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PHOTOIONIZATION STUDIES WITH MOLECULAR BEAMS
Cheuk-Yiu Ng

Materials and Molecular Research Division, Lawrence Berkeley Laboratory
Department of Chemistry; University of California
Berkeley, California 94720

ABSTRACT

A molecular beam photoionization apparatus which combines the
advantageé of both the molecular beam method with photoionization
hass spectrometry‘hés been designed and constructed for cafrying'out
‘some unique photoionization experiments. It essentially consists of
a differentially pumped windowless vacuum ultraviolet monochromafor,
a‘modul%téd supérsonic beam production syétem, an ionization chamber,
photon detectors, a low noise quadrupole mass sbectrometef and intense‘
continuum 1ight_sodrces (extending from 6008 to 2000&).

Rotational cooling during fhe supersonic expansion has resulted
:in high resolution photOionization efficiency curves for NO, ICl,
(éHzand C%I; The ana]ysis of these spectra has yié]ded ionization
potentia}s for these molecules to an accuracy of + 3 meV. Detailed
autoionization structures were also resolved. This allows the
investigation of fhe selection rules for autoionization, and the
identification of the Rydberg series which converge to the exCited f
states of the mo}ecu]af ions. The degree of relaxation for;thermally
populated excited states has been examined using NO andrICIVas examples.
_As‘a reéu]t}of édiabatic cooling, a small percentage of dimers'is also

formed during the expahsion, The photoionization efficiency curves for



(NO)Z’ ArICl, Il&rz,_Kr2 and Xe2 have been obtained near the thresholds.
Using the known dissociation energies of the (N0)2, Arz, Kr2 and-Xeé
van der Waals molecules, the corresponding dissociation energies for
NO-NO+, Ar;, Kr;, and Xe; have been determined. The ionization

mechanisms for this class of molecules is examined and discussed.
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I. INTRODUCTION

The major prdCesses resulting from the absorption of a vacuum

“ d photon by an atom or a molecule may be summarized as follows:
(1) 7 X+ hv~ X* AtomiC.Excitation
(2)  X+hv> X +e+ K.E. Atomic Photoionization
* .
- (3) X+ hv->X +.X+ + e + K.E. Atomic Autoionization
(4) XY + hv > XY* Molecular Excitation
(5) XY +hv->X+Y+KE. Molecular Dissociation
’ (X and/or Y can be
an excited state)
~(6) XY + hv » XY" + e + K.E. Molecular Photoionization
.
(7) XY+ hv > XY > X+ Y + K.E. Predissociation
(8) XY +hu> X > X" +e+KE, HMolecular Autoionization
(9) XY +hv> Xy res x4y +e Fragmentation of Parent Ion
v(]O) XY + hy > XY - )_(+ + Y Ion-Pair Formation

- The' study of these processes, which provide detailed information

on the electronic state structures of gases, atoms and molecules as

well as atomic and molecular ions, is a fundamental subject of physics

and chemistry. The mechaniSm of UV photon interactions with gases is

very important to the understanding of the events associated with

. phenomena ranging frbm electrical discharges and plasma physics,

Upper atmospheric aeronomy and astrophysics. Nevertheless, it is

apparent that no single type of experiment is able to carry out detailed

investigation of all these processes. As a matter of fact, it is only

from different comp]ementary'experimenta]'techniques that a full
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picture of these mechanisms can be realized.

In vacuu% ultraviolet absorption spectroscopy, the total absbrption
cross section is measured as a function of photon energy. This method
proQides the most accurate means of determining ionization potentials
in the case where analysis of the spectrum allows identification of a
sufficient number of Rydberg levels. For atoms, the absorptioﬁ Cross-
section will closely approximate the 1onfzation cross section, whereas
for molecules other processes‘such as dissociation may occur. It is
often true that due to the broadening of absorption 1lines because of
prediéSociation, etc., that the identification of the Rydberg series is
made difficult or impossible.

Photoelectron spectroscopy involves the measurement of the kinetic
enefoés of the ejected electrons by the interactions of a monoenergetic
beam of photons with an atom or a molecule. This method is an especially
unambiguous one for the study of molecular é]ectronic structures of
substances in a vapof state. However,'the lack of mass discrimination
to assist in the identification of the ions formed often makes the
analysis of the spectra very difficult.

The measurement of the jonization cross section for a particular
ionizing channel as a function of photon energy is the object of the
photoionization experiment. The photoionizationvefficiency curve (ndﬁgé}‘
of ions produced per photon transmitted, plotted as a function of
wavelength) will, if taken at sufficient high resolution, usually
contains information on the first and higher jonization potentia]é,

_ _ ,
vibrational frequency of the ion, and Franck-Condon factors for the
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ionization process. Also found in the‘photoionization efficiency
curves are sharp peaks due to autoioniiation, 1h which the ionization
takes place in two stages. The first step is a resonant process

' ihVo]v%ng the excitation of the,neutral species to a discrete resonant
sfate.aboye‘its:ionfzatfon potenfia]s, and the second is the sbontaneous
loss of the e]ectfoh.‘ This structure a]]ows'the,ihvestigation of the'
coupling between discrete states and 1onfzation continuum (i.e., the
selection rules and lifetime etc. for autoionization). Furtherhore,
the'measurement-of fonization and appearance potentials can, by
consideration of suiﬁab]e thérmodynamic cycles, provide a great dea]f
of thermochemical date for both ionic and neutral speciee. 'Cohsider
the case of molecular photoionization in process (6). The appearance
potential is' | | - .

