteristic

1

of a particular transition. A nearby spectral feature at a frequency

§ away from w, can be similarly treated experimentally. If this feature

0

is due to the same transition, then this ERF spectrum should fit to

1
1

S _‘(4.58)

I(Egp) = L(Egp) sin?(3(s% +alEo,
L(ERF) is the Lorentzian factor and does not introduce nodes to I(ERF).
Thus, if such a fitting produces the same s it is due to a transition
between the same states as Wy

In conclusion, MBER spectra of OCS and ClF taken on our apparatus
under various C field conditions have been presented here. A detailed
theory has also been presented to predict the MBER line shapes. Though

several qualitative features are common to the theory and experiments,

there are several major discrepancies that we have not been able to




expléin. Muéh future work of both a theote;icaivahd eXperimental nature
is suggésted here. The quantﬁm.analysis offered in Appeﬁdix I for.the
transition process in NMR kinds 6fﬂexperiments‘may not be as simply
.applicable to MBER‘tranéitioné as wé have suggested. The uncertainéies

extant with our C field can only be reduced with a broadef data base

and direct comparisons with other apparatuses: Finally, significantly

more work should be done in the fitting of complex experimentél MBER
specﬁra in conjunction with Rabi's formula. ' Though the overall problem
is quite complicated, enough of the underlying theory is understood

now to make such a study almost tractable.
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APPENDIX I
VRABI'S FORMULA: TRANSITIONS IN A TWO—LEVEL.SYSTEM

Bbth classical and quantum mechanicél derivations of Rabi‘s formula
for transition probabilitybas a function of excitgtion frequéncy and
duration (Eq. 4.38) have been presented in several sources.l-6” As the
manifestations‘ofvthisrexpression, i.e.; Rabi beating, are so blatant
in MBER spectroscopy, a somewhat detailed derivation will be presented
here with the particular purpose of aiding the reader’s intuition con-
cerning the resonance transition process. The classical phenomenon will
be discussed in terms of magnetic dipoles iﬁteracting with static and
oscillatéry mégnetic fields, as the Rabi effect can be described s¢mewhat
more easily in tﬁis context than in that of the Stark interactidn. The
classical parallels to the Stark effeét will be drawn later. A quantum
mechanical derivation for the trénsiticn probabilities in a general two
level system will then be presented, and this, in turn, will be connected

to the Stark transitions in MBER.

1. Classical View of Magnetic Resonance and Rabi's Formula

The Dipole System and Interaction with a Field. We will be con-

sidering a system of identical particles eacﬁ spinning with the same
angular momentum magniﬁude. Thdugh no net charge is present, each
particle does consist of é distribution of charges, so that a'magnetic
dipole moment of magnitude "u' is geneérated for each particle in a

direction parallel to that particle's spin:

El = YhSl, ., v (A.1)
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where y is the particlebs gyromagnetic comstant. In this system the
dipoles, as the particles will be réferred to henceforth, aré sﬁfficient-
"ly separated that mutual interactions can be neglected. 1In the absence
of an external field, space is isotropic, and all orientations of a
dipole have the same potential energy, which we shall arbitrarily set to
zero. Thus, in ﬁhis ensemble of dipoles each will be pointing in a
random direction. This gives a zero net ''magnetization'" M for the system,

where

=
"

TR (A.2)
i
The energy, El, of a magnetic dipole in the presence of any external
magnetic field H is

E = —E . g' (A.B)

. . th . .
As different orientations of the 1~ dipole now correspond to different

. . i
~energies, there will be a torque 1~ such that

st =t xH (A.4)

Equations (A.3) and (A.4) supply all the dynamic information concerning
the interaction by any type of magnetic field on our system of dipoles.
For instance, the equation of motion of the dipole El is obtainable from

(A.4) and (A.1l) via

Lt oyt g, (A.5)

and for the entire magnetization of the system,

d
4 v= . A.6
G M- MR (4.6)




Figure A.1l.
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Let H be the static field H E. Then, by (A.3) and.(A.4),

0

i i i
= = -h = =h
E quO YSZHO wOSz’ (A.7)

i, . . i Ao .
where Sz is the projection of §1 in the k direction, and w,, the "Larmor

O’

frequency'",is defined by

(A.8)

Rewriting (A.5),"

g ) |
ac Bp T ek X Rye - a9

i , . . . , , X .
17, as a function of time, maintains its magnitude u (as u, is perpendic-

‘ular to Jl—gi,.then P Ji-u =14 12

it ac Bt > 3t Ri = 0) and precesses about k

with a constant angle at a frequency ~Wq (see Fig. A.l)f A similar
descriptioﬁ is true for the motion of the magnetization_&ector M. As
mentidned before, a fandom system of dipoles has no net magnetization.
Thus, from the above, introducing a magnetic field albne cannot induce a
nonzeroc value for M. We will assume that some method exists to have an
iﬁitial value for M, e.g., in the random system of dipoles:described
.befofe there exists a way to remove some dipoles pointiﬁg downward
leaving a net upward nonzero magnetization. Then, when H is turned on,
the magnitude of this magnetization will be preserved. (In actual NMR,
an initial magnetization is obtained by the interaction of the individual
dipoles with the surrounding temperature bath; once different orienta-

tions of the dipoles correspond to different energies.)

Rotating Frame and Adiabatic Processes. Unraveling the motion of a

dipole of the system's magnetization in more complicated magnetic fields

268



.is greatly aided by the use of a rotating coordinate system or frame.

Say that the axes of a coordinate system x',y',z' with direction vectors

soA

i', j', and k', are rotating at a frequency { relative to the fixed

~

world. - Then,

1

' =Q><3',etc. (A.10)

W

4
’ dte

>

'=AQ)(.
~

>

4

dt
Let F(t) be an arbitrary vector function of time defined in the x',y',2'
coordinate system. Then the time derivative of E(t) as seen in the fixed

world, dF(t)/dt, will have contributions from both the change in F(t)

within the rotating system,

dF dF , - dF
SE(E) _ &y _x' 2y y' ~y Tzt .
il S ve +3 P + k It | (A.11D)

E_E A.12
———6—t.+§2x£- . (' )

.o ' - I . i,
As a specific example, consider measuring a dipole moment p~ in the

- static magnetic field H 2, within a frame rotating at § relative to the

0

inertial frame. The derivative in Equation (A.9) is for an inertial

frame, so, combining (A.9) and (A.12), we obtain

d 1 A i & i i

Tat T 7Y

or, with rearrangement,

.§E._-= oo ~ o1 ‘ '
B = (Qrugh) x p @y

Ifyg = 0, our frame x',y',z' is really stationary, and one observes gi
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Figure A.2. Dipole in a magﬁetic field.

a) Inertial Frame

XBL 829-11404

Figure A.3. Dipole in a slowly rotating magnetic field. (Rotating
: frame reference with the fixed axis along the rotation
axis z' and the field along x'.)
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. precessing at frequency 4wo.

from which we are viewing. We will confine @ to be parallel to E, i.e.,

Now begiﬁ rotating the coordinate. system

Q= QE, so that

1

St

_ ‘ i '
From our frame one would then observe u~ precessing at a frequency
_-(mo+-Q), different from that in the inertial frame. 1In fact, one would
. i . . .
believe that y~ was precessing at a different frequency because it was

experiencing an effective magnetic field

" ,
0,81 I
= (— —_ = + 2 .
H ¢ (Y + Y) k= (8, Y)1~< | (A.15)
rather than HOE alone. If we had conveniently chosen { = ~8go then Eeff

would be zero, and, from (A.13) Sgi/ﬁt would also be zero. That is, if
one were rotating with the dipole at its frequenéy, it would appear
stationary.

As another use of the rotating frame method, consider a fiéld §0

that is almost static, except that it is "slowly" changing its direction.

We are interested in. its effect on a net magnetization M. '"Slowly'" means
that if EO is rotating at an angular frequency Qs then w_ << wo,-i.e.,
that EO is changing direction at an angular velocity much less than the

Larmor angular veldcity of the magnetization vector. Let EO start along

~

the x axis in the inertial system and continue to rotate about k. We

~

now choose a coordinaté system rotating about k at frequency w_, SO

that gO

Equation (A.13),

appears fixed in the x' direction. (Refer td'Fig.'A.3.) By

% = -(o k'+ul") x M. (A.16)

5 o i |
E = =@tuk xp (A.14)
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Instead of precessing about H i', M precesses about the effective magnetic

0
field
w_ o
= ‘A _—
Bopr = Bod' + -k (A.17)
. , -1 ' '
which is at an angle 6 = tan wr/yHO to Hy. If w_ << yH,, though, 8

will ‘be very small, so that M will remain at nearly a constant angle

with respect to H i'.- In the inertial frame this means that the pro-

0

jection of M onto H, will remain essentially constant as H. changes

0

direction. If M were initially parallel to H

0

0° it essentially remains

~so. A process such as this, where H, changes slowly enough so that M

0

can follow it is known as an "adiabatic" change.

Addition of an Alternating Field. Typically, in an experiment,

when one adds an alternating magnetic (or, in the case of MBER, electric)

field to a system, it is in the linearly polarized form

B (8) = iH_ cos(wt). | (A.18)

For reasons that will become apparent, it is convenient to mathematically

decompose this to right and left circularly polarized waves

CH (8) = Hp () + H o (6) =
B, . X B . X
=5 (i coswt+ j sinwt) + == (i coswt=-j sinwt), (A.19)

2
corresponding to magnetic fields rotating about the k direction at

frequencies w and -w, respectively. If, in an experiment, one has a

static magnetic field H, along E so that dipoles are precessing at a

0

frequency Wy = -yH, about E, intuition may suggest that a magnetic field

0
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rotating at a frequency near ~4g will have a greater effect on these

dipoles than one rotating near +w0. For this reason, we will temporarily

ignore the ER(t) part of (A.19), and take as our full magnetic.field

0 + gl(t) ='H g + Hl(i coswt - 3 sinwt), (A.20)

g(t)_= H 0

* where typically'Hl << HO.’ From (A.5) we then have the equation of

‘motion of an individual dipolé:

%% - % Tt E (0]
='_(gw04-iwl cost-—iml sinwt) x E j : ,(A'Zl)
where
v, = YH. o (A.22)

Now we will pick a rotating frame, with a stationary axis, z',
coincident with the direction of go(ﬁ) and with an x' axis that follows
gl(t). As already discussed, El(t) rotates at a frequency -w about E.

Thus, in the context of (A.13), Q = —wg, and

éR:_ - A' ':'
St [(mO wk' + w i 1 xy ‘ (A.23)
=R VB (A.24)
where
=l _2 A‘Y 2 t | . |
Bege = W= Pk’ + B30 | (4.25)

Picture our y precessing about go in a frame rotating at -wk before

the alternating field El(t) is turned on. From this point of view it
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appears that | sees an effective field of (HO - %JE, as it precesses at
-(wo-w) about E. If we then suddenly turn on the alternating field
gl(t) in the inertial world, y will instantaneously see Boge (A.25).

This is what y will now precess about in the rotating frame, at a

frequency

-w)2+w2

= -/ :
war = VIBgel = Y0y 1 (4.26)
Referring to Figure A.4a, which shows a rotating frame where w < Wy>

assume L started in its lowest energy direction oriented along the z'

axis when ﬁl(t) was turned on. U then precesses along a cone about Eeff'

As long as gl(t) is on, energy is being periodically absorbed and re-

turned by u as its orientation with respect to H., changes. If gl(t) is

0

left on only for a time T, E'will have precessed about the cone an angle

of ¢ = w T, with a net change in energy with regard to the static

eff

field H, alone (unless w__.T = 2nm). With gl(t) turned off, y will be

0 eff

left at an angle(xto;go(Fig. A.4b), and will then precess about go main-

taining this angle. In Figure A.5, w = W

axis, it remains motionless untilvgl(t) is turned on. Now Eeff = Hl

and y will precess about the x' axis, normal to the direction of EO' If

If y starts along the z'

¥
bd

>

El(t) is now turned off at time T, such that ¢ = yH,©t =7 (a so-called

1
T or 180° pulse), 1 would be left fully inverted from its initial direc-
tion. Given a 7/2 pulse instead, y would be left perpendicular to the
z' axis, aléng v'.

In an inertial frame, the motion of y due to H(t) will be the pre-
cession ﬁf the preceding paragraph plus the motion of our rotating frame.

In the static field EO’ g defined a cone of precession about the z axis,

with the éngle a between u and E fixed. Now one suddenly turns on an
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a) Dipole precession in the presence of the alternating
field H, for time .

b) Precession after alternating field pulse: -
: XBL 829-11418

- Figure A.4.  Precession of a dipole during and after an alternating
, field pulse (H,(wt)) in the presence of a static field
(H. k) viewed from a frame rotating at the alternating
" field frequency (w). '



a) = 'pulse

m/2 pulse

b)

Figure A.S5.
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F-(T= 7r/2w|) N

-—XI

L

XBL 829-11417

Dipole precession during a resonant (w=uw,)
alternating field pulse.
frame rotating at w,.

Viewed from a
0
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c) w/4(7m/4) pulse d) w/2(37/2) pulse

e) 37w/4(57/4) pulse ~ f) 7 pulse
: | ' : XBL 829-11405

Figure A.6. Dipole precession after .a resonant pulse.
(Inertial frame).



alternating field, as in (A.20), where H1 << HO' If the rotating fre-

quency is at resonance, i.e., w = Wy = YHO, the dipole sees it as

stationary, and slowly precesses about it-as it rapidly precesses. about

A

k. As in Figure A.6, one would see the cone defined by the motion of p

gradually open. If y began parallel to H

o° as time progressed the pre-

cession cone would open from a line to a disc in the x~-y plane (a=7/2).
It would fhen start'closing in the opposite direction and eventﬁally
collapse to a line pointing antipafallel HO' If the resonant alternating
field is turned off now (at o = n),_g would be left pointing in the
opposite direction from where it began. If the field were left bn, the
line would again'opén to a cone, back to the disc, and eventually back

to its initial line (a = 2mw). The.frequency of this periodic motion is

w Now suppose‘w is slightly less than w

= yH Again, u will start

0

while it. continues its much more rapid precession

1 1’

to precess about El

about H However, H, does not "keep up" with the rapid precession of

0’ 1

g at Wy The cone associated with y will continue to open (i.e., o

- will increase) until H. has slipped totally out of phase with . The

1
torque acting on u will have gradually decreased to zero only to begin
to increase in the opposite direction. The cone begins to close, before
it has been able to fully invert (i.e., o never gets to m). The further
off resonance w is, the less ﬁhe cone will open before it will begin to

close, as El goes out of phase with y sooner. The frequency for this

periodic motion is given by (A.26).

Energy Absorption and Rabi's Formula. Assume once again, that uy is

parallel to EO before the alternating field El(t) is turned on. The
energy of this dipole is at a minimum in this direction, given, by (A.3),

as

278



279

= I--sinze(l -cosP)
. 2p 24
=1-2sin“8sin“¢/2

XBL 829-11406

Figure A.7. Geometric determination for 'cosa" in the Rabi
equation.



E(t=0) = -uH

280
0

If gl(t) is then turned on for a time 7, y will be left precessing about
go at some angle o, with a potential energy

E(t=‘F) = -y .EO = -uHOcosa. (A.27)
The energy absorbed from gl(t) is then
o AE = pHO(l- cosa). | (A.28)
The value of cosa as a funqtion of wys W

1

, w(from-(A.23)) and T can

be calculated geometrically. As in Figure A.4, in the rotating frame
and ‘in the presence of El(t) 1L precesses aboutvge

£ at an angle
$ = Wagg

' 2 2
T = /(wo—w) +w1‘r
if El(t) is left on for time t. H
where

(4.29)
eff

i~

itself is at an angle 8 to k',

(A.30)
. A geometric proof is sketched out in Figure A.7, ending with the result

cosa =

1-2 sin®esin’

% .
> (A.31)
Keep in mind that the plane of the circle described by the tip of p is
perpendicular to Heff' Combining Equations (A.28) - (A.31) gives
w2 }
3
AE = 2uH sin®[ W2+ (. - w)?) 7.
0 2 1 0 2
wl+(w0—w)

(A.32)
A transition of y going from parallel to antiparallel with respect to EO



corresponds to a ''full transition"_and the maximum possible energy change

(A.33)

AEmax = ZUH

0

The fraction‘P of a full-trénsition,from‘a pﬁlse of a field like gl(t)

is then ) :
! : - S
. AR ‘”i 2., 2. 2% o "
P= = sin"[(w]+ (wy-w)7) - 51, - (A.34) -
, ~ AE A 2 i 1 0 27 .
max wl+(w0-w)

the Rabi formula. In essence, the Rabi formula as a function of w has
an oscillatory factor and a.'Lorentzian" factor that serves as an
envelope for the oséillation, centered at Wy

The Rabi Spectrum. In the type of experiment to be discussed here,

an ensemble of particles each with a magnetic dipole moment is given a

net magnetization M that is initially in the direction of a static mag-

A

netic field HOE. In a given experiment, an alternating field of the form

§l(t) = Hl(coswti-?sinwtj) of fixed amplitude H, K and variable frequency

1
w is turned on for a fixed timevr. A spectrum heré will consist of a
plot of the function P of (A.34> as a function §f w, for fixed w0(=yHO),
m1(=yHl << wo) and t. This plot Qill then be propoftional to the amount
of energy absorbed by the ensemble from El(t) as a funcﬁion of w. In a
quéﬁtum mechanical éense, as will be described with more detail in the
followiﬁg section, it'also cbrresﬁohds td the probability ofta dipole u
in the ensemble undergoiné a full transition (i.e., from poiﬁtiﬁg essen—
tially parallel to the.sﬁatic field to poiﬁting antiparallel).

In a first experiment, w “and T, are picked so that ¢(as defined in

1
0 A sample spectrum for this is

(A.29)) is equal to 7 for w, =W
sketched in Figure A.8; Figure A.9 represents rotating frame views for
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Figure A.8.

Figure A.9.

Rabi spectrum for a 7 pulse of resonance.

Dipole precessions caused by pulses of various frequencies
w (referred from Fig. A.8), viewed in frames rotating at
the resonant frequency, Wy«



P ()

-

P

XBL 829-11558

Figure A9
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four different frequencies w parpiculérly marked in Figure A.8. 1In case

o, W is at the resonance frequency Wy- By the condition set here for Wy

and 1, this corresponds to a ™ pulse as described previously and as

'

indicated at point.'a' in Figure A.9-a. As this involves the total in-

version of M, it corresponds to the maximum possible absorbed energy,

1] 1]

on the spectrum in Figure A.8. 1In case B,

In Figure A.9-8, Ez

and is indicated by point 'a

w i1s reduced: wB = wo

direction and lengthened. As a result, the precession rate w

- w £f (A.25) has changed

1°

for M
. eff ~
has increased, so that M precesses further around its cone than in case

~

@, to point 'a' in Figure A.9-8. Two effects have reduced the amount of

transitions and the absorption of energy here. TFirst, even if 1 were
changed so that M were allowed a maximum change in case B (corresponding
to point b in Figure A;Q—B), this would stili ﬁot be a full transition,
for the physical reasons discussed in the previous section. Secondly,
what was a 7 pulse for case a is greater than a 7 pulse for B, and the
amount of net energy absorbed is fﬁrther feduced; as indicated by point

8 in Figure A.8. As w is further reduced from w,, the precession cone

B’

of M in the rotating frame becomes narrower, and M will wrap further

around (as |H increases), until at a particular w, M has experienced

eff|

a full 27 pulse from Ta and no net transition has occurred. This point
on Figdre A.8a corresponds to the first node to the left of wo. I111lus-

trated in Fig. A.9~y, is the case for some Wy < wO-Zw. Here ¢ >2m, and

the amount of energy absorbed begins to increase again. For a slightly
smaller w, T will correspond to a 37 pulse, giving the first maximum to

the left of W in Figure A.8a. This pattern continues to the left with

a series of nodes and maxima, with the décreasing maxima related to the

narrowing of the precession cones. As an example for w > Wgo consider




W
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S

=W, + 0y in Figure A.9-5, and compare it to'Figure A.9-8. With He

ff
pointing in a negative direction with respect to the z axis, M precesses
 (in the reverse direction) about a cone that is the mirror image with
‘respect to the y'-z' plane of that in case B, resulting in the same net

amount of energy absorption as with 8. An extension of this should

indicate that spectrum 'a' should be symmetric about w

0
Simulated spectra for other values of Wyt are given in Figure A.10.

If Wyt > 7, then at no frequency w can a 7 pulse be experienced. When

wyT = 21, a node occurs at w = Wg» and maxima will occur close to those

frequencies w where 37 pulses are being experienced (close, because the

slightly). As wit

until they again

Lorentzian envelope will shift these maxima toward ¥y

is further increased, the two maxima will "approach" Wy

appear to merge, and there is once again a maximum at w The second

0
derivative of P at Wy from (A.34),
2 Wy T fw T. wyT wyT
_d__P_(z.ﬂ.)_ = % sin. ; ( ]2' cos ; - sin —%—) s (A.35)
do w=w wl
0
changes sign at W T = 2nm for n an integer, and when Wy %-= tan(w1 %D,

indicating that a spectrum will have a local maximum at 0y for

0 < wyT < 2w, ~2.897 < wir < 47, ~4.9171 < w,T < 6T, 95_3;. Nodes, in

+
general, occur at frequencies W, where

1

- (=) 17 (A.36) -

S W, T .
for n an integer > TR The magnitude of the pulses corresponding to

the nodes in Figure A.10 are indicated. Finally, note that for wiT =
(2n+l)T, as n increases, the relative heights of the maxima not at Wy

increase and the peaks become closer.



|
e

a) 7/4 pulse (rw|=7r/4)

d) 1.6 pulse

g) 37 pulse

Figure A.10.

b) /2 pulse

h) 57 pulse

¢) 7 pulse

-

i) 137 pulse
XBL 829-11545

Rabi spectra 4t various pulse lengths.
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2. A Quantum Mechanic Derivation of Rabi's Formula

We will be considering here a very general two level system inter-

acting with a permanent, time independent Hamiltonian ¥°, and, for a

287

finite time, a time dependent perturbation #'(t). Though this description.

’is_nqt specifically for the case of magnetic resonance on spin systems,:
parallels with the'classical descriﬁtion of the previous section>will
occasionally be made'for clarity. - The factvthat most real systems,
particularly in an MBER experiment, have more than tﬁo leVele will be
addressed later.

Before the pefturbation ' (t) is turned on,vtﬁe system can be
described by one of fwo stationary states which are represented by eigen-

functions (|a> and |B>) of the static Hamiltoﬁian e

ﬁ°!a> Ea|a>

e |8 Eg|8>, (A.37)

where E, and E, are the associated eigenvalues (energies) of |o> and |8>

8 )
respectively.
The time dependent perturbation ﬁ'(t) will be defined by its effect

on |a> and [B> by

W ,e-imt|8>

jf"(t) [a)

" and

X (e)|g> = w

* eth[a> . ’ (A.38)

This operator is a general qﬁantum mechanical description of an
oscillatory (at frequency w) interaction between two states. It is

Hermitian, as it should be.  Diagonal terms are not expressed here, but
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in what follows, Ea.and EB can be redefined to include them. Finally,

note the similarity of the matrix element

-iwt , .
We = W(coswt - 1 sinwt)

to the classical time dependent interaction gl(t) of the last section
in Equation (A.20).

Combining (A.37) and (A.38), with = R o+ ﬁ"(t), we have

() o> = E |o> + W e 10t g
ff(vt) |g> = W e’+iwt|o¢> + EBVIB> (A.39)
or, in matrix form,
]q> Ea We-iwt [a>
X(t) - = O L 8> (4.40)

Clearly Ia> and |8> are no longer eigenstates 9f ﬂ(t). A particular

eigenstaté of ﬁ(t); which will be referred to as lw(t)>, should be time
dependent as is ﬁ(t).' Since la> and |B> form a éomplete basis set for
all péssible states, [W(t)> can be expressed as a linear coﬁbination of

them, with time dependent_coefficients:
[0 (e)> = a,(©) o> + a () [8>. (A.41)

We will stop here to give motivation té what follows. Assume that
before ' (t) was turned on our system was pﬁrely descriﬁed by the state
la>. This can be interpreted in either of two ways. One could say that
there is one element in our system which generally has a certain prob-
ability of being either in the ]a> state or in the |B> state, but that

before the interaction was turned on it was measured and found to be |a>.




Oﬁ the'oﬁher hand,‘one can talk of an ehsemble_of.elements all.initially
in theb|e> sﬁete. When'i"(t) is turned on,-]a> is no longer a stationary
stete. Lw(t)> is oﬁe now.. As time procee&s, [w(t)> will consist of |
varyingvmiﬁtures of fhe states |a> and [8>. When ' (e) is‘turned off at’
time T, [a> and 18> again beeome stationary states, The description of ,

the system is no longer |a>, but
.]1].)(‘!.')> = a_()]o> + ag(1)[8>.

From elementary quantum mechanics, the probability P of our one element
system beihg measured and found to be in state |B>, as the fraction of

our many element system found to be in IB>, will be
% v
P = aB(T)aB(T) v (A.42)

In other words, P will be the probability of a transition from [a> to
|B>, and to find P we need to find aB(t).
. The time dependent coefficients ofv(A.Al) are found by solving the

differential equation

i & eee)s = o (o). ' | (A.43)
Using (A.41) for |y(t)> and (A.39)?

L4 Ld
ih 5o aa(t)|oc> + dh o as(t)lB>

aa(t)ﬁ1u> + gs(t)ﬁ|3>

iwt

) o>

(3, ()E, + eB(t)W* e

iwt

+

(ad(t)wfe’ + aB(t)EB)lsé?
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As [a> and IB> are linearly independent, their coefficients can be

collected and set to zero, giving

. - * ipt

ih I aa(t) = Eaaa(t) + W e aB(t)

| _ -iwt

ih it as(t) =We aa(t) + EBaB(t)' : (A.44)

It is convenient here to make a function substitution so that we will be
solving a pair of coupled differential equations without time dependent

coefficients. The function substitution

eiwt/.'Z au'(t)

bu(t)

bo(0) = 2 4 (o) | (4.45)
is related to the use of a rotating frame in the classical example.