AP(XYT) = AHC(XYT) - aH(XY)

o
SincefAH%(XY) isbknown'for a large number of combounds, then AHf(XY+)
.can be determined. . Another example as in process (9) we have.

| APg(X*) = IP(X) + D(X-Y)
where either the bondvdissociation energy may be known from other
expefimehts or.ft may be possible to measure the.ionizatich pdtehtial_
of X from the above equation. |

If fhe ion pair pfocess also occurs,-the difference in the appear?
ance potential for process.(10), AP]O(X+), and that of process (9),
'APg(X+) give the electron affinity of Y. That is

+ +
AP9(X ),- AP]O(X ) = EA(Y)
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However; as mentioned above, the full potential of the photo-
ionizétion experiment will be fully realized only if high resolution
photoionization efficiency curves are obtained. ' At the present:
technological level, a windowless vacuum ultraviolet monochromator
operafed by extensive differential pumping and an intense laboratory
continuum vacﬁum ultraviolet 1ight source are available. These
enable the usual instrumental resolution for photoionization experiments'
to bevés high as 1-10 meV without suffering from very low ion intensity.
However, it is fhe rotational enve]ope.of the molecules at room |
temberéture that limits the ultimate resolution. * For diatomic molecules,
fhe r5tationa1 envelope half-width within a single electronic vibration
is'of‘fhe order of kT = 0.025 eV, while that of polyatomic mo]écule
is about 39 meV. The rotational spread can be suppressed by cooling
the gas to low temperature. In the case of hydrogen, by cooling the
gas- to liquid nitrogen temperature, an energy resolution as high as
0.048 has been obtained by Chupka and co-workers.] Obviously, this is
not applicable to condensable gases. One way to circumvent this
difficulty is to use the modulated supersonic beam technique. It is
known that adiabatic cooling of the gas during the expansion‘is extremely
effective in lowering the rotational temperature. Furfhermore, the ﬁé;h
technique also allows the photoionization of dimers and transient radicals
to be possible. This thesis reports the results of high resolution
photoionization studies of condensable gases (NO, IC1, CH3I and C2H2)

and dimers{((NO)z, Xez, Kr, and Arz) using the molecular beam method.
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II. Theoretical Considerations

The jonization may be a direction prbcess which involves a-diréct
v trahsition of a bound electron into the ionization continuum, or may
take'b]ace by an indirect process, for example autoionization ahd
predissociation. |
2;] 'Direct Ionization

It has beeri shown both theoretica]]y]’2 and experimenta]1y3 that
the tﬁresho]d_for photoionization is a step-like function, f.e., the
onset riées sharply at the thresho]d of each process and then tends
to assume/a constant value. To a first approximation, the cross |
settiqn for photoionization can be calculated by-conéidering the
| intéraction of a photon with an atomic or molecular system to be
analogous to the interaction of an e]ectromagﬁetic wave with an electric
dipole. If the waveienéth of the incoming photon is long compared with
the distance over which the wavefunctidns aré appreciable, the Hipo]e_
approximation ié satisfactory, and the operator describing the in£er-
action of two wavefunctions may be taken to be the dipole operator‘.4
Assuming only a single electron to be involved in the transition, the‘
éxpression for total photoionization cross section iss

2,2 Vi + K

_ 4Maae
9 ° 3 95

lMﬁ:l _ ' (])

Mif’ is the matrix element defined by
1f' ZZU‘P Z‘” 2 dcl | (2)

a, is the photoionization cross section at some radiation frequency v.
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m, e, are the mass and charge respectively of an electron.
| 9; is the degeneracy of the initial state.

ZZ denote sums over the initial and final state respective]y.
ild

~¥. is the initial state wavefunction.

y* is the final state wavefunction.

N —~h % -~

k® is the kinetic energy of the ejected electron.
Vi-is the ionization thresho]d energy.

§:r“ eharacterizes'thebdipole moment operator.
uo :

a is the fine structure constant.
ao is the Bohr radius.

vKuation (1) indiceted that the cross?section'depénds not only
on.the matrix element Mif buf also on the frequency of the incident
radiation aﬁd the velocity of the ejected electron. Let us consider
the péotoionization partial cross section which only involves the
transition from ¥ to Ye aed let r and R denote the electronic and :
nuclear coordinétes‘reepectively. Assuming the photoionization proeess
is - rapid with fespect to the vibrational period, i.e., the molecule
contains a fixed huc]ear geometry during this process, we can introduce
the Born- 0ppenhe1mer approx1mat1on and hence W]’f can be written as

the product of an electronic and a vibrational wavefunction (neg1ect1ng

rotation) i.e., Wi

= Ygubyu and Wf —-we.wv.i The transition probability
2 .
Pyrynelfug vy (M, + M)y, udrdRl o e

M,. and MR are the dipole moment operators which depends on electronic

and nuclear coordinates respectiveTy. If we. and we" are orthokgonal



wavefunctions, we have

- | 7 )
PV_'Y|'°:1/;")E.Mrwe'ldr _wV'wV"dR + / .ll)e..dr‘ ll)leRll)V..de .
. 2 2 .
Ifweer.\PendY‘l |fva|UJv..'dR|
55124 £ 12
17211 fo,10,40R)

‘where ~|fwv.wv.,dR|2 is the Franck-Condon factor which gives relative

strengths of electronic transitions and distributes the intensity into
apprdpfiate vibrational states. For states of the ion having
equi]ibrium distance different from that in thé ground state of the
neutrai mo]ecuie, maximum wavefunction overlap (Franck-Condon region)
occurs at a position‘on the potential energy surface of the ion
diffefént from the ground state. The host commonly observed Franck-
Condon ‘overlap conditions in photoionization are_shown in Fig. (]).6
The transitions are all takeh as originating from the zero vibrafional
level 6f the initial electronic state. The maximum probability for 5
transifion occurs in‘the center of the Franck-Condon region where‘
the initial wavefunctions has its maximum. The three cases shown are:
a.v The ioﬁization only involves in rehova] of a honbindihg or
“lone pqir" electron, which has little effect in the bonding of
the molecular idn. In other words, there is little or no chaﬁdg
fn internuclear distance or vibrational interval from that of the
neutral molecule. -The photoionization efficiency curve will
essentially shdw one big step corresponding:to an intenée 0-0

transition as indicated in curve (a) of Fig. 1.
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b. The removal of an antibonding electron results in strengthening

the bonding of the molecular ion. This implies a decrease in

bond length and wider vibrational spacing for the jonic state.

The photoionization efficiency curve hence will show a few widely

spaced steps és shown in curve (b) of Fig. 1 (e.g. NO).

c. Removal of a bonding electron produces transitions to the steeper
slope of the strongly repulsive portion of the ion potential well.

The photoionization efficiency curve usually is composed of a

c]osély spaced steps indicating an increase in bond length (weaker

bonding) and frequency reduction in the molecular ion with respect
to that in the neutral molecule. (e.g. CZHZ)' This is shown in

curve (c) of Fig. 1.