Making the appropriate substitutions in (A.44) gives

.. d _ hw *

ih i bor.(t) = (E‘?‘ - —2) ba(t) + W bB(t)

i L b () = (B +29 b (e) + Wb () (A.46)
dt "B B 2 R o :

or, in matrix form,

4 ba(t) E -5 W ba(t)
dt ih | -

bB(t) %) EB 4"Er bS(t) | (A.47)

In general, the solution to a differential equation like the above

is

—AC et +ac e, (A.48)
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: . b
where K+nand A_-are the eigenvalues of 3 Q+
eigenvectdrs; and A+ and A_, constants to be determined by initial condi-

tions. - The eigenvalues of gb, the matrix of Equation (A.47), are

S o 2
. .1 Ea.+E8 _+\/Ea EB w . lez
+  ih 2. T 2

CE | . .
= In o B (A.49)
with corresponding eigenvectors
cosC%) e_ld)/2
C =
o : .
4sin(g) e_l¢/2
2
and.
sin(%) e1¢/2
c_= . _
cos(%) em/2 , (A.50)
where
-1 2w '
8 = tan (A.51)
(Ea-EB—ﬁw)
and

i¢ _ W
e ' = T;ﬂ- . , (A.52)

Now using Equations (A.48-A.50) and (A.45), we can write the func-

tions ad(t) and as(t)ﬁ

E+. _

aa(t) = A+ cos(%) e_l¢/2 e—lt(?r'+ w)
. ‘ o : e
16/2 e'ltgh_ +w)

+asin) e (A.53)

continued
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and C_, their corresponding



aB(t) = —A+ sin(%) e

+ A cos(%) e

To determine A+ and A_ we use
‘namely, that at t=0 when the

totally described by [a>, i.e.

a,(0) =1 and a,(0) = 0. (A.54)
From (A.53) this gives
o ie/2 6.
A+ = e gos(z)
A= Ml (A.55)
and
E+ E_
-it(5— + w) “it(e + w)
(t) = cos’&) n ) h
~a (t) =cos () e sin"(3) e
E, E_
9 5 —itGﬁ——<n) —it(?r--'w)
a (t) = sin(x)cos(H)}-e - + e , (A.56)
B 2 2
Finally, the probability P of a transition from |a> to |8> at time

1, by (A.42) and (A.56), is

P

|ag ()|

. 2 ,
sin 6 sin

sin (z)cos kz) 2-e

E -E
52

E
+
. ~it(— + w)
-i¢/2 o h
E

. —it(— - w)
i$/2 o h

the initial conditions described previously,
interaction is turned on, our system is

2

E+—E

h

g

it -it

E,-F_
f

r -z (A.57)

and by substitution with (A.51) and (A.49),
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1
%

P=— | 2] 5 sin (| + @ E 0 Lh (a5
| 2W| “+(E -E_-hw)® S
a B
If one makes the simple identification of
w = 2wl | (A.59)
and
wy = (E ~Eg)/h, (A.60)

one reobtains the Rabi formula of Equation (A.34).

3. MBER and Rabi's Formula

Classical View of MBER versus Magnetic Resonance. The parallels

between an electric resonance experiment and the magnetic resonance experi-

ment described in this appendix are easily noted. Once again we have

molecules with angular momentum J, and now an electric dipole moment yu

E
which, for linear molecules, points along the direction of the inter-
atomic bonds. Note, this is not along the direction ofvg. The Stark
interaction in an electrostatic field E is’

E = g ° E, , (A.61)

similar to Equation (A.3). 1In the A field of our apparatus, molecules -
with parﬁicular dipolar (or rotational) orientations_are séleEted so
that the beam entering the C field has a net polarization as contrasted
to a cerfain magﬁetization established in magnetic resonance. In the
presence of a static_field the beam also experiences an alternating

electric field within the C region,

E'(t) = ERF coswt i, | (A.62)



294

simiiar to the effect in Equation (A.18), for a period 1 equal to the
amount of time that an individual molecule remains in thatvfield. Upon
leaving the C field, a net chgnge in the beam's polarization is then
detected by use of the B field and massvépectfometer.

The problem.in a classical description>of the Stark effect arises
partly from the fact that a linear molecule has no zero field electric
dipole moment in the‘laboratory frame due to ‘its rofation about an axis
perpendicular to the molecular axié._ As discussed in Chapter I1I, |
however, in the presence of an electric field the rotof's motion will be
perturbed, causing the creation éf a net effective dipole moment Bogs in

the laboratory frame, and

~

E = “Rege E. .(A.63)

Classically it can be shown that the component of Eogs in the direction
of E is

A

_ 12
Begg " K= ¥

(0?2 1E(3cos?e-1) O (AL64)
whereypy is the moleéule's dipole magnitude in a frame rotating with it;
'I', the molecule's moment of inertia; £, the magnitude of the stationary
"field; and 6, the>angle that the molecule's axis of rotation makeé with
E, thevdirectionﬂof g.v |

In tﬁe magnétic resonance picture,:gm was proportional to a particle's
angular momentum, S. In addition, the magnitude of Ky in a magnetic field
was constant (via Equaﬁion (A.4) and its accompanying discussion), so

that the magnitude of § was also fixed. For the Stark effect, the equa-

tion of motion is




daJ
T =

e T Merr ¥ B (4.65)

Comparing to Equation (A.4), a big difference is that J is not parallel
to Eéff' The arguments following (A.4) are not applicable here. The
torque acting on J is not perpendicular to J, so that the magnitudevof J

is not a constant of motion. The previous discussion of a rotating

linear dipole in an electrdstatic field already characterized the rotor's

- motion with changes in angular frequency, so that it is no real surprise
now to see again that ]gl is not fixed. If E is static, we have from

Equation (A.65)

a7 A
Y E-0=-L @b, (A.66)

so that the projection of J onto E, Jz, is a constant of the motion. In
a stationary frame J is roughly confined to a solid cone about the k
axis. To -.come up with a rotating frame to follow the precession of J is

now obviously quite difficult.

Quantum Mechanical View of the Stark Effect. The justification for

using Rabi's formula for electric resonance transitions is inherent in
the generality of our quantum derivation of the formula. A detailed
derivation of the W and Wy

effect is presented in Chapter IV. Arguing very'heuristically here, in

coefficients of Equation (A.34) for the Stark

the C field two states are ''connected" by the oscillatory field. By
- Equation (A.63) and (A.61), the energies of these states in the presence
of an electrostatlcvfield EDC will be proportional to ]Eeffligncl’:so
that the energy difference in Equation (A.59) should generally look like
2.2
. CwEge
a B B

£(I,,M 535, M) (A.67)
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where £ is a function of the rotational properties of the two states and
B « 1/I is the rotational constant. In the presence of an oscillatory

field ERF(t), the frequency of the precession between the states (similar

to w; in the classical magnetic resonance case, and !Wl in the quantum
argument) should be proportional to “Hogs gRF’ or
2
wE.E
_ " "DCRF
W= —a f(J Mg, B,X), | (A.68)

where f'ié dependent on the states' rotational. properties and the relative
orientation of EDC and ERF

The justification for treating electric resonance transitions in a
two level sense is seen in the resultant Rabi formula (A.58). 1If one
initially has a single state Iaa>, and if the energies separating all
other states ‘aa'> from !aa>, (Ea,—Ea), are significantly greater than

their corresponding connecting matrix elements Waa,(=<a |a >),

|i-Exp
only those particular states Iaa"> where (Ea”-Ea)/h is approximately
within !waa"l/h of the exciting frequency W will interact. In general,
the ratio of elements waa' to state energies Ea',_from (A.67) and (A.68),

is

ERF

~E c. (A.69)

le

In our experimeﬁts, € generally ranges from 0.0l to 0.1. Rabi's formula
will break down at w such that Ea + hw is within chw of more than one
other state. With one important exception,lthis generally does not
happenvfor molééules Qithout nuclear spin, like 0CS, but ﬁeeds to be
worried about when nuclear spin couplings can cfeate states of relatively

close energies.
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The impértant exception mentibned abové.is the caée_of a rotational
state lJ,M==O> interacﬁing with the étates [J, M= *1>, as these latter
staﬁes are degenerate in the Stark effect. This system should be

‘considered as a thfee—leﬁel'system. The parallel equation to (A.40) for

this system can be shown to be

|+1> | Ey W e+i‘*"t 0 |+1>
o * — ' . L
() lo>{=| we iwt Eo —wetiwt 10> (A.70)
* _'
|"l> _ 0 .. =W e lwt El l_.]_>

where the inherent symmetry and degeneracy between the states |+l> and

-

I—l> give the simple structure of the matrix . This system is, in fact,
easily transformed to a two level system of a staﬁé?§? (lfl> + |-1>)
interacting with IO>, and the orthogonal state-%? ([+l> - ]41>) not
interacting at all. The resulting form of Rabi's formula for a transi-

tion out of |O> to either |+> or ]—> becomes

1
2

_
(2/2W) sinz{((ZiffW)2+(El—EO—-hw)z) Iy,

P + P = >
(2Y2W) +(E1—E0-hw)

0-+1 0-~1

(A.71)

where, compared to (A.58), W has been simply replaced by V2W, reflecting
" that [O> has two different states it can turn to, so that the transition

rate has increased.

Other Possible Distortions to the MBER Speétrum. There is a‘question

of whether a molecule leaving the A field state-selected, but in regards

297

to a particularly oriented static field EA’ maintains its orientation with

regards to the static C field, EDC' If the change in field occurs slowly
~enough, one can treat the problem in a similar manner as the rotating

magnetic field and Equations (A.16). For the process to be "adiabatic"
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there it was necessary that the Larmor frequenéy d be significantly greater

than the frequency of field rotation w_- Here, typically,

2. 2
o ~ 0 UE"‘>1o7e‘l
0~ h 2B sec
whereas
1 4 -1
O ~ R~ 10 sec 7,

" where At 1s the transit time while the field rotation is occurring.
Thus, it is evident that molecules traveling from the A field to the B
field do so largely adiabatically.

- The neglect of spontaneoqs emissions in the transition fieid or later
is justified by the small magnitude of the transition freqﬁencies

involved. The Einstein transition rate for spontaneous emission is

3
af

3hc3

qw

AL = <alile>?, - (A.72)

oB

where w is the tramsition frequency. For w on the order of 1 MHz,

B aB
- -37 -
and <a[g|8> typically on the order ofEbC_X].cm/V-sec, A~ 10 sec l.

a8
As a molecule is only in the experiment for ~10“3 sec, spontaneous
emission is not very likely.

Avtypical time dependent electric field is of the form of Equation
(A.62), and not circularly polarized as was El(t) in (A.ZO). The treat-
ment for magnetic resonance involved the decomposition of a linearly
polarized oscillatory field into two circularly polarized fields,
followed by the treatment of only the part rotating with the dipoles.

There are two effects to note. The first is that only half of the

amplitude of the linearly polarized field is effective in causing the
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desired transitions (Eq. (A.19)). The second, more subtle effect is
caused by the presence of the circular component rotating in the wrong

direction. It can be shown that this will shift the apparent resonant

l b

frequency from the true wy to the value, correct to first order in w

given by2

T T S S B (A.73)

A =X Tl - C(A.74)

where ¢ is defined in Equation (A.69). For experiments where EDC'N

1000 V/cm and‘ERF ~ 10 V/em, this corrgsponds to an error in Wy

determination of 0.01%, or about 1 kHz for a typical AJ= 0 transition.
Rabi's formula applies to systems where all elements aré exposed

ta,an oscillatory fieid for fhe same time T. The FWHM of Equation (A.34)

for wlr = 71 can be shown to be

Aw, = 1;6 m/T. ) (A.75)

1
3

The C field is about 15 cm long, a typical velocity is about 5 X lOA

vcm/sec;‘hence T isvaboutb3 8 10_4 sec, giving Am%~'2.7 kHz. in a real
expériment, molecules'are-charéctefized by Varying-velocities,”giving
varying values of exposure times T in the C field. A broad distribution
ofvris would’waéh out'the Rabi modulation in a spectrum, leaving just
the some&hat broadened Lorentzian envelope. A narrower distribution

would give broadened oscillations. These effects are discussed in more
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_detéil in Chépter IV. Doppler broadening is a much smaller effect and
will not be considered here.
A final cause for line broadening is inhomogeneities in the static
C field. The applied oscillatory field is easily controlled in frequency
to much less than 1 kHz. As transition frequencies are proportional.to
?éc, a width‘oflfield strengths of EDCG‘will lead to a width of transi-
4

. . A 2 . . - » -
tion intensities of ~2ED From diffraction tests, § ~ 10 ,

C6.

contributing an additional broadening term of 2 kHz for a transition

near 10 MHz.
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APPENDIX II
The Computer Programs W. vs € and TWOSPIN

Program W. vs E is written in BASIC and designed for
the ‘use by a PET computer and HP plotter-printer. A
listing fdf this follows. W. vs E calculates the state
energies of a linear molecule with nuclear spins as a
function of external electric field strength and plots
out the resultant adiabatic curves (e.g., Fig. 4.3). It
diagonalizes a.Hamiltonian matrix expressed in a strong
field basis representation and includes the Stark inter-
action as a second and fourth order perturbation to the
diagongl elements (i.e., it'maintains‘J as a good quantum
number). Program TWOSPIN is listed oﬁ the microfiche
appended to this thesis (see the aﬁpendix to Chapter III).
It calculates transition frequencies and strengths for
linear polar molecuies with nuclear spins, again using a
strong field basis, but not prediagonalizing in the J
quéntum number. Both of these programs were based on
routinesvdeveloped by the»W. Klemperer group at Harvard

University.
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100 Ti=Q112=0 =0Q:Z4=0: T6=Cy ZT7=0: 28=0:1 29=0: 20=0

110 BIM RIES5,25),2(25.Z23) :

120 LiM MIZI5.4) .M ;_).h(‘a) JE(ZSY ,EM(IE)

125 oIM "125,24) EC(25:

120 BEM FROGREAM W.VES.E....C CULAT AND. PLOTES ZNERGBY
31 REM QF RDTQTIDhQL STATES AZ A =JN:TICN CF ELECTRIC
T2 REM FIELD STRENMGTH L..... HENRY ...7/22/73¢

1258 INPUTYRD VOU WIsH TARLES ON SCREEN OR FRINTER "jA%

137 IF As="FRINTER" THEN 15Q

140 OFPEN 201,3:5070 153

150 OPEN 201,4,.1

1S5 CPEN 202,12  :0PEN 203,13

160 FRINT“EXCEFT FOR I, EM*EQ THE FOLLOWING FARAMETERS "
1461 PRINTYIN UNITS OF KILOHERTZ.

17¢ FOR I=1T¢ L..RINT“T":I..IMFJTI’I)'rRTNT” ol
175 INPUT GE(IY: PRIMT"CA“;I; : INPUT CaA(I) :p
18¢ READSA(1),.JS(17,84(2),J8(2)

190 REM DATA FOR CL-F

200 REM DATA 2.556,1.074,Q,0

205 DATA £,0,0,% ,
210 INPUTHDIPCLE MOMEMT (DEBRYE) " iMU: INFUTROT. CONSTANT(MHI.)";RQ
220 MO=MU: MU= (, SOTA8EMU ~2/B0O/2: MS=MU~2/80/2

25¢ FRINT"DO YCU WANT TO RUN FCOR ALL FPOSSISLE

255 INFUT"M-SUBE-F’S FOR THE GIVEN J%;A$

SQO INPUT“MINIMUM FIELD (VOLTS/CM.)“;EA: INFUT"MAXIMUM FIELD";EZ
510 INFUT"NUMBER OF FIELD IMCREMENTS";EI

520 ER=EA:EY=EZ:EJ=(EY~ER)/EI:EE=EA

S40 CMDZQ1:GOSUR 8460: PRINTH201 : —
S50 CMDZ203:G0SUR 84460: PFINT#EOZ _

&Q0 TNPHT"LDAEST ANTICIPATED ENERGY(KHZ)"-ZL -
605 IMPUT"HIGHEST ENERGY";ZH

1090 REM

1001 REM :

12¢0 REM GETS °J° AND "MF’...FINDS ALL STATES WITHIN

1205 REM THAT MANMIFOL -

1280 INPUT"J";JJ:J2=2¥JJ:IFJJ(OTHEN END

1290 FM=JJ+I(1)+I(2)+I1 (33 +1(4); MI=FM-INT(FM) : MF=MI-1

1300 GOSUR11310 ‘

1350 BOSURR0Q0

1T70 IF As{>"Y" THEM 1400

1380 MF=MF+1 : IF MF>FM THEM 1230

1390 B0TQ 1420

1400 INFUT“M-SUR~FY;MF:IF MF<Q THEN 128Q

1410 IF MFX>FM THEM 1480

1420 J=0 .

1470 FOR JS=0T0JJ:JwW=JS

. 1440 FOR JT=I(1) TO -I¢1) STEP -1

1450 MI(I)=JW:M(I, 1) =

1460 M(J,2)=MF~JW-JT

I:
T

-
5
NE
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1470 IF ABRS{M(I, 23 —IMNTIM(I, D)) =ABRS(I (D) —INTII(2)))THEN 149C
1480 PRINT"RAD M-SUR~-F":307T0 1370
1490 IF ABS{M(J.2) ) »I{2)THEN J=J~1
1500 J=Jd+1 1 NEXT - B,
1510 IF JW>0 THEN JW=-JW:507T02 144
1820 MEXT :
1530 CMD 2¢t )
1S40 NT=J-1:PRIMT"I=";JJ, "M-SUE~-F=";MF, "% CF STATES=";MNT+:
2T8C GCEUE 20L30
- 2998 FEM
2999 REM
ICCO IF EE<=£7 THEM I01C
I004 PRINT# 2::."Fw'w"-
IGe8 EE=EA : 8070 1370
JQL0 CZ:E:'thL‘lu' : E4=M3R100GLEE"S
3020 FHINT%ZOI,“ELECTRIC FIELD=“EZ" VOLTS/THM  “;
I0TS FPRINTH2GL, " (MUN2UE~2/RO/2="E2"KHI) "LISTRS2
IOTD EBOSURIL1CO ,
3100 FORI=OTONT:MI=ABRS(MI(I))
I11G FOR K=0 TO NT
I120 ALI, K =CUI,H)
TITO IFTIsK THEN ACI,KI=SALI,K)+SK(MI)
T140 NEXT:NEXT
TZOC N=NT: GOSUR IT1S30
. 3210 EE=EE+EJ:GOTS 3000
8000 REM
8001 REM
8200 REM ECHOING INPUT
84&02 PRINTUMUCL., I QE ca
8470 FORI=1T0O2 - _
8480 PSINT™ “Iv “I(I" "RE(I)"  “CA(IJ:NEXT
8435 PRINT"SA="SA(1};"JS="JS(1)
8490 PRINT"DIFPOLE MOMENT="MT" DERYE"
8500 FPRIMT"ROTATIONAL CONSTANT="BO" MHZ."
8520 PRIMT"LOW ELECTRIC FIELD="EA"VOLTS/CM "3
8525 PRINT“HIGH FIELD="EZ"VOLTS/CM."
8530 RETURM
8998 REM
8999 REM
Q0GO REM SET UP FOR PLOTTING
FQ0S DE=STR$(EE) :ES=STR$(EY) :F3$=8STR$ (ZH) : B$=STRS (ZL)
9010 C3=", ":PRINT#202, "IF4QQ, 500, 7500, 65CQ0; "
9020 FRINT#202, "SC"DECHSESCESTRS (ZH- (ZH—LL)Ié)C$F$"'"
Q030 FOR I=0T0&6: H$=STR$ (ZL+(ZH-ZL)XI/&)
Q040 PRINTH202, "AA"HSC$STRE ((EY-ER) /20 CEDECHESCE" 25 "
FOSQ MEXT : -
050 FOR I=0T03I: H$=STR$(ER+(EY-ER) X1/}
PN70 PRIMT#202, "YA"HSCEETRS (1000)CSGICEF$Cs" 15"
020 MNEXT

RETURN
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114328
11(‘1OQ
11:5Q0
1111G

1112G

114730
- 1113E
11140
11130
11133
111480
11172
11173
11180
1119

11200
11300
11312
1132¢
11330
11340

11zZ80

113460
20498

20710
2072G
20730
20730
207350
20760
- 20770Q
2Q780
‘20790
208040
20810
208220
20830
20849
20250
20840
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REM

REM , v

REM STARK EMERZY T2 FCURTH CORDER

SH{Q)=E4x11/135-E2/T:1IF J3=0 THEN RETURN

FCRI=0T2JJ

A= (FI+1)"2~FJ 21 (I (JF+2) "2 /7 (J2+12 /1 (JZ+5)
X=Xf(JJ+1)” F{IZ+T 3 .
Ri={({JI-1)"2-372) % (JJI 23723 /(J2-) /{(J2+ 1) A (J2-13y~3/33/733

X2=((3J+1 )“" JA“)#(J1”2—J“2)/(J2—1)/<52+‘ F(32+11 72
HK2=X2/33/33/7(3dJ+1)
AT=(1 dl*l)““—’“i)“"/(J” +Z3 2/ (J241) CRASIF1 D
K= (JF 232y "2/ (321 "2/ 32+ ~2/ 2373
A=X+A1+X2+XT+X3 ' '
S (Jr=X% 4+E‘$(444(JJ+1/—“$””)/JJ/’JJ+1)/(J2+3)/(J2—1)
MEXT
RETURN _ :
REM SETS CROEFFICIENTS FOR SCME TEREMS
FDRJ 1iTO4:CR(I) =083 (I =01 ER(J) =0 MEXT
IFJJ=0 THEM RETURN
FORJ=1TCA
JE(T/=°A¢J\/(J2 3“’(J“—1:._n<k)—”é")
ICI(J)f 1 THEN ZQ(I)=RE(J}/(J243) /743213 /7 (2% () ~2-1 () /4
NEXT: RETURN
REM
REM

- REM GEMERATES HAMILTGONIAN MATRIX IN ARRAY A7

FORI=OTONT

FORK=ITCNT

MI=MJI (1) :RO=Z4MI 22— JJ"(’J+1).IFF—T GOTR21C20 : —
FORI=1TO4:D{(I)=M{1,3)-M{,TI) t NEXT -

DJI=MI—-M3 (i) : DA=ARS (DJ)
IFD(1)=O AND D(2y=C THEML1
IFR(Z)=0 AND D(4)=0 THENL1
X=0:E0T321070
55=SS(L1):JS=38(L1):L2=2%_1:Li=L2~-1
DI1=D(L1):Mi=M(I,L1}:T1=2(L1)

D2=0({L2) sM2=M(I, L2y :I2=1(L2}:D3=ABS{(D1) :D4=D1+D2
21=EQ(L1):Q2=EQ(L2) : C1=CR(L1):C2=CR(LD
Ti=D1~24+D22+DJ"2

IFT1>8 THEMN X=0:G607T02107Q

IFT1=8 GOTO20%970

IFT1i=6 GOTO20E10

IFT1=2 GOT020330

=2
=1

G0T0ZQ710
GOTO2R710

PRINT"LEVEL LABLE ERROR"T1:END

IF DAL>2 GOTOZ0700

IF DJ<Q THEMM3=-MJ:Mi=—-M1:M2=-M2

X={(JJI-MI+1) ¥ (JI+MI % (JI-MI+2) ¥ (JI+MI-1r ¥ (T1-M1Y *x (T1+M1+1)
X=GOR (X4 (I2~-M2) 2 (I2+M2+1)) *1.5%SS: GOTO2107¢

IFDJ>.t THEM G=(JJ+MJ) % (JJ-MI+1):GOTO2083C

IFDJ<~.1 THEN G=(JJ-MI) ¥ (J3+MI+1) :6GOTOZ20710
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20870 IFDLI{C THEMN M1=—-M1:M2=-M2

-
20880 X=CAR({(I1+MI)¥X(I1-MI+1)X(I2+M2+1) ¥ (I2-M2))
20885 X=X%(JE5-58%R0)/2: 5OTO 21270
208%C IFDL1=0 THEN G=S2R(S% {I2+M2+1) 2 (IZ2-M2) ) :B0TRZ20920Q
20900 G=COR(GR (I1-+M1+1)y2(11-M1)) : EOTRZ0TEC
20910 IFDI=0 THEN G=CS@RIG# (I2-M2+1) R (IZ+M2)) (GOTCZCITO
20920 S=3RR(GF(I1-Mi+12%{I1+M1))
20970 X=8S5#G&1.3TAMIRIMS+MI-D3)+C1 4% G,L—Dl 521,35
209305 A=XE(1+28MJ¥M1+2% (M1-D1) % (MI-DJ3)
2G40 GRTCZICT7O
20950 A=SS¥6¥1.5IML & (MI+MI-DI) +C24G/ 2~02%6k1. 5
2095 X=X% (1+2¢MIEM2+2% (M2-D2Y X (MI-DJ )
3

20960 SOTOT1070 ,

C 20970¢ IFDJI40 THEN MJI=—MJ:Mi=-M1:M2=—{12

20980‘I=Dl—0 THEN Q1=02:M1=MZ:I1=12 :

20990 X=(JI+MI) ¥ (JI-MI+ 1) K (JI+MI-1) % (JI-MI+D) 2 (T1+M1+1) £ (1 1-M1)

21000 X=—-8OR (X (T14M1+2) X (I1-M1-1)) $01K1.5

21010 B0TO21070

21020 X=M{I, 1) &M (1,22 %(J

21025 X=KEM(I,4) % (JS(2)+
1030 FORI=1704 , :

21040 X=X+CR (I ¥MIEM(I, T3 -EQ ) $ROK (ILM (T, 3) ~2~I (I % (I (J)+1))

21050 MEXT -

21079 C(I,Kr=X : C(K,I)=X

21080 NEXT

21090 MEXT

21100 RETURN

30998 REM , .

30999 REM ; -

31000 REM FOR W.VYS.E,CUTFUTINS TO PLOTTER AND PRINTER

31540 IFN=0 THEN E(Q)=A(0,Q0):0(0, M =1:60TC 31580 -

31570 GOSUB 41750 ' ‘

31575 PRINT#201,"# ITERATIONS="Z%9*  TIME="TE$

31580 EM=-1E10:AM=A(0,0): IM=0

31590 FOR K=QTON

31600 FOR I=0TON

31610 IF A(I,I)>=EM AND A(I, )<AM THEN AM=A(I,I) : IM=I

31620 NEXT

I163I0 PRINT#201,AM; A (IM, IM)=AM=. 0001 :E(K)=AM

31640 FORI=OTON:Z1=INT(Q(I,IM}"2%100+.5)

31645 PRINT#201,21;:NEXT: PRINT#201

31650 EM=AM : AM=1E10

31660 IF EE=EL THEN 31810Q

31670 REM PLOTTING

31650 PRINTH#202, "PAFU"STRS (EE-SJ)C3STR$ (EQ (K)) ", PD™

31700 PRINT#202, "PA"STR$(EE) CESTRS(E(K)) ", PU"

T1B1G EO(K)=E (K)

31820 NEXT:FRINT#201

31830 RETURN

40998 REM

(1) +2%RO% SS"))*W(I.h,
*R SS(“)

5
-
e

-~ ml



30999
41000
41010
41750
41750
4177G

41780
41750

41800
41810

41820 b

4183¢C
41840
41830
4186&0
41870
41830
41890
41900
41910
413720
4193
41940
41930
41960
41970
41780
4199CQ
S420G0
42010
42020
42GT0
42040
42030
420460
42Q70
42080
42090
42100
42110
42120
42120
42140
42150
42160
42170
42180
2190
42200
42210

EIGEMY E:T” 'S AS CGL MNS IN @7

i\
 FRINT#20L

Q¢it.i1y=1

IEXT '

29=C

21=0:22=1

ZO=A (N NY 2

FOFZ3=0TON-2

ZO=ZO+O(Z4,Z4) "2

FORZE=74+1TO"

IF ARS(A{Z4,2371{ARSIA(ZL,22)) THENS1710
=24:22=78

NEXT

NEXT
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A,

27=2:% GN(Z7)#ﬁ(51,22)/(QBS(Z7)+SQR(Z7*Z7+4XA(ZI,ZE)AZ))

I&=1/3CR(1+Z7%4Z7) 1 ZT=L7%I5
I9=Z9+1:PRINTZ?, 20

FOR Z4=QTON

2e=0(Z4,21)
Q(Z4,71)=I3kZ6+R(Z4, 22) ¥I3
a<z4.h‘)~a<Z4 I2)$26-18%23
NEXT

IF Z1<1THEM 42120

FCOR Z4=0T0Z1-1

I18=A(Z4,21)

ALZ4, 21)-28:ze+23xﬂ(z4 zZ2
A(Z4,22)=256%A(Z4, —ZSXZ\
NEXT

IF Z13I2-2THEN 42

FOR Z4= Zl+1TOZ“—1

28=A(Z4,1I2)
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MEXT

IF Z2>N-1THEM 42240

FOR Z4=Z2+1TON '

IB=A(Z1,24)

A(Z1,24)=26%218+I3%A(Z2,714)
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CHAPTER V
THE ARGON-ALKALI HALIDE MOLECULE SYSTEM - AN ELECTROSTATIC MODEL

With the advent of supersonic molecular beams in electric resonance
spectroscopy, a variety of small van der Waals molecules have been

bstudied in recent years, yieldihg direcf information on their struc-
tﬁres and indireét infofmation on the forces involved with bdnding. A |
single, intuitive model to describe and ﬁredict simultaneously all of
these molecules' geémetries and other energetic characteristics has yet
td-Be found. Van der Waals bonds-in molecules ranging from Afz to the

2

forces derived from nearly classical electrostatic and dispersive terms.