If 15512 is assumed independent of total energy and photoelectron
ehéréyl the intensity ratio corresponding to the transition from the
ground state wv" to two vibrational states (v' + 1, v') of the mbTecu]ar_
ion will bear the relation

5.
Step Height (v' + 1) _ |<l1’v"lwv'+1>|
Step Height (v") - |<¢Vu|wv->|2

@)

2.2 Autoionization

The removal of an electron from.ah atom or molecule which does
not involve a transition directly into the continuum is known as
autoionization. This process arises due to the overlapping of discrete
energy levels by a continuous range of levels as depicted in Fig. 2.
Series 1 represents the Rydberg levels converging to thé.first

ionization potential and series 2 the Rydberg levels leading to a
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higher ionic state. If an electron is excited to a bound‘level in
series 2 which is higher in energy than the first ionization potential
associated with series 1, then the possibility exists of a fadiationléss
-_transition/from the bound molecular state into a‘stable ionic state. |
The electron ejected ih this manner will have a kinetic energy equal to -
the difference between'the energy of the bound state and the ]ower
idniiation potential. Unlike the direct fohization, autoionization
is a reSonant procesé occurfing only at discrete energies which
correspond to the bound 1eve15_ofvserieé 2. The.process is manifested
as a numbe? of peaks on the photoionization efficiency curve as ‘shown
in Fig. 2. |

The phenomenon was first postulated by Shenstone7 to explain the
bfoadening and asymmetry of Some absorption peaks above fhe ionization
.potential.of certain specieﬁ. The theoretical aspects of autoionization
have -been invéstigated extensive]y. Fano8 postulated configuration
interaction between the discrete states and the continuum, and has
studied theoretically the asymmetric peaks of autoionization which
appear in the photoionization efficiency curve. He has been able to
predict the position and intensity shifts broduced in a Rydberg series
due to autoionizatfon.. Mies9 has extended Fano's theory of configurétion
iﬁteraction to include the éase of ‘many discreté‘states interacting
with many continuum channels, with the possibility that neighboring
resonances may overlap, i.e., that their autoionization widths may be
greater than the spa;ing between discrete states. The transition

amplitude is



-13-
tv' = %;Fv',aFa,v"cd ' (5)
-1 . 1
where C = te[l +q %;_ea’n*]/[l + T E; Ea,n*]_ | (6)
.Ea,n* N <€'€a,n*)/(]/zr) ,. 3 (7)
roo= 3: Ty = 2 3: |<ty0 plHlY, o] (8)

't;. is the transition amplitude fram ground vibrational state v" to

final ionic vibrational state v'.
n* & o are the effective principle quantum number and vibrational

quantum number respectively which characterize the Rydberg state.

~q is the Fano's line profile index.

v', a, v' are the index for denoting the vibrational quantum number

for the ground state, Rydberg state and final molecular fonic state.

Vi,
vibrational levels.

F . o &\Fa g are the Franck-Condon factors between the corresponding

H is the 1ntere1ectroni¢ repulsion causing the two e]ectron transition.
I is the total autoionization width of state (n*,a).
te is a factor which debends on the electronic transition probability.
e is the incident photon energy.

If the wfdths of the states are much less than the separation
between successive states, autoionization will be important only if €
is close to the energy of some state n*, o, then

G = tyleg et alley et il | (9)

o a,n*
which is Bardsley's result.]0 If ¢ is far from any sharp resonance

_ .C
Ca = t7 for all a
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;tV' = te%;FV'aFa,v" .= teFV',V" o (]0).

which is the direct photoionization result. HoweVer if € falls precisely

- on a single resonance (n*, o) which does not overlap with any other

resonance, then

) t;l = te[Fv“v' - FV"aFaV'(] + iQ)] o (]])

The first term in bracket is the contribution of direct photoionjzation
. |

and the second is the contribution of the autoionizing state. If the

second term predominates, the intensity ratio of two vibrational peaks

(v' + 1, v') now has the form]]

intensity (v' +1) _ (f_!_i_l__a_) (12)

3 - T
1ntens1ty Y Fv'a



11.

Qo uvud4d06u050538

-15-

REFERENCES

R. W. Ditchburn, U. Opik, "Atomic and Molecular Processes" ed.
D. R. Bates, Academic Press, London (1962). |

S. Geltman, Phys. Re&., 112, 176 (1958).

J. A. R. Samson, J. Op. Soc. Am;, 55, 935 (1965).

E. w..McDanie], “Collision Phenomena in Ionized Gases." Wiley,
New York (1964). |

D. R. Bates, Mon. Not. Roy. Astron. Soc., 106, 423 (1946).

D. A. S. Vroom, Ph.D. Thesis, The University of British Columbia
(1966).

A. G. Shenstone, Phys. Rev., 38, 873 (1931).

U. Fano, Phys. Rev., 124, 1866 (1961).

F. H. Mies, Phys. Rev., 175, 164 (1968).

J. N. Bardsley, Chem. Phys. Lett., 2, 329 (1968).

A. L. Smith, Phil. Trans. Roy. Soc. Lond., A 268, 169 (1970).



-16-

~ III. PHOTOIONIZATION WITH MOLECULAR BEAMS
1. AUTOIONIZATION STRUCTURE OF NITRIC OXIDE NEAR THE THRESHOLD

ABSTRACT

The photoionization efficiency curve of N0+(X]£+) was obtained
using a moiécu]ar beam technique in the wavelength range from 1350R
to 118548 (9.18-10.46 eV). Due to the lowering of the rotational
temperature by supersonic expansion, the_autoionization structure
sdperimpos@d on the vibrational steps is well resolved. This structure
is attributed to vibrational autoionization. The splitting of the |
autoionization peaks due to the spin-orbit ground state (zn]/z, 2H3/2)
of nitric oxide is observed. The strong intensity peaks of the
vibrational autoionization are found to correspoﬁd to a vibrational
quantum number change of Av=-1. The autoionization structure Qbserved
on the first four vibrational steps obeys the propensity rule proposed

by Berry.]
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INTRODUCTION

Since advances in vacuum technology and improvements of diffraction
gratings have extended high reso]ution molecular spectroscopy into the
vacuum ultraviolet region, mahy new e]éctronic states and Rydberg series
of molecules and atoms have been identified in absorption and emission;
However, the absorption of ultraviolet radiation by molecules is‘observed
'to'be'considerab]y more complex than that of atoms. -when the overlapping
of discrete energy Téve]s by a continuous range of levels occurs,‘boxh
 autoionization and predissociation can take place and reduce the 1ife-
time of the discrete'state; with.cdncomitant broadening of the
absorption features. The high resolution photoionizatioh experiment
. remains one of the most sensitive methods of.inVesfigating the ionization
bfocesses and coupling mechanisms between the excited Rydberg states and
ionic states. Not only does it give precise information on the first
and higher ionization potentials of molecules and vibrationa]’freduencies
of the ions, but Franck-Condon factors for the direct jonization can
also be obtained from the relative height of the ﬁteps which appear
in the photoion yie]d curves. The most comp]éte system of Rydberg
states for a diatomic mo1ecu1e‘other than H, and He, has emerged in
- recent years from the study of high resq]utibn emission and_absorptjqﬁa,?,
Spectra:df NO, which has been principally carried out by Miéscher'aﬁd |

1-5 In a conventional absorption spectroscopic experi-

his co-workers.
ment, detectibn of weak autoionization structure can be difficult.
These difficulties are lessened to a great extent in a high resolutiop

photoionization experiment, where the ions are directly detected.
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The photoionization of NO has been studied by many investigators.

in the last 20 year‘s.s']2

Step function behavior of the photoionization
_efficiéncy/curve has been demonstrated and the fine structure suéerimposed
upon the steps has also been obselr‘ved.”-.’]2 A more detailed investigation

13 only"

of the threshold regioh was undertaken by Killgoar et. al.
recentiy. Theif experiment was done with a dispersed vacuum ultraviolet"
1ight 6n a gas cell df nitric oxide.cooled to 150°K. The autoionizing
péaks observed in their work are still relatively broad. Hence, the
asSignmené of thevautoionizafion structure might not be ehiire]y certain. .
Even though Killgoar et. al. used a dispersed photon beam of about 6 meV
resolution, the resolution of their experiment was actually limited by
the rotationa] temperature of NOvat 150°K (~13 meV). 1In order to take
’fullsadvantage of the energy resolution available by photoionization
experimengs, the gas cell has to be cooled at least down to 80°K. This
is obvioug1y impossible for condensable gases such as NO. One of the
most effective methods of surmounting these problems is to employ the
supersonic beam.technique. We have used thié method to obtain thé
photoionization efficiency curve of NO with our molecular beam photo-
jonization apparatus. The autoionization structure observed is

rd

re-interpreted as discussed below:

EXPERIMENTAL

The apparatus used in this work is essentially a normal incidence
type vacuum-ultraviolet monochromator (McPherson 225) coupled to a

molecular beam chamber as shown in Fig. 1. The photon source is the
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many-1line pseudo—continuum of H2 produced by a D.C. capillary dfscharge.
The diﬁcharge lamp is made out.ofquartz;withé 6 mm. 0.D. x 4 mm. 1.D.
discharge capillary surrounded by a 1" 0.D. Standard wall water jacket.
The_who]e discharge‘]amb is 11" long. Both the anode and cathode are

méde oﬁt of aluminum and water cooled during the operation of the Tamp.
Before the main chamber of the monochromdtor, the source is differentia]iy
pumped by a Robts blower and an ejector pump; With the Tamp operatediat
about 5 torr, and with the entrance slit about. 100 yu, the monochromator

6 torr. The intensity of the dispersed

can maintain a vacuum at’57x 10
light coming out from the exit slit is monitored by a sodium saTiéy]afe
coated photomultiplier, which is.known to have a congtant quantum
effici§ncy from 3008 to 1600R.1% (The current output from the photo-
multiplier is usually about'10'7 ampere, which is two orders of magnitude
higher thén the photomuitiplier dark current.) The sfgnal from the
photomultiplier is measured by a picoammeter. The stability of the
‘discharge lamp is further monitored by taking the analog outpbt of the
picoamneter to a strip chart recorder. The grating used in the work
is MgF, coated, ruled with 1200 1ines/mn and blazed at 1200k, The
reciprocal diSbersion is 8.3K/mm, w%th 100 u exit and entrance slits,
the resolution is about 6 meV. Nave]ehgth calibration was accompljshed Co
by using the known emiésion lines of the hydrogen'atom and mqiécuie;"’

The nitric oxide target gas is introduced»in the chamber by super-
sonic expansion through a 0.005" nozzle with a stagnation preséure of
~350 torr. The beam expansion chamber is pumped by a 10" diffusion

pump which maintains a vacuum of 10'4 torr. The second differential

pumping region in which the beam is co]limated is pumped by,a 4"
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\ | v
diffusion pump which maintains a pressure of 1075‘torr; The main

chamber is pumped by two 4" diffusion pumps , and has a pressure of

5 x 107/ torr when the beam is running. Thé nitric oxide and photon
beams cross in the main chamber at nearly a right angle. The width
of both the photon beam.and the molecular beam is about 0.3 cm at the
collision region. The detector is a quadrupole mass spectrometer
which has its axis perpendicular to both the photon beam and the
molecular beam. The whole détector is differentially pumped by a

220 1/sec ion pump, which provides the detector with a very high

9 torr) when the main chamber is at 5 x 10'7 torr.

vacuun (~5 x 10°
~ The ions generéted at the collison center are focused into the

hass sbectrometer and mass analyzed. The molecular beam is chopped

by.a 150 Hz tuning fork chopper which generates two gating signals

corresponding .to the beam on and off. Each gate initiates one of

an idential pair of 5 MHz scalers. The difference of the two counters

gives the net signal. With the present beam production system, the

modulated background is about 5-10% of the signal counts. The mono-

chromator is scanned manually using a 0.5R interval. At each wavelength,

the current reading of the picoammeter which corresponds to the 1ight

intensity is recorded. The relative photoionization efficiency curve

is thus equal to the ratio of ion signal to the photon signal. ‘After

the experiment, the monochromator is scanned down to 600A where there

is no light generated by the Hz pseudo—continuum; and the current'feading of )

the phototube corresponds to the background of stray photons from the

- monochromator. A1l photon signals are corrected for this background.

Depending on the intensity of the light, the minimum counting rate is



GO w0460 3046

-21-

~10 counts/sec and the maximum counting rate is 2000 cbunts/secvat the
Lyman a. The average counting rate at thé vibrational steps is ~50
counts/sec; The whole spectrum is obtained by counting 100 sec at each
point.

The Qertica] cross éectidn of the apparatus showing the experimentaij
arrangement near the collision center is Shdwn in Fig. 2. The photon
beam is comingvout from the p]éne of thé figure.‘ An electron bombard-
ment type ionizer is coupled to the co]]isioﬁ régfon to check the beam
number density and célibrate the mass spectrometer. With the probe
>of the ipnizer, the beam density in general is about 1.5 x 10]2 mo]é-

cules/cc at the collision center.