'C6H6 - C1 coﬁplex have been well described by models with attractive

These were particularly appealing in their simplicity. However, the
bond in molecules such as ArClF has not been so easily described. ‘A
" Lewis acid-base model involving the_"chemical" bonding of the highest
occupied-molequlat orbital_of one participant to the lowest unoccupied
molecular orbital of the other has been invoked, aﬁd found to give a
satisfaétory view of'many molecules at which electrostatic models appar-
ently seem tolfail. Electfosfatic models in general are crititiéed3 for
ignoring quantum effects that are felt to be neceséary in any bonding
description. To better understand the relative merits of these two types
of models, other classes of weakly boﬁnd molecules need to be studied;'
An electrostatic model . is used here to predict the energetics and
.the equilibrium configurations for molecules of the type Ar-M+X—, where

+ - ' + +
M X represents one of twenty alkali halide molecules, with M = Li ,

. o o
Na', K, Rb', or Cs' and X" = F,. C17, Br, or I_. The alkali and
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halide ions individually are closed-shelled, with no low-lying excited
electronic states. With this and with the positions of the charge
centefs in MX (M+X_) relétively obvious, the ArMX system would seem
particulérly well~-suited as a test case for an electrostatic bonding
model. The calculations presented here are anticipatory of experimental

results with which they can be compar-ed.44
A. 'Introduction

Previous experimental studies of the Ar-MX potential systems have
been restricted té beam inelastic scattering work. Among these studies
is the work of Reed and Wharton4 on the differential cross section of
Ar—LiF scattering; the energy transfer investigation of Loesch and
Herschbach® on the Ar/CsI system (later studied by Greene; gg;gl.6);_the
vibrational eﬁergy transfer in the Ar/KBr+ system by Crim, 35 3l.7; and
the ionic dissociative collision study for systems including Ar with
CsI, CsBr, RbI and KI §f Tully,_ég_gi.s_ Though some estimates of the
potential enérgy suffacg at the new equilibrium cdnfiguration of the
ArMX complexes have been made, the.reiatively high energy of these experi-
ments in comparison to the predicted potential wells would suggest a lack

‘of sensitivity to the features of sﬁch surfaces.

The basis Qf the attraction part of our electrostatic calculations
is from the model suggested by Rittner9 for MX systems. Brumer and
Karpluslo have shown that the general form of the Rittner potential can
be deriyed_from_a quantum mechanical perturbative treatment of the inter-

action between the closed-shell ions, using the methods of Murrell,

’ gglgi.ll The electrostatic model has been used for a variety of systems
including Mx,”» 10512714 (MX)z,ls~l7 (MX)3,18, szlgr (for B = alkaline
earth cations) M X+ 20-21 and MX —,21 and, where data have been available,

2 2
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has given reasonable results. The'electfon gas modél ovaordon and
Kim,22;23 a nearly ab initio technique, has giveﬁ slightly better agree-
ment on systems for which experiﬁental results ére avéiiable.

In the section that follows; the ﬁerms of the electrostatic theory
we have used are described.in some detail. The sources of the empirically
determined parameters are also given. Finaliy, the program followed in
the derivation of our potential suffaces and geometries is elaborated
upon. The following section includes descriptions and- tabulatiomns of
our results for the ArMX system, as well as derived results for some MX,
M2X+, MXZ-, ArM2+2, and Aer_2 systems. In the discussion_section the
modei we have.used.is critically examined. An alternate view of the
Lewis acid-base binding model is also suggested. Finally, our results

are compared with the scant amount of previous relevant experimental and

theoretical data.
B. The Electrostatic Theory

In tHe theory we have Qsed to describe the ArMX systems, there are
three basip’terms in the expressioﬁ for the potential energy. The domin-
ant attractive term is electrostatic in nature, involving the Coulomb
interactions‘betwéen the nuclear point charges and the dipoles induced
at all three nuclear centers. Our second‘term, also attractive in
nature, includes the dispersion energy from London forces and is expres-
sed as a pairwiée interaction proportibnal to r_6,'where r is an inter-
nuclear distance. All the repulsive effects from orbital overlap, in-
gluding eiectron excﬁange energies, electron kinetic energies, and
nuclear repuléion, are expressed by semi-empirical exponential‘pairwise
~interaction terms. It is these threg terms that afe described in detail

here.
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1. Coulombic Interaction

Rittner9 pointed out that the description of the binding energy and
observed dipole moment of alkali halide monomers was significantly
improved‘if one considered contfibutions in the dipoie and energy not
only from the sepération of two point éharges, but also from the polari-
zation of a giveﬁ ion by thé field exerted by the oppdsing ion (Fig. 1la).
The measured dipole moment is reduced while the bindiﬁg interaction in—_
creases. Given the general equatioh for the vector electric field exer-
ted at péint "i" by a charged monopgle at j (in a medium of unit di-

electric constant),

E. =__J—r..’- (591)
~i 2 ~ij

r..

1]

3u.x.. K.

E, = —422b ¢ .. (5.2)
<i r 3 ~ij 3
ij ' ij

one can defermine the values of the dipoles induced at each nucleus.
Here, Qj is the charge at nuéleus 33 Bj’ the vector dipole moment of j;
rij’ the distance between points i and j; an&'gij, the gnit vector from
i to j. Ignoring hyperpolarizability and assuming that the polariza-

bility tensor is isotropic, the dipole moment induced at point i by the’

field E, is
<~i

u. = a, E., , (5.3)

where a, is the polarizability at i. Equatioms (5.1-5.3) lead to a

coupled set of equations to determine the induced dipole moments in the
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MX system (see Fig. la), namely

U : 2

1 _ _ e 2

al_El—r_2+r3

, 12 12

u 2y

2 _ _ e 1

O‘_Z_Ez_rz+r3. (5.4)
12 12

(The Qector nqtation has been dropped as this system is omne dimensional.)
From (5.4), the induced dipole moments of M+ and X can be trivially
derived and-tﬁen used in the energy congiderations.

This model is easily expanded conceptually for larger systems. As
seen in Figure lb,va system»of three particles of arbitrary charges Qi
is parameterized by three distances. 1In our calculations typically the
origin is placed at the nucleus of the alkali cation (particle 1), the
halide anion (particle 2) is on the X~axis at a distance A = I from
the alkali, and the third atom is at coordinates (B,C) relativezto>the\
cation. . As this systém is planar, Equations (5.1), (5.2), and (5.3)
lead to a coupled linear system of six equations - one for each of two
directional components for three induced dipole moments. For the systém

in Figure 1lb, this can be expressed in matrix form via

U= | | (5.5)

A=

where U is the dipole vector




:Q the charge vector
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Given the point charges, induced dipole moments and the distances
between these particles, the electrostatic interaction energy can be
calculated. Several terms are involved. . The energy of interaction

between point charges is given by

e e (5.6)

From the energy of interaction of a dipole y with a field E,
V=—§eg’

and Equations (1.1) and (1.2), the charge-dipole and dipole-dipole

interactions are given by

Q.
ced % -
Vis T TT7 Bt Eyy G.7)
r
i3
and
dd 1 . ' . L
Vij —r 3 (84 Ky 3y gij)(gj gij))_ (5.8)
ij

Finally, there is the potential energy required to separate the charges

to induce a dipole,

2
. .
vind _ L e o (5.9)
3 2 ~j <~y Zaj

O'Konski24 has shown that the terms (5.6) tb (5.9) can be collected and

conveniently expressed via

' Q.Q. Q.u.°I.. :
E_1 i o d~j ~if
V=3 .Z_ — 7 (5.10)
i>] ij r

1j




'-A.semiempirical model suéhvés this can be pafficularly sensitive to
the choice of parameters used. Some discﬁsSion relevant to thiSIWill
bé brought up later. For oﬁr electrostatic'potential; the interatomic
distances will be allowed to vary in order ﬁo‘fiﬁd'the potential minimum
:configuration. The two sets of empirical éarameters needed here to
determine the induced dipoles apd, hence, the energies are thus the
charges, 4 and polarizabilities,'di. We haVevusedvuniﬁ charges‘for
the alkalis énd halides and have left the rare gaé atom neutral. As
Rittner indicated, his mpdel is cléssically correct if the charge at
Vpoint iis at least ajl/3 from the nucleus j that it is polarizing.
Later it will be shown how this is imposed in our mbdel.' The effect of

. ' . 25
outer shell penetration may change the effective charge at a nucleus,

but as this modei is being used for closed-shell atoms, the electron
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overlap is minimal. The polarizabilities of the alkali and halide ions are

tabulated in several places.26—29 ‘We have'primarily used the gas phase

‘calculated results of'Pauling.26 The polarizability of Af was taken to
be 1.64 23, as given by Teachout and Pack.30 These values are listed

in Table 5.1.

2. Repulsive Interaction

The repdlsive energy term used is based on the exponential Born-

' Mayer3l_model for MX crystals,

R a,.r., S :
v, =38,.e 3% , (5.11)

ij  ij

where Bij and aij are energetic and hardness parameters determined
empirically, and rij’ the distance separating the species i and j. The

exponential form is an approximation to the effect of the small overlap



Potential

Table 5.1

. a
Function Parameters

1 O3 Pis Rig il
Ar 1.64 A° 0.256 & 612 A 5.486
Lit 0.029 0.020 .008 1.93
Na® 0.181 10.074 .546 3.94
K" 0.840 0.142 .110 5.40
Rb* 1.42 0.161 .348 5.32
cst 2.44 0.138 .558 7.49 .
F 1.05 0.486 .182 3.953
c1” 3.69 0.524 .972 5.486
Br 4.81 0.544 .222 6.218
1 7.16 0.550 .604 7.610

a
See text for sources.
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of the outer electron orbiféls of closed-shell speciés‘dﬁé.té thé Paﬁii
exclusion priﬁciple;  Thé parameters Bij aﬁd‘aij are dependeﬁt on the
identities of spécies iand j. ij actual speétroscopic,dr collision .
data do not exist between these species; éomevkind of combining rule is
required to derive good values for these parameters from other ﬁolecular
' systems, e.g., to~&erive the repulsive"ﬁafameters between speciés A and
B from a knowledge of the A-A and B—B repulsions._ A particulariyigatis—
" fying scheme has been suggested empirically by Gilbert32'and derived
theoretically by Smith.33 In Smith's distortion-médel; the energy of
inﬁeraction between two closed—éhell species is determined by locating
a plane of interaction between the éoliiding nuclei which minimizes the
fepulsive energies of the individual atoms thle placing equal forces

on either side of the plane. One can express Equations (5.11) in the

mathematically equivalent form-

- [R,.-r..)/o.. : v
Vo= gp,, e 1L (5.12)
ij ~ P43 , | |

where f is a scaling constant with units of force, pij ('= l/aij) is a
hardness parameter and Rij’ a range parameter, both of the latter with

units of distance. Smith and Gilbert_then showed that if one knew wvalues

for R

aa’ R

BB’ °aA and °pp from ekperimental data, then the parameters

for the A-B interaction can be given via
R, =2 (R, +R,)
ap = 2 Ras * Rpp
and ‘ ; _ (5.13)

5 (g + Ppp)-
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Gilbert has given values for Rij and pij for the alkali halides

determined from experimental spectral data. He determines values for

- +
+
pii and R,, using first an SCF calculation for Lig to determine pii
+ o 2
and Rfi and then using Equation (5.13) iteratively to determine
2 .

values for the remaining alkali and halide ions. Smith used collisional

information on Ar to find 2 and p These, with collision-based

RAr Arl®

data for values of pij and Rij.for the alkali halides andiArCl—, can
similarly be used to find values.for pii and Rii' We have chosen Smith's.
tabulations, as it gave better internal consistency among the rare gas
atoms and alkali and halide ions, and prodﬁced better predictions for

MX energetics and dipole moments. Table 5.1 includes tHe yalues for the
Pis and Rii used, based on a chosen value of f at 1 eV/Z, so that values
fof Rij would be of bond length order. Table 5.2 compares experimental
values of pij and Rij with those predicted by values in Table 5.1. Agree-
ment is seen to be relatively good, with the exception of ArK+. This

" problem will be discussed later.

Our- repulsive energy is taken to be pairwise additive, giving the

net expression

(R, .-1t..)/p.. .
vV = z fo.. e 1] 1 (5.14)

Smith predicts that his model works best in the O.l-iO eV repulsive
energy range, and that the greatest inaccuracies would occur between
pairs of atoms of most different sizes. His distortion model also pre-
dicts dipole induction at the nuclei beyond that previously discussed.
In general, we have excluéed these inductions from our calculations,

but their implications will be discussed later.