RESULTS AND DISCUSSION

The photoionization spectrum of NO obtained is shdwn in Fig. 3. The
advantages of_combining the photoionization mass_spectrdmetric technique
and the molecular beam method are apparent'from the sharp features shown
in fhe spéétrum. ‘The onset of each vibrational step is extreme]y‘sharp;
The uncertainty of the rise is less than approximately 0.53. In addition
to the clear step?function behavior due to the direct ionization process,
considerable autoionization structure is well-resolved. Thekionigatibﬁ
potentials from the two ground spin-orbit (%]/2’ 3/2) sfateé'tobfhe'
first four vibrational levels of the ionic state (]2+) derived from the
middje bf.the first sharp rise of each vibrational step in the photo-
jonization efficiency curve are listed in Table I. A comparison of the

.values of the first fohization*potentia] of NO obtained in this

and in earlier work is made in Table II. The sharp onsets of the
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f/. .
photoionization efficiency curve observed in this work correspond to
jonization potentials from (X2H3/2, v"=O) to the (x1z+, v'=0,1,2,3)
statés,ﬁand'the jonization potentials from the (XZH]/Z, v"=0) stafe
are just 121 cm'] (15 meV)]Svhighér. The vibrational spacing is listed
and compared the Qa]ues obtained previously by other methods in Table
ITI. A1l of them agree very well.

The onset of the (]Z+, v'=0) state has been examined at three
different nozzle pressures and the results are shown in Fig. 4. Curves
a, b, and ¢ correspond to nozzle pressures of 100 torr, 300 torr and
450 torr, respectively. They are essentially indistinguishable from
each Other;‘i}e.,the rotational temperature of the target gas is already
as Tow és ~80°K (the resolution of the photon beam in this work) at
a nozzle pressure as low aé 100 torr. A 80 torr nozzle beam having a
rotational temperature <118°K has already been demonstrated by £he
photoionization work of Parr and Tay]olr‘.]8

One of the most important pieces of information obtained by
examining the photoion spectrum concerns the manner in which the
excited Rydberg states of molecules couple with the ionization continuum.
The only two well-characterized systems are those of H2 and 02.~fIn fhe
case of the hydfogen molecule near thresho]d, autoionization is pure]y; K
vibrationa] induced. The energetics of autoionization involve reldxéfgak |
of a vibrationally excited core, with the energy being supplied to the
Rydberg electron. There have been several thedretica] discussions of

/ /
17-21 Although different models have been applied

this problem recently.
to the process, they all come to the conc]uéion that the autoionization

will be most probable for Av=-1, considerably less for Av=-2, still less
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for Av=-3, etc. This is what Berryzzca11s the propensity rule. This

had been observed earlier in photionization experiment523’24

25

and later

in absorption spectroscopy. |
The fact that high resolution phqtoion spectrum of H2 shows no

sieps in the apparent continuum at any of the thresholds for the

formation of vibrationally excited state§ of‘H2+ indicates near1y

complete autoionfzation, However, thé sftuétion is diffefent for NO,

which shows'step-function structure. Such structure 1ndi§ates that

direct ionization isvthe.dominant process, while autoionization'gives

only a weak structure superimposed on the steps. 'Miescher] has obtained.

a’high keso1utioh photograph of the absorption spectrum in the 13004 -

14008 region and identified several Rydberg series converging to

excited vibratibna] states of the gfound X]Z+’e1ectr6nic state of the

NO ion. Due to the strong absorption background, the identification

of the autoionizing lines may not always be feasible, as mentioned

above. The energy range of Miescher's work, covers only the first‘

1 13 extended

vibrational step (v'=0) of the X z+ state. Killgoar et. al,
ﬁhe work to the 4th vibrational step (v'=3)_by a high resolution photo-
ionization experiment. Théir assignment to the autoionization structure .,
mainly follows that of Miescher's. Only a few strong autoionizing

peaks were assigned as corresponding to a vibrational enerdy change

Av=-1. A1l others wére identified as converging to highly excited
vibrational states of the ionic X]Z+ state. Thus, they do not disprove

or confirm the propensity rule derived by Berry17’gﬁd Banr'dsley.]8

Miescher has reported that many of the Rydberg series in NO are

perturbed. This‘by no means implies that the predissociation is
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i

strong enough to obscure the'autoionizing structure. On the contrary,

as argued in the paper of Killgoar et. a].,]3

the Rydberg absorptions
converging to v'=1 are expected to be streng o |

As can be seen in the photo1on yield curve of NO, ‘the autoionization
f1ne structure is relatively weak, yet the peaks are sharp. This perm1ts
us to assign the autoionization structure unambiguous]y. Indeed, the
_ana1ysis of the spectrum does confirm the strong autoionization structure

is favored by the vibrational propensity rule Av=-1.

The strong autoionization peaks have been fit with the Rydberg equation

v ‘R _

=T v -

V. (n-8)2 | |

the corresponding Rydberg transition converges, R is the Rydbergconstant, §

» where Tv' is the ionization potential limit to which

~is the quantum defect, n is the principal quantum number, and vis the peak
position. By using the ionfzation potentials obtained (Table I) in this
work as the converging 1imits T,'s we find that 31 of the strong peaks
observed in this work are favored by the vibrational propensity rule

Av=-1.- With a quantum defect 8 of 0.87, the predicted and observed
autoionization peaks for the first four v1brat1ona1 steps are 11§ted in
Table IV A-VII B. The observed autoionization peaks for the firet four
vibrational steps are listed in Tables IV A-VII B, where they are com-
pared with the predictions of the Rydberg equation in which the gquantum
defect § was 0.87. Predictions and experiments agree to within ~0.53,
which is the uncertainty of this work. Essentially, on each vibrational
step, there are two major series which are separated by about 15 meV. This
is exactly the energy separation of the two spin-orbit sfates (21[]/2 and |
2

H3/2) of the ground state NO molecule after a cprrection for zero point

energy is made. The lower energy series of peaks is derived from the 2H3/2
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state while the other comes from the ZH]/Z state. At room temperature,

the popd]ation of the 2H3/2‘sta'te is about 56% of that of the ground‘

state 2H]/z.' Our observations show that a nozzle pressure of < 350 torr
is nbt effective in re]axing’the.zn3/2 state of NO. The intensitfes of
the doublet peaks‘Willlhot stand in the ratio of 1:2 because the peak of |
the lower energy member (2H3/2+X]Z+) a]ways overlaps the rising edge of
higher energy member (2H1/2+X]Z+). For example, for the doublets on the
first two vibrational steps, the higher intensity of the (n=8, v'=1)
and (n=8, v'=2) peaks from the 2H3/2 state. comes from the overlapping
of the onset of:(n=8,'v'=1), and (n=8, v'=2) from 2H3/2 state reSpectiveiy“
Table VIII lists thé relative Franck-Condon factor derived in this
work and compared with the values obtained by other methods. The
aéturacy of these values is 1jmifed by the autoionizing structure
superimposed on the vibrational sfeps. We adopt the empirical choice
of absorption cross-section for direct ionization thbe that from
base line to autoionization minimﬁm. | |
In conéldsion, we note that our éssignments of the autoionization

features differ in some respects from those of Killgoar et. a1;]3

This
reassignment is facilitated by the enhanced resolution of our photo-
ionizatibn efficiency curve, which results prfncipa]]y from the rotational
cooling achieVed by the supersonic expansion. The reassignment has the .
satisfying aspect that most of the features can be fit with a Rydberg

formu]a in which only one value of the quantum defect is used.
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Table I. Ionization Potentials of Nitric Oxide (ev)

(uncertainty * 0.003ev)

.fonic State (223/2’,Y"=0)f# (Xi§+, v') (221/2, v'=0) -+ (X]Z+, v')‘

X'r*, vi=o 9.256 | - 9.2711

x'zt, ol 9.547 | o 9.562
K2 98w o 9.849

x]vz+, v'=3 _vlo.ns B o 10.130

X'gt, vi=a 10.395 10,410
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Table TI. | Comparison of the ionizatfon potentials of

NO(Xm: v*=0)sno* (x'5¥, v'=0)

2’ ‘"_ . ]+ ' . 2 .
- (Mgppe vU=0R(XT27, vi=0)  (°my ., V"f0)+(xlz+,'v';o) Method and Ref.

9.256 + 0.003 Photoionization

This work
9.2637

I+

0.0006 Spectroscopic
(2)

+

9.267 + 0.005 Spectroscopic
v (26) .

<+

. 9.266 + 0.008 Spectroscopic
‘ (27) _

9.250 + 0.005 - | Photozoggzat{on

9.25 + 0.02 : Photoionization
(28)

9.20 + 0.03 | Photoionization
T (29)

9.25 + 0.03 , Photozo?ization
. 8

9.23 ' _ Photoelectron
(30)

9.32 , ' Photoelectron
(31)

9.34 N Photoelectron
v (32)

9.25 ' ~_ Photoelectron
‘ (33)

1 9.25 £ 0.002 ‘ Electron Impact
. , . : : (34)

9.26 Théoretical
(35)



Table III. Vibrational Spacing of the Lowest Ionic State (1Z+) of NO

Av' Ca]cu]afeda Photoionizationb Spectroscop‘icC Electron ImpaCtd Photoelectron® This work
0-1 0.290 0.290 0.291 0.29 0.30 0.291
1-2 0.287 0.288 0.286 0.26 -0.29 | 0.287
2-3 0.283 0.277 0.283 0.28 0.281
3.4 0.278 - 0.295 0.278 . 0.28. 0.280

aReference'36

bReference 9

cReference 37

dReference 38

eReference 31

_ls_



Assignment of Autoionization Structure on the First

Table IV A.
 Vibrational Step of No" (‘z++2n3/é)
;Obserzed R Peaks Predicted 8 _ Assignment
(A) by Equation (1) (K) ‘ : n v'
i336.67 1336.12 - 0.87 v,8 ' .- 1
1327.67 1327.31 0.87 9 1
1321.17 1321.35_‘ 0.87 '1o_ 1
131667 1316.95 0.87 noo
1313.17 1313.88 | 0.87 12 1.

o 13.607 :
hv = |9.546, - [2:2°/4 eV (1)
[ 8 (n-0.87) ]-
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Table IV B. Assignment of Autoionization Structure on the First
Vibrational Step. of No™ (IZ++2H]/2)
- Observed Peaks Predicted $ Assignment
(A by Equation (2) (A) o n v
1334.17 . 1333.96 : 0.87 8 1
1325.17 1325.18 = 0.87 9 1
13.607,
: hv = 19.561lg - —————s—| eV (2)
r (n-0.87) :
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“Table V A. Assignment of Autoionizatipn Structure on the Secdnd
Vibrational Step of No* (]Z++2H'
Observed Peaks Predicted 8 Assignment
() by Equation (3) (A) n v'

1296.17 1295.94 0.87 8 2

1287.67 1287.62 0.87 9 2

1281.67 1281.95 0.87 10 2

1277.67 1277.90 0.87 1 2

1275.17 1274.91 0.87 12 2
13.607, ‘

hv = 19.834, - ———— | eV (3)

(n-0.87)
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Table V B. Assignment of Autoionization Structure on the Second
Vibrational Step of NO* (’z*«zn]/z)
Observed Peaks Predicted | ) Assignment
(R) by Equation (4) (K)_ | - noooov!
1293.67 1293.92 0.87 8 2
1285.17 128563 087 9 2

. 13.607, o
hv = 9.849, - ——— |eV (4)
(n-0.87)
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Assignment of Autoionization Structure on the Third

4

(n-0.87

Table VI A.
Vibrational Step of no* (]Z++2H3/2)
Observed Peaks Predicted 3 Assignment
(R) by Equation (5) (R) n v'
1259.17 1258.98 0.87 8§ 3
1250.67 ~1251.12 .0.87 9 3
1245.17 1245.77 0.87 0 '3
1241.67 1241.94 0.87 11 3
1233.67 - 1239.12 0.87 12 3
13.607,
hy = 10.115 - ———-————;?— eV (5)
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Tab1e VI B. Assignment of Autoionization Structure on the Third
Vibrational Step of NO* (]z++2n]/2
Observed Peaks Predicted . ’ 8 Assignment
(K) by Equation (5)_(K)v n v'
1256.67 1257.06 0.87 8 3
1249.17 1249.24 - 0.87 9 3
1243.67 1243.89 0.87 0 3
1240.17 1240.08 0.87 11 3
1236.67 - 1237.26 0.87 12 3
1.3.6074 _
hy = (10130, - 7o a0 ~(6)
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Assignment of Autoionization Structure on the Fourth

Table VII A.‘

Vibrational Step on NO* (‘z++2n3/2) |

j
-Observed Peaks Predicted 6 ‘Assignment
(R) by Equation (7) (A) v
1224.67 1224.20 0.87 8 4
 1216.67 1216.77 0.87 9 4
1211.17 1211.70 0.87 0 4
1207.67 1208.08 | 0.87 ik 4

13.607,
hv = [10.395, - ———— | eV (7)

(n-0.87)
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Table VII B. Assignment of Autoionization Structure on the Fourth
Vibrational Step of NOT (]Z++2H

Observed Peaks Predicted 8 Assignment

(K) by Equation (8) (K) n v'
1222.17 1222.39 0.87 8 4
1215.17 1214.98 0.87 9 4
1209.67 1209.93 0.87 10 -4
! 13.6074 :
hv = {10.410, - —y eV (8)

2 (n-0.87)



Table VIII.