RepulsiVe Energy Parameters Used for the M+X— Systems

Table 5.2

Calculated

" KF

Experimental
-] o : o o .
L (A R..(A o, . (A) .

Py (A) ne Py @ R, (&)
LiF 0.264 2.110 0.253 2.095
NaF 0.278 2.369 0.280 2.364

0.310 2.632 0.311 2.646
RbF 0.326 2.750 0.330 2.765
CsF 0.345 2.878 0.312 .2.870
LiCl 0.272 2.484 - 0.272 2.490
NaCl 0.295 2.750 0.299 2.759
KCl 0.332 3.035 0.333 3.041
RbC1 0.353 3.163 0.349 3.160
CsCl 0.352 3.282 0.331 3.265
LiBr 0.274 2.609 0.282 2,615
NaBr 0.313 2.892 0.309 2.884
Kbr 0.345 3.172 0.343 3.166
RbBT 0.359 3.295 0.359 - 3.285
CsBr 0.310 3.374 0.341 - 3.390
Lil " 0.280 2.803 0.285 2.806.
NaI 0.313 '3.071 1 0.312 3.075
KI 0.349 3.370 0.346 3.357
RbI 0.362 3.479 0.362 3.476
CsI 0.319 3.572 0.344 . 3.581
Cl Ar 0.386 2,750 0.390 2.792

0.277 2.615 0.199 2.861

KFAr
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3. Dispersive Interaction

Only the pairwise rij' term was used to characterize the London

forces. Thus, our dispersive energy expression was of the form

5 c,.
o= -] (5.15)
' i>j r,,
ij

‘The energy coefficients were determined using the Slater—KirkWood34

approximation

2 4
o

3 e aO ia. '
c.,== : N — (5.16)
1302 (4. /m )% (a. /)2 .
i1 i3

Where C is the eleétron charge; as the Bohr radius; s the polariz-
ability of species i; and n., the effective number of electrons in the
outermost shell of i. In our initial calculations, n, was set to 3 for
all M+, X and Ar, with the exception of Li+ (ni= 2), indicating the
actual number of electrons in the outer-most shellvof the atom. This
approximation, however, allows for'tbo strong a shielding from under-

. lying electrons. Later calculations used values of o, for alkalis as’
calculated by Buckingham.35 ‘Rare gas ni's‘were calculated from the rare
gas homonuclear dimer dispersion constants from Starkschall and Gordon.36

The halide ni's were set equal to those for the corresponding iscelec-

tronic rare gases. Values for n, are listed in Table 5.1.

4, Calculation
Using parameters in Table 5.1 one can express the potential energy

of the triatomic species ArMX as a function of its interatomic distances:

' E R D
v (rlz, i3 r23) =V +V 4+ V. (5.18)
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In our céléulationé,'the’values for rij afeaétermiﬁed which ﬁinimize
Equation (5.18), as well as the correspondingVattraétive.and repulsive

* ‘energy Vélués and dipole,moment., As was pre&iously'mentioﬁed, a Iimit
of closest approach between nuclei is required for»the Rittnervmodel.

In practice, without sucﬁ a boundary, the caiculated indﬁced dipoles
beéome qﬁite large, as the dipqle—induced dipole effect bécbmes greater
' thenithe charge-induced dipole effect at a given distance. The Smith s
distortion model also predicts such a problem and indicates the presence
of other‘forces which Qould negate a dipole singularity. We have used
as a limiﬁ for closest approach between species‘i-and i

2% (a 1/3 + oc,l/3) | | (5.19)

L,. .
1] i J

where e and o, arerthevpolarizébilities. A potential minimum has
always been found outside these limits.

Similar calculations were also performed for just the alkali halide,
MX, determining its iomnic dissociation energy, bond length and dipole
moment‘withkour parameters. Thié served as an internal check for ouf
calculations and also allowed a calculation. of the binding energy of Ar

to the MX molecule. We have defined this binding energy via

DA = (7, (AnMD) -V (0R), (5.20)

-i.e., as the negative difference between the minimum enefgies for ArMX
and for the MX molecule élone with Ar at infinity. In general, the MX
bond is a bit ionger in'thehArMX complex; therefore,-this definition isr
not preciéely the same as just the energy.of the Ar-MX bond. Fixing

ryx 2t its Value=in'the equilibrium configuration of ArMX, we then



324

calculated potential V(ArMX) for various positions of Ar relative to MX,
and from these constructed potential energy contour maps. Finally,

again fixing r as above, we determined force constants associated with

MX

the motion of Ar from its equilibrium position. We have defined these

force constants via

2 .
R 8R2
R ,0
e e
2
1 57V
o= L (5.22)
6 23820 6
e e e
and
2
£o=2 3V A (5.23)

where R is the distance from Ar to the center of mass of MX; 6, the
angle that R makes with the MX axis; and Re and Ge, the equilibrium
values of R and 6; The numerical values for these expressions were
approximated by second order difference equationé.

Further details of thé calculation method and a listing of the

computer program used are to be found in the appendix of this chapter.
C. Results

To give.a sense of the goodness of our potential model and choice of
parameters, éxperimentally determined valueslo for the ion dissociation
energies, bond lengths and dipole moments for alkali halides are presented
in Tables 5.3 and 5.4, and comparéd to those determined by our\?odel,

therein referred to as variation 0. Results for various other choices




" Table 5.3

Derived Binding Energies for MX Systemsa

Experimental

Var. 0 Var. 1 Var. 2 Var.
LiF 62300 69531 69731 68938 81578
NaF 50500 56293 56680 55441 61715
KF 49000. 49395 49892 48049 52961
RbF 45900 47602 48180 46048 :
CsF 44700 46558 46917 44862 , 47711
- Licl 54800 59234 59288 58937 61854
NaCl 44800 . 48524 48673 47942 48942
KC1l 40200 42579 42823 41503 42028
RbC1 39000 40940 41247 39648 .
CsCl 37300 40235 40460 38656 37920
LiBr 51800 56268 56297 56026
NaBr 43100 46328 46422 45823
" KBr 38400 : 40666 40829 39705
RbBr 37200 39073 - 39283 37912
CsBr . 35700 38424 38570 36975
LiI 48600 52240 52246 52071
Nal 40600 43506 43539 43061
K1 35900 38278 38341 37470
RbI 34700 36762 36854 35773
- Csl 34500 36182 36220 - 34907
Var. 0O Var. 4 Var. 5
LiCl - 54800 59234 56147 59194
KC1 40200 42579 42469 42524
CsCl 37300 40235 40373 40284

325

a (Energy in cm_l units. Method variations ‘described in text). -



Table 5.4

Derived Bond Distances and

Dipoles of MX Systema

Experimental Var. Var. Var. 2 Var.

LiF  1.564 (6.32) 1.465 (4.50) 1.459 (4.46)  1.481 (4.64) 1.32
NaF 1.926 (8.16) 1.825 (6.77) 1.811 (6.66) 1.855 (6.99) 1.68
KF 2.171 (8.59) 2.091 (7.43) 2.067 (7.23) 2.155 (7.94) 1.98
RbF 2.270 (8.55) 2.173 (7.14) 2,140 (6.84) 2.257 (7.88)

CsF 2.345 (7.88) 2.330 (7.12) 2.314 (6.96) 2.406 (7.86) 2.36
LiCl 2.021 (7.13) .1.906 (4.11) 1.905 (4.10)  1.914 (4.19) 1.85.
- NaCl 2.361 (9.00) 2.270 (7.00) 2.265 (6.96) 2.292 (7.19) 2.21
KC1 2.667(10.27) 2.562 (8.28) 2.550 (8.16) 2.620 (8.75) 2.56
RbC1l 2.787(10.51) 2.661 (8.29) 2,644 (8.13) 2.733 (8.97)

CsC1 2.906(10.39) 2.798 (8.28) 2.787 (8.16) 2.891 (9.22) 2.89
LiBr 2,170 (7.27) 2.041 (4.11) 2,041 (4.10) 2.048 (4.18)

NaBr 2.502 (9.11) 2.409 (7.15) 2.405 (7.12) 2.429 (7.33)

KBr 2.821(10.63 2.710 (8.61) 2.702 (8.54) 2.761 (9.06)

RbBr  2.945(10.8) 2.815 (8.74) 2.803 (8.62) 2.883 (9.37)

CsBr  3.072(10.8) 2.948 (8.75) 2,941 (8.68) 3.034 (9.61)

LiT 2.392 (7.43) 2.283 (4.24) 2.283 (4.24) 2.288 (4.29)

Nal 2.711 (9.24) 2.643 (7.37) 2.642 (7.36) 2.659 (7.52)

KI 3.048(10.8) 2.953 (9.08) 2.950 (9.05) 2.996 (9.46)

RbI 3.177(11.4) 3.065 (9.35) 3.060 (9.30) 3.123 (9.89)

Csl 3.315(11.6) 3.194 (9.42) 3.192 (9.40) 3.274(10.21)

Var. Var. 5

LiCl 2.021 (7.13) 1.906 (4.11) 1.965 (5.62) 1.908 (4.14)

KC1 2.667(10.27) 2.562 (8.28) 2.557 (8.38) 2.567 (8.35)

CsCl 2.906(10.39) 2.798 (8.28) 2.793 (8.19) 2.789 (8.14)

described in text.

% Bond distances in A (dipole moments) in Debye. Variations
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of paraméters are éiso presented in these tables. Variéﬁion 1 uses the
actual number of electrons in the‘atomé or.iﬁng outermost shell (2-or 8)
in pl;ce of the effective ﬁi's of Table 5.1, baéically ihcreésing the
van der Waais energy contribution by 20%. Variant 2 is like O with the
~ dispersion contribution to the energy toﬁally surpressed.>>Variént 3
also suppresses the.dispersion term and uses values for"bii and Rii from
Gilbert; .A few calculations were‘also done using polarizability values
from Tessman, et gl.27 (Variation 4) and using variable polarizabilities
.from Brumer and Karpius (Variation 5), based on Paulingg ;alues, but
modulated with Tyx*

A direct comparison of the binding energies and.dipole moments of
variation O with the e#perimental values indicates an average over esti-
vmation of the binding energy by ~5%.(somewhat greater for lithium
halides), underestimation of dipole moments by 20%, and underestimation
of bonding lengths by ~5%. This error is consistent in that a prediction
of too small a base would reduce the dipole moment further by the in-
creased induced dipole moments at the nuclei (Fig. 5.1a). We sﬁsbect
this error comes primarily from using.values too great for the polariz-
abilitiesoftheions,”as suggested by de Wijn13 and Brumer and Karplus:lo
However, as seen in Table 5.4, Variation 5 is not much improved. Though
Variation 2 does éeem to give values cioser'to the experimental values

for MR,vthe lack of a dispersion term greatly misrepresents the shape

of the potential about MX, as will be seen.

The results of the calculations for the ArMX complexes by Variation:
0 are summarized in Tables 5.5 and 5.6. Table 5.5 gives the geometrical

values for the equilibrium configurations of the ArMX molecules and the
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" Table 5.5

ArMX Equilibrium Geometries (K and degrees), Ar-MX Binding Energies

(cm_l), and Dipole Moment Charge from MX(D)

Au

re(Ar—M)_ -re(ArFX) ¥ (Ar-M-X) D(Ar-MX) u(Ar-MX) -

p (MX)
LiF 2.60 4.67 180° 373 0.63
NaF 2.99 4.82 180° 283 0.50
KF 3.47 4.71 113° 162 0.00
RbF 3.71 3.87 77° 144 -0.19
CSF 3.66 3.80 75° 215 -0.20
Licl 2.57 449 180° 453 0.75
NaCl 2.96 5.24 180° 338 0.59
KC1 3.44 4.53 97° 208 -0.08
RbC1 3.65 4.33 85° 184 -0.15
csCl 3.63 4.25 82° 253 -0.15
LiBr 2.56 4.61 180° 486 0.80
NaBr 2.95 5.37 180° 358 0.62
KBr 3.42 4.84 104° 220 0.00
RbBr 3.64 4.58 89° 193 -0.12
CsBr 3.62 4.47 85° 261 -0.12
LiI 2.54 v4.84 180° 564 0.89
NaI 2.94 5.59 180° 393 0.67
K1 3.40 4.92 101° 246 -0.02
RbI 3.61 4.74 " 90° 217 -0.11
CsI 3.61 4.64 86° 285 12
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Af—MX binding—energies, as defined inquuation (5.20). Becaﬁse of the
absolute error involved in the célcﬁiation ogrthg dipole momenﬁs for
the MX systems as typified in Table 5.4, Qe.have presented in Table 5.5
the probably more meaningful differenéesin the dipole moments (An)

between ArMX and MX alone. The change in length of r . as one‘gdes.from

MX
1vMX to ArMX is generally on the ordef of +0.00S Z, and is~therefore not
a major contribution to these values of Au. Table 5.6 gives the calcu-
lated'vaiues of the force constants, via Equations (5.21—5;23); and the
rotational constaﬁts for the ArMX complexes. Figure 5.2 schematically
illustrates thg geometries_of these molecules and again giﬁes the
binding energies. |

As seen in Figufe 2, in all of the ArMX minimum energy configurationms,
the Ar sits closer to the alkali cation. This is due largely'to the
smaller effective size of the alkali-zas.governed by the repulsive term
in the model potential, ' As the Ar atom can approach closer to the posi-
tive charge center than to the negative charge center, a larger dipéle
moﬁent can be induéed on the Ar atom, and correspondingly, the_binding
energy'increasesf- Figure 5.3 iilustrates this graphically, where
D(Ar-MX) is plotted versus the alkali cations' iomnic radii for each of
the halide series. With increasiﬁg cation size, the binding energy
generally decreases as the Ar i§ forced further from the pbsitive charge
centeér. >Tﬁisvtrend reverses for Cs+, as its inéreased polarizability
and dispefsion energy contfibutions overcome the effect of its larger
radius compared fo RbT. As indicated in Table 5.1, cs' is élso "softer"
than Rb+, The increase in binding energy with increase in halide size
is due primarily'to their increasing polarizabilities. (This effect was

"also -seen in variation 2 where the dispersion energy was surpressed,



Calculated Force Constants for Ar-MX Motion (udyne/A)

Table 5.6

and Rotational Constant (GHz)

Csl

MX £ fe fRe Bb
LiF 97. 0.72 a 2.26
NaF 54. 0.16 a 1.52
KF 22. 0.67 3.88 13.40,1.41,1.28
RbF 16. 0.42 0.54 6.98,1.31,1.11
CsF 27. 1.75 5.07 5.82,1.22,1.01
Licl  119. 0.78 a 1.34
NaCl 64 . 0.17 a 0.98
KC1 '25. 2.75 8.00 5.50,1.26,1.03
RbC1 20. 1.21 3.07 2.95,1.24,0.87
cscl 29. 5.06 10.3 2.32,1.21,0.80
LiBr 127. £ 0.83 a 0.89
NaBr 65. 0.17 a 0.65
KBr 35, 5.22 11.3 5.02,0.80,0.69
RbBr 20. 2.77 6;47 ' 2.04,0.90,0.63
CsBr 32. 3.58 8.60 1.44,0.93,0.56
Lil 148. 0.83 a 0.70
Nal 74. 0.17 a 0.51
KI 25. 8.18 14.1 4.16,0.65,0.57
RbI 20. 4.98 9.05 1.81,0.67.0.49
32. 6.54 12.5 1.35,0.63,0.43

Masses, in amu,
Li-7, Na-23, K-39, Rb-85, Cs-133, F-19, C1-35, Br-80,
1-127, Ar-40.