Relative Transition Probabilities (normalized for v'=1)
v' Ca]cu]ated Photoionization Photoe]ectf‘on This work
Ref. 36 Ref. 39 Ref. 7 Ref. 31
0 0.478 0.4781 0.79 0.59 0.70
1 1.0a0 1.000 1.00 1.00 1.00
2 0.917 0.9170 1.00 0.81 1.03
3 0.484 0.4843_ 0.67 0.40 ,0’70
4 0.163 0.1629 0.16 0.28

-OV-
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Figure 4.

-4]1-

FIGURES

Schematic diagram of the apparatus (Plane View)
(1) McPherson 225 Vacuum UV Monochromator,

(2) Differential Pumping System, (3) Entrance
STit, (4) Light Source, (5) Exit Slit, (6) Sodium
Salicylate Coated Quartz Window, (7) Photon
Detector, (8) Nozzle, (9) Tuning Fork Chopper:

Schematic‘diagram of the apparatus (Vertical Cross

" Section View) (1) Nozzle, (2) Skimmer, (3) Tuning

Fork'Chopper, (4) Quadrupole Mass Spectrometer,

(5) Focusing Ion Lenses, (6) Electron Gun.

Photoionization efficiency curve of NO+(X]Z+) in

‘the wavelength range from 1350A to 1185A (9.18-

10.46 eV).
The onset of the (X]Z+, v'=0) state at different

nozzle pressures. (a) 100 torr, (b) 300 torr,

(3) 450 torr.
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Photoionization efficiency éurve of nitric oxide (NO) near fhreshold
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IV. THE BINDING ENERGY BETWEEN NO AND N.O+
ABSTRACT -

The phdtoionizatibn efficiency curve of the ﬁitric oxide dimer
(NO)2 was obtained in the wavelength range from 14203 to 12308
‘(8.731 eV - 10.080 eV). The ibnization potential of (NO)2 was;found
to be 8;752.ev * 0.008 eV. From the structure of the photoion yield
curve of (NO)é, No(%m, v'=0)-No*(X'z*, v') is found to be bound when
N0+(X]Z+) is in V'=0 or 1 vibrational state. From thi§ and the )
dissociation energy of (NO)2 (0.069 eV + 0.003 eV) obtained by'v
Billingsley and Callear, the dissociation energy of NO(ZH, v";O)-
‘Not(x'z*, v'=0) is deduced to be 0.573 eV + 0.008 eV.
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INTRODUCTION

The important role played by the nitric oxide dimer in many atomic
and mofecu]ar processes has been recognized recently. For example,

the chemiluminous reaction (NO)n +0 > NOZ + (NO)

several orders of magnitude faster than the three body reaction of
1-3 |

n-1 1S found to be

: * .
NO+0+M-~ NO2 + M. Both the rapid vibrational relaxation of

nitric oxide4 and anomalous ‘thermodynamic properties of gaseous

5-8

nitric oxide at low temperatures are attributed to the existence

of (NO),. The nitric oxide dimer (NO), in the gas phase has been

directly observed by mass spectrometric sampling of an expanding NO

. jetg']0 using an electron bombardment type ionizer. From studies of

11-12

the ultraviolet spectrum and infra-red transitions of the dimer

in the gas phase,]3’the heat of formation of the dimer has been

estimated to be 2.45 kcal/mol. The structure of the nitric oxide

dimer (NO)2 has been determined in the gas phase by infrared measure-
14-15

ments,]3 and in the solid state by x-ray crystallography. It is
fouhd that (NO)2 has a nearly rectangular cis configuration.' In this
work we report the first photoionization study of (N0)2. One of the

main reasons for this study was to determine the binding energy between
NO and NO+. If the ionization mechaﬁiﬁm of (NO)2 is such.that only bﬁé
of the NO molecules in the dimer is being excited to the different‘
yibrational states of N0+(X]Z+), we would expect to see the same step-
function behavior that is observed in the photoionization efficiency
curve of NO alone. Furthermore, since the_intermo]ecu]ar energy transfer
+(] +

in the NO-NO ( I v') complex is expected to be faster than the ion
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transit time to the detector (~1()"6 sec), if the energy of évcertain
vibrationaT 1evq1 of-NO+(]Z+) is greater than the binding energy of
NO-NO#, the comﬁ]ex will n0~16nger be_stab]e. Thus the number of
steps observed in the photoionization efficiency curve will be related
to thevbjnding energy of NO-NO+(]Z+). It is with this expectation

that the photoionization study of (NO)2 has been carried out.

EXPERIMENTAL

The experimental apparatus is~essentia11y the same as that
descrfbed previous]y.]_6 Modifications were made such that the system

17 A stepping motor was installed in

can now be operated automatically.
the McPherson 225 one .meter monochromator. When the machine was operated
in thevautOmatic mode, the ion counters and the photon counter counted

for a preset time at a certain wavelength and then the signals were

_ printed out by a printer. Immediately after the brinting, the stepping

" motor advanced upward or downward by a preset number of steps which

corresponded to a certain increment of wavelength, and the scalers were
reset and restarted simultaneously. The hydrogen mény~1ine pseudo- |
continuum was used as the 1ight source. The grating used waé,coaféd
with MgF2 and has 1200 lines/m.m. With the 300u entrance and exit slits

used in this experiment, the resolution was about 2.49R (i.e. ~16 meV

at 14008). The nitric oxide used in this experiment was C.P. grade

(99% minimum in purity) obtained from Matheson without further

purification. A nozzle 0.127 mm in diameter was used. The photo-
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jonization efficiency curve of (NO)Z'was obtained with a nozzle
stagnation pressure of 600 torr.i The monochromator was scanned
automatically at 1K intervals, and at each wavelength, the scalers

were set to count for 300 sec. ‘The counting rates varied from about
0.5 eount/sec to 5 counts/sec. Wavelength ca]ibfation was accomplished
by using the known emission lines of the hydrogeﬁ atom and molecule.
The photon signal has been corrected for the background of stray

photoné from the monochromator.