? Vanishes by symmetry for linear complexes.

for rotational constants are

Three rotational constants are given
for nonlinear molecules.
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disc0unting thét term from influencing the chéracteristic chénge‘in
D(Ar—MX)).V Even more obvious from Figure S.Z'is‘the general geometry
of the ArMX molecules -- linear fof M+ = Li+ or Na+, aﬁd triangular for
the rest. If thé potential energy,sﬁrface for ArMX was dominated by the
disperéion term Ar would generally bind in this latter configuration,
as close to both of the MX nuclei as possible; Thus,. one would suggest
‘that the géometries of ArLiX énd ArNaX are determiﬁed primarily from
the eléctrostatic terms of our poﬁential.»

To better understand the potential fields, potential energy contour
maps of ArLiCl‘and ArKCl are included as Figures 5.4_and 5.5. The
'methodbof preparation for these maps was described previously (under

distance is held fixed at the ArMX potentiél

Eq. (5.20)).v Again, the T\

minimum value, and the energies shown are the binding energies of Ar at
those positions relative to an MX molecule at equilibrium. Thus, the
0. em ~ contour is not at infinity. The darkened contouf abou; LiCl and
KCl represent the boundary determined by Eq. (5.19). The equilibrium
position of Ar is indicated by a dot. The insert ;epresents a spherical
f_model of the ArMX complex, with the radii drawn to scale with the
éorresponding atomic and ionic radii. For ArLiCl (Fig. 5.4) there is
a relatively ldcalized potential well on the Li+ side of LiCl, with a
quickly rising %epulsive wall és.rAr—Li* is.reduced. There is virtually
no potential -trough on fhe c1” side."For_ArKCl.(Fig. 5.5), ﬁhé well is
shallower apd'less.locaiized. The overall.potential is significéntly
more isotropic.

To better see the relative effects of the electrostatic and disper-
sive potential eﬁergy tefms, ﬁhe results of the ArMX caiculations using
vafiation 2, with the dispersive term éﬁppréssed, is presented in Table

.. . . + -+
5.7, and the geometries summarized in Figure 5.6. The Li and Na
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Table 5.7

ArMX Equilibrium Geometries and Ar-MX Binding Energies

LiF
NaF
KF

RbF
CsF

LiCl
NaCl
KC1

RbC1l
CsCl

LiBr
NaBr
KBr

RbBr
CsBr

LiI
Nal
KI

RbI
Csl

(cm-l) via Variation 22

¥ (Ar-M-X)

re(Ar—M) ré(Ar—X) D(Ar-MX)
2.62 4.11 180 316
3.05 4.91 180 213
6.42 4.27 0 26
6.52 4.26 0 27
6.64 4,23 0 . 28
2.60 4.52 180 364
3.02 5.32 180 251
3.61 6.23 180 102
3.91 6.35 145 61
3.94 5.52 107 56
2.59 4.65 180 390
3.00 5.44 180 267
3.59 6.36 180 112
3.89 6.56 150 69.
3.93 ° 5.73 110 62
2.57 4.86 180 461
2.99 5.66 180 295
3.56 6.57 180 127
3.86 6.85 157 81
3.90 5.93 111 72

a . .
No disposition term

in potential.

See text.
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complexes . decrease only slightly in energy. The changes in the energies
‘and geometries of the other molecules are more drastic. -The K+, Rb+, and
Cs+ fluoride complexes are linear with the Ar on the F side, as the
alkali cations are larger than the fluoride anion. The remaining com-
plexes are now eitﬂer linear or near linear, and all the K+, Rb+ and Cs+
ArMX complexes are significaﬁtly redﬁ;ed in binding'energy. Contour
maps of these molecules showed in general very shallow'minima'with
- elliptically shaped‘troughs about the MX. Figures 5.7 and 5.8 are
contour maps of ArLiCl and ArKCl without the dispersive‘energy term,
to parallel Figures 5.4 and 5.5. There is no potential miﬁimum in the
c1 vicinity for either complex. Little change has occurred in.the
regionvof the potential well near Li+ for ArLiCl. The ArKCl potential,
hoWever, appears somewhat more anisotropic. We conclude that for the
ArMX complexes in general, the Li+ and Na+ molecules at their equilibrium
configuration are influenced primarily by electrostatic forces, while
the remainder, particularly the Rb+ and Cs+ complexes, are influenced
primarily by the more isétropic dispersive term.

The changes in dipole moment in Table 5.5 are largest in magnitude
and bositive for the linear ArMX complexes, and slightly negative for
the remainder. The changes are predomiﬁantly due to the polarization of
thé'Ar atom. The radial force constants, fR, in Table 5.6 reflect the
trend of the binding énergies of Af to the salt, The bending motiqn,
reflected by the fe value, is generally lower in the linear complexes,
as relatively no repulsion effect is experienced from the halide ioms.

To give an indication of the sensitivity of the calculated equili-
brium geometry to the choice of parameters for the potential energy,

Table 5.8 summarizes calculations for ArLiCl, ArKCl and -ArCsCl using
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Table 5.8

thilibrium Geometries, Change in Dipole Moménts (D) and

Binding Energies (cm_;) for. Selected Ar-MX

Variation R(Ar-M) R(Ar-X) ¥(Ar-MX) = Au(Ar-MX) D(Ar-MX)

a .49 180°

ArLicCl 0 2.57 4 0.75 453

1 2.57 4,48 180° 0.75 472

2 2.60 4,52 . 180° 0.74 364

3 2.68 4.53 180° 0.56 187

4b 2.54 4,51 180° 0.82 570

5 2.57 4.49 180° 0.75 456

ArKCl 0 3.44 4.53 97° -0.08 208

: 1 3.42 - 4.23 89° -0.15 T 246

2 3.61 6.23 180° +0.36 102

3 3.59 6.16 180°. +0.36" 87

4 3.40 4,62 101° -0.02 235

5 3.44 4.53 97° - -0.08 209

ArCsCl 0 3.63 4,25 82° -0.15 253
1 3.61 4,08 - 78° -0.18 296

2 3.94. 5.52 107° - 40,01 "~ 56

3 4,39 - -7.28 180° _0.18 30

4 3.60 4.35 85° -0.10 281

5 3.63 4.25 82° . =0.15 - 252

8 yariation 0-5 described in the text.
b Variation 4, no VDW, from Tessman,'gg_gl.,27 o

=1.201,

Aoq- = 2,974, 4+ 0.029, Ao+ = 3.137.
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the six different variations of models mentioned at the beginning of thié
section. Variations 0, 1, 4, and 5 changé little the binding energy of
ArMX or thg change in dipole momént. Similarly, the geometries of these
variants are quite alike. Variations 2 and 3 are both without dispersive
" terms, so that they differ from the rest in calculated results. Geo-.
metrically they.differ somewhat from each other, indicating the strong
effect of the choice of repulsive parameters. In short, we feel that
errors introduced by the choice of polarizabilities and for the method

of calculating the C, coefficients for the dispersive energy introduce

6

relatively small calculation errors for the binding energy (~15%),
structural angle and dipole moment differénces (~10%), and less in the
bonrid lengths (~5%);_ The possible errors due to the choice of repuléive
parameters are less well characterized and are discussed more fully in
the following section.

As a further test of our model, calculations were also perfofmed
for other classesof tfiatémic molecules. Table 5.9 indicates results
for molecules of the formMArz+ and XArz-. FArZ- could not be caiculated,
~due to the combined large polarizability of F  and small reﬁulsion for
ArF . Figure 5.9 illustrates their predicted geometries. Our model

o
predicted a bond length of 3.42 A for free Ar,, compared to the experi-

2

mental value of 3.76 A. Thus, for this class of molecules, only the

+ 4
geometry of LiAr is predicted to be chiefly determined by electro-

2

static considerations. The larger dipoles induced in the Ar atoms near

the small Li+ increase their mutual repulsion. Table 5.10 gives calcu~-

+
lated results for species of the type MX, X2 and M2X , and some of

these are also depicted in Figure 5.9. Of the negative ions, only Cst

is predicted to be nonlinear, due to the combined largeness of the



Table 5.9
Calculated Properties of BAr2 Tons (B==M+ or X ).  Units are Z, Degrees, cm_l, and udyne/&
r, . : re;“ X De De fR fe fR _ fe fR
(Ar—Ar)a‘ (B-—Ar)b (Ar-B-Ar) (Ar-BAr) (B-Arz) (B—Arz) (B—Arz) (Ar-BAr) (Ar-BAr) (Ar-BAr)

LiAr} 476 2.38 180.0 2194 4438 = — 497. o o

NaAr; o 2.78 83.7 1262 2468 | 225. 176. 142, 62.9 92.8
KAr;‘ 3.54 3.21 66.9 817 1503  128. 54.2 74.6 26.0 36.4
RbAr; 3.51 3.40 62.2 694 1238 98.4 34.6 65.0 9.9 15.4
CSAr; 3.50 3.46 60.8 748 - 1340 122. 41.1 64.6 . 25.8 - 33.6
ClAr; 3.49 3.56 58.7 494 825 ©30.4 8.9  21.5 7.4 -4.9
BrAr;  3.47  3.85 53f6 412 665 234 5.6 18;3  6.3 0.9
TAr, ~ 3.46  4.19 48.8 354 518 18.9 3.6 15.7 6.4 -7.5

2 Ar-Ar separation in the triatomic. The calculated value for free Ar

e was 3.42 A, while the expérimental
value is 3.76 A.

2

B-Ar separation in the triatomic. The calculated values for free B-Ar weré 0.01 to 0.02 X less.
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Table 5.10

Calculated Properties of ABC Ions (A,B,C - M+ or X )

‘Units are A, degrees and em L

T AT D

e e X e
(A-B) (4B (a-B-)  (aB=C)P
LiF,~ 1.69 0.23 180° = -21,581
Lic12‘ 215 ’ 0.24 180° -16,963
Lil,” 2.53 '0.25  1s0° -14,873
o TREESE 0w i
KF,” 2.37 - 0.30 180° -15,385
CsF,” = 2.64 _‘ . 0.33 139.9°  -12,178
cscl,”  3.12 0.33 180°  -11,595
CsBr, 3.27 0.33 180° -11,390
R 1 T BT
'RbFz_ 2.51 - 0.37 180° 13,328
LiZF+ 1.67 0.21 109.1°  -16,477
Lizc1+ 1.96 0.05  78.2°  -17,750
LiBr  2.08 0.4 75.5°  -17,916
"K201+' - 2.84 _ 0.29 ' 125.7° 11,484
CsFT 2.63 o 0.32 180° -13,857

‘2 pifference in bond. length for (A-B) between ABC and
AB. AB identity indicated where necessary.

® pifference in energy between ABC and AB.



alkali and relative smallness of the halides. The geometries of the

2

the relative sizes of the ions. Also indicated in this table are the

M,X calculated here are mostly bent with the angle again dependent on

calculated changes in the M+—X_ bond lengtls from the neutral salts.
" D. Discussion

In this sectién, the errors incurred by our particular selection
of parameters within the context of the electrostatic model will first
be discussed. The question of the validity of any electrostatic model
will tﬁen’be addressed, followed by a brief.comparison‘of our calculated
results with other available data.

Though the values for polérizability we have used'may be quite
good for free ions, there is some question of their propriety in a model
such as ours. As previously mentioned, Smith33 indicated that by his-
distortion model, dipoles would be induced at the ion sites just through
their repulsive overlap interaction. In our model, this would need to
be rectified by a change in the effective polarizébility as a function
of ion or atom separation. 1In their perturbative treatment, Brumer and
KarpluslO derive a trqﬁcated Rittner potential energy expression, with
their first correction to the basic Rittner model being bond diétance
dependent polarizabilities. This was derived from terms in their expan-
sion that Murre_llll referred to as exchange polarization éhergy and
'chafge transfer energy. Brumer and Karplus indicate that the effective
polarizability of positive ions shoﬁld increase while that of the aniomns
should decrease exponentially with decreasing bond distance. De Wijnl
suggests thevfeduction of a free halide's polarizability by 2/3, in MX

as of the six p electrons typically available for polarizing "excitation'
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in X , only th&se four.perpendiéular to the MX éxis will actualiy be
free to "movevtbward‘the alkali". The lack of informatién on the éhange
in poiarizability of an ion in the.presence of an atom like Ar precluded
a similar treatment by us. As indicatedvby Qur results with variation
5, just modulating the polarizabilities of M+ and X by the distance
between them had’little effect on the results for ArMX.