RESULTS AND DISCUSSION -

The percentage of concentration of nitric oxide dimer versus nozzle
stagnation pressure of nitric. oxide at room temperature was obtained at
1215.7R (Lyman a). The results shown in Fig. 1 are ca]cU]ated with
the assumption that the photoionization cross section of (NO)2 is twice
that of NO. It has been shown that when a gas is adiabatically expanded
from a high pressure gas reservior into a vacuum, association of the

18-19 Due

mo1ecu1es'occurs as a first step in the condensation process.
to ad1abat1c cooling, the gas jet after expans1on consists of a h1gher
‘percentage of dimer as compared to the percentage before expans1on '?o}
a-given gas, the degree of cooling through the expansion depends strongly
| on the parameter PO-DO, where P0 is the nozzle stagnation pressure and

Do is the diameter of the nozzle. It is seen fhat the concentration of
the (NO)2 dimer relative to the monomer, NO, rises with increasing

pressure. No attempt has been made to analyze the dimer formation in
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the expanding gas beam of NO. However, it was found that with the present

beam'production arrangement, the concenfration of (NO)2 is approximately
T : _

proportionallto Po. _

| The photoion yield‘spectrum of (NO), obtained is‘shown in Fig. 2;
The photoionization'efficiéncy curve of NO is also plotted for comparison.
The ioniZatidn potehtia1 of (NO)2 obtained in thié work is equal to.
8.752”ev'1-o.oos eV, wh1ch is 0.504 eV + 0.008 év Tower than the I.P.
of the NO molecule'® (9.256 eV + 0.003 eV). The standard deviation of
the phbtoionizétion efficiency at several points is shown in Fig. 2.
Due to thé small counting rate of (NO);, the average standard-deration
“of this spectrﬁm is as high as 15-20%. This prevents us from analyzing
the fine structure of the spectrum. |

The photoiohization efficiency curve of NO Has been found'to follow

"predominately a step-function behavior which corresponds to direct
jonization of NO (v'=0) to N0O* (X'z*, v'=0,1,2,3.4 etc). Although the
stabi]ify of (NO)2 1s‘attr1buted to a weak "chemical bond" which arises.
from e]ectroﬁ pairing between tWo:(zn) NO molecules, the coupling
between the two interacting NO molecu1e$ will sti]] be weak. The
unpaired electron will mainly be localized on each NO molecule. Thusvi
when a photbn comes in and knocks out an e]ectron,'thé ionization process
is expecfed to be similar to'thafvof NO alone. The only difference is
that thevioniéation potential of the (NO)2 will be shifted to lower
energy due to the interaction of the ion with its partner‘NO molecule.
However, in the photoion yié]d curve of (N0)2, only two steps.aré

clearly resolved. They are separatedvby 0.290 eV, which is the

vibrational quantum of the NO molecule.
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In order to ékp]ain the observed features in fhe photoionization
efficiency curQé of (NO), schemafic representations of the potential
energy curves for (NO)2_and (NO); are shown in Fig. 3. The quantities
e.and efvaré fhe dissociation energies of NO-NO and NO—N0+,'respect1ve1y.
Thevioniéation'process-of (NO)Z-inv01Ves ejecting an antibonding
electron which is associated with one of the NO mb]ecuies. This can
result in the excitation of the stretching vibrational mode of NO.

The onset 6f the fifst step in the photoion yield curve (i.e. the I.P.
of'(NO)Z) can be‘attributed'to the ionization threshold of .(NO)2 to

form NOJNOT (v=0). The onset of the second step is then equal to the
I.P. of (NO), to form NO-NO* (v=1). With this model, the nonexistence
of the third step in the photoion yield curve implies that NO-NOT (v=2)
has an energy larger than the ion-neutral bond energy. Intramolecular
energy transfer is expected to be fast and the dimer dissociates in
less than ~10"6 sec (i.e. the estimated f]ight time from the ionizing
region to the entrance of the quadrupole masﬁ.spectrometer). Thus we

have
o £510'6 sec

(NO-NO) + hy ———— NO-NO¥ (v=2) NO + NOY + K.E.

The charge exchange cross section between the neutral NO molecule
“and the NO+ mo]écu]ar jon is expected to be large. ' This does nqg s Qi
change any of the argument presented above. The fact that NO-Nd+ (V=1)
is bound but NO-NO+ (v=2) islnot, permits a measurement of tﬁe well

depth of'(NO-Nof). The minimum well depth for the NO and NO* interaction
is 0.290 eV + 0.008 eV (e;in) and the maximum is estimated to be

0.580 eV + 0.008 eV (e;ax); which correspond to the vibrational
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energies of no* (vé]),and No* (v=2), respectively. From Fig. 3, the
following relation cah be derived: | |
Cet A IPL((N0),) = IP.(NO) +e | (1)
.
max _
dissociation energy of (N0), is found to be 0.076 eV + 0.008 eV. On

Using € and substituting into eqdation (1), an upper bound for‘the
the other hand, with the value of 0.069 eV + 0.004 eV for the
dissociétion énergy of (N0)2'as determined by Billingsley and Callear,
we would obtain a value of 0.573 eV + 0.008 eV for the dissociation

energy of (NO-N0+). This certainly lies within our estimates.

/
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FIGURES

Variation of concentration of nitric oxide dimer with nozzle

stagnation pressure at room temperature as probed at Lyman o

(1215.663). The dashed 1ine is the best fit to the experimental
points, and is given by % of (NO)2 = (7.97 x ]0'4) [Po-qo]2
whére Po is the nozile stagnation pressure in torr, and Do is .
the nozzle diameter (0.0127 cm). | |
Photoionization éfficiency curve of (N_O)2 in the wavelength
range from 12308 to 1425k (10.080 eV - 8.700 eV).

Schematic representation of NO + NO and NO + No* potential

: + . o .
energy curves. € and e denote the dissociation energies

of (NQ); and (N0)2; respectively.
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V. PHOTOIONIZATION