Oﬁr particular choice of repulsive paraﬁeters is probably the
gréatest contribution to calculation error. . The values for Piy and Rii
‘have been given in Table 5.1 and were adapted from data tabulated by

Smith.33 His estimated values for bCl‘ and-RCl_ were used to determine
fepulsive parameters for the alkali cations, whicﬁ were in turn used to
get averaged values of Pig and Rii for the remaining halides. Alkalib
pafameters were then recalculated in é similar manner, and fiqally all
of the halide parameters wefe reevaluated. - The comparison of experimen-
tal pij and Rij parameters with thosg calculated from values in Table
5.1, given in Table 5.2, showed good agreement, with the excéption of

K Ar.

Tébulated values for pii37 found after doing our calculations
differ mostly in their largér values for the alkali caﬁions. As the
ArMX complexes are predicted to have the Ar closest to the alkali,
lérger yalues of Ot would alléw the rare .gas atom sligﬁtly closer to
“the alkali ﬁucleus. Thus, we predict-tﬁat our Sinding potential welis
may well bé too shallow.'.Thé derived étrdétural parameters, ho&ever,
‘are mot quitevas sensitive to the repuléive parameters. Omn a side note,
Lee.and Kim38 have recently compéred the Smith combining fules with an

arithmetic mean,geometric mean and a method of their own and found the -

. Smith rules lacking in accuracy. However, they used electron gas
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potentials as the potential energy form in testing these methods, where-
as the Smith rules were derived fof a two parameter potential like
Equation (5.11), so that their criticism is poorly;founded.

The electron gas mbdel of Gordon and Kim22 is éartictlarly suited
for binding between closed-shell éystems as we have in ArMX. 1In essénce,
Hartree-Fock electron densities of the interacting individual atoms are
left undistorted, but ‘added up in the regiomns of oveflap. The Coulomb
intefactions are then caléulated, and added to density dependent func-
tions for electron correlation, kinetic eﬁergy and exchange. Their
calculations for MX are somewhat better thanvours. Calculations for
(MX)2 éYstem523 have given dissociation energies deviating from 6 to 13%
from experimental values, not sighificantly better than other semi—'
empirical calculations based on a Rittner model.' It would be of inter-
est to follow the results of an electron gas calculation of ArMX systems
in the future.

‘Significant criticism has been leveled against the basic soundness

’

of electrostatic ﬁotential models. It was suggeéted that the model
viqlates the Pauli exclusion principle and lacks wavefunction anti-

. symmetrization in its treatment .of overlap, and that the virial thedrem .
is violated with the lack of a direct appearance of an electroh kinetic
energy term in the nuclear potential energy surface. From the'BorQ:

Oppenheimer approximation and the Hellmann-Feynman theorem one can derive

the general force equation

v
ar., dr

- - f b (0 ()

ij

(5.24)
ij

A

where U is the nucleus potential energy of a system; V, the position



.dependent potential energyvoperatof; Y(t), the.electronic wavefunction;
and iij’ a typicaldinternuciear separation. The force acting on.e
nucleus, then, is dependent only on the electron denéity distribution
and not directly on the electronic &avefunction. It is thus not un-
reasonable to view the electron distributionias a cloud of charges. As
an aeide,‘from (5.24) it appears significantly easier to determine.ehe
equilibrium geometry of a complex, where 3U/3r1j>= O,:than to determine
the actual value of the potential at that minimum. The actual use of a
wavefunction is not incurred in our model. Klemperer's3 criticism of
the use of perturbation theory eo derive interaction energies, as by
Bfumer and Karplus,lo is well founded in that there ie some electronic
overlap at equilibrium which is not explicitly.included in the perturbed
Hamiltonian ef Brumer and Karplus. However, only the form of their
potential is used in the Rittner model. The values for the repulsion
parameters are not calculated from their theory, but determined empir-
ically. = The daea from scattering experiments eutomatically end cor-

rectly include the effects of electron overlap, exchange, kinetic energy

and nuclear-nuclear repulsion. This in itself indicates that there really

is no problem with a virial theofem violation at small .dinternuclear
distances. A small amount of electronic kinetic energy is also included
in the polarization energy of the participating atoms in ArMX, but this
.vcontribution is minor compared to that in the Born.repuleive term._ The
inclusion of the Pauli principle is somewhat implicit on the distorﬁion
model of Smith.

In opr model, the relative size of the ions becomes the major
criterion‘in determining if the electrostatie or dispersive term has the
major influence on the ArMX equilibrium geometry. It is eeseﬁtially

a question of how closely the polarizable Ar atom can approach the ions'
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nuclei, their center of charge. At first glance, such a model has very
little to say correctly about such previously studied molecuies as
ArClF39 and'KrClF.40 The equiiiﬁrium geometry of ArClF is indicated in
Figure 5.4 of Ref., 39. It is found to be linear with the Ar on the
electropositive chlorine side of C1F, 3.33 Z from the Cl nucleus, about
0,33.less than the sum of the van der Waals radii.of Ar and Cl. As
fluorine is typically viewed as fhe smalier of the two halogens,_this
result appears in oppoéition to oﬁr modél. ArClF was found to have a
dissociation energy De = 228 cm_1 and vibrational force constants
fR = 30.2 udyne/g and fe = 1.5 udyne/z. Placing point charges at the
nuclei of’ClF consistent with its dipole moment (04888 D), our médel
would predict significantly lower wvalues for De and fR. Bond direc-
tionality, derived as the ratio of ﬁhe Eond stretching constant to the
bond bending constant, is 20 for ArCl¥, while for linear ArMX complexes
it is found to be from 135 and 152 for ArLiF and ArLiCl to 337 and 378
for ArNaF and ArNaCl; This iﬁdicates that the ArClF bending motion is
relatively more restricted than for our complexes, again seemingly
inconsistent with an electrostatic model. For these reasons and others
it has been found better to describe van der Waals molecules such as
ArClF with a Lewis acid-base model, with the Ar interacting here with
the unoccupied o* orbital on the chlorine,39 - The observed properties
of ArClF could well be attributed to such a "chemical' bond.

The electrostatic model, howe&er, may still have something to say
about ArClF. Firstly, the figure of Ref. 39 may be misleading in de-
noting the relative "sizes" of tHe chlorine and fluorine atoms for the

molecule ClF. With the electron density shifted toward the fluorine,

it is not at all obvious that the chlorine atom is still larger. A more
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subtle ﬁoint is that if one associates a certain electron "cloud" to
the chlorine atom in ClF, its center of charge would not fali on the
chloriﬁe'nucleus, due to the distortion from the covalent bond. This,
in turn, Qodld sﬁift the location of the effective center of charge to
the chlorine side of ClF. If the effective nuclear charge is given by
q+ (fér chlorine, this would be about.S‘e, as only the five 3‘p electrons
-afe much éelocalized), and if the effettive electron charge by q (less
than q+ for chlorine); is shifted by a distanceve toward the other nucleus,
then, to first order, the effective q+ - q— charge center to a probe at
a distance signifiéantly greater than ¢ from the nucleus is located at
a distance €' froﬁ the nucleﬁs tow;rd thé probe, where

et ~e ——. | (5.25)

q -9

Thbugh this expression cannot be applied too literally, it still indi-
cates that for C1F, the 'charge ceﬁtér" on the chlorine side is further
toward the end of the molecule than the chlofine nucleus. An electro-
static potential term woula be determined By the location»of this charge
center, and so the predicted interaction of Ar with C1F would be cor-
respondingly strengtheﬁed. The repulsive. and dispersive energy tefms
would still be influenced primaril& by the relative locations of the
interacting ﬁucieii(as, from ﬁq, (5.25), & is typically much less than
€'). Thus, an equipotential contour near the'equilibrium position of
Ar would havé a particularly smaller effective radius than.a corresponding
'Eontoﬁr for.a linear ArMX complex, and, as fe'values aré determined
~relative to the center of mass of the strongly bonded diatomic, ArClF
would appear to have a significantly more‘directionalized van der Waals

bond.
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_Such a qualitative model could be used to redescribé most van der
WaaISmolecples presently deécribed by the Lewis aéid—base model. 1In
generai, it would also predict van der Waals bonding to an'electropositive
éite of a covalent molecule, but would take more direcﬁ account of thé
fare gas'and'clqsed-shelled species' polarizabilities._ The use of such a
model té predict quantitatively equilibrium propertiés of mélecules such
as'ArClF,.howeVer; would be difficult.without preyioqé inforﬁatioh on ’
the charge distribution within the covalentvmolecﬁle,-as from ab initio.
calculations or as indicated by spectroscépic dipolevand.quadrupole
coupliﬁg valﬁes._ Repulsive parametefs wouldbalso bé difficult to find.
The épectral values obtained for ArClF can be inversely used to give such
information for‘ClF to predict geometries and energies for similar mole-
cules, as KrClF. For ArMX sys#em, the‘initial-charge distribution‘about
the MX nuclei is much less ambiguous; The ion.induced poiarizatioﬁ is
a small perturbation to the binding effect of argon, and is in fact
accounted for in the Rittner model.

From the Af}LiF scéttering experiments of Reed and Wharton;4 a
spherically averaged.well dépth ofv206 * 20 ;m_lvis predicted at an
argon-LiF séparatioﬁ of 3.8 A. This was calculated by assuminé that
ﬁhe width and'locafion of their rainbow scattering peak could be mod-="
eled by a sphefical averaging abouﬁ the LiF potential surface. Howevgr,
given-ﬁhe large anisotropy of this attractive potential and that rain-
bow scéttering, in an unbalanced way,jonly probes those brieﬁtations of
the Ar/LiF system where the argon experiences the attractive well, their
higher complex binding energyvrelative-to our prediction (wi;h aﬁ angle
avéraged va].uevvof'lOZIc:m_l at 3.8 K) is understéod. The scattering work

of Greene, 25_2;.6 suggest for the Ar/CsI system a well depth in the



ranée of 320 to 486 cm_i.with ; bond length of 4.to_5 A. In model
calcﬁlations of Matzer and Fisk41 to describe results in éollision
studieé between vibrationally excited KBr and Ar,7 tﬁéir surface I gives
‘good qualitative %greement to’oﬁr contour surféce for ArKBr, though they
predict a somewhat greater binding energy of 450 cm_l at a significantly
smaller distance. Thése differences are attributed pfimarily td dif-
ferences in our respective répulsive terms in the potential expressions.
Inelastic scattering experimenﬁs for Ar with CsI, CsBr, RbI and KI by
Tully,.gg_gi.g do not particularly probe the shallow potential wells
about the.alkali halides, . That an impulsive kinetic model describes
. their observed ionic dissociation process does not oppose our results,
Finally, it is of interest fhat the Ar-crystal calculations of House and
Jaycock42 predict that the Ar sits best over the Na+ in NaCl crystal,
but between the K+ and C1~ for KCl, consistent with our predictions.

Lin, Whartdn and Grice20 have done calculations similar to ours
for,MZX+ and MXZ_ systems.. The equilibrium angles they calcuiate follow
the same trend as ours, namely, that the larger the M+ to X "size"
ratio, the more linear the equilibrium molecule. Their'generally more
acute angleé and>larger binding energies (energies in their Table S.lv
should be in units of eV/mol) is due to their use of larger values of
Pig for the alkalis. The ég inifio calculations qf Rechsteiner gg:g£.43
on the other hand, predict linear equilibrium geomet;ies for Li2F+,

+ ' :

Na F', Li,Cl", and Na

2 2 Cl+, with small bending coefficients. Their re-

2

: o : o + v
sults indicate that the charge distribution of MZX complexes are not so

' : 21
obvious. Our calculations are consistent with those of Reck, et al.

for MXZ_.SYStems in that only'Cst— is found to be nonlinear. We have

: + _
found no previous calculations for ArM2 or Aer systems.
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E. Conclusion

Using an elec;rostatic model, we have predicted the equilibrium

geometries and potential fieldsfor the general class of argon-alkali
.halide complexes. From this model it is found that the geometries of
ArLiX and ArNaX are &etermined primérily from eiectrostatic consider-
ations, while the remainder are shaped more strbngly by the dispersive
attractive interaction. The greatest error withiﬁ the coﬁ;ext_of our
model is probably from our choice éf repulsive parameters. Objections
to the wvalidity of such a model have been addressed.

The ultimate test for our model would be by the actual determina-
tion of the geometric configurations of bound ArMX molecules from spec-
troscopic studies._ Molecular beam electric resonance spectroscopy is
a particularly well suited method for such measurements. Having an
argon beam seeded with gaseous alkali halide monomers, determinations
of geometry, change in dipole moment, vibrational constants, etc. can
be made. The results of such work would better indicate whether or not
van der Waals molecules need to be described by chemical forces more

specifically than in the electrostatic model. -
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44. Alkali Halide Vapors ~ Structure, Spectra, and Reaction Dynamics,
ed. by P. Davidovits and D. L.  McFadden (Academic Press, N.Y.,
1979) [A good general reference found after this writing.
Particularly relevant to this work are Chapter 1 by M. Blander
"discussing thermodynamic properties of MX vapors, and Chapter 15
by K. D. Jordan on. theoretlcal methods ]
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- APPENDIX

.The Computer Program CLARNA
The listing to CLARNA has been printed
on thé microfiche appended to this thesis (see
the Appendix to Chapter III). The plotting
routines are currently outdated at LBL.
‘ Following the listing is a typical data fiie

to be inputted with the program.
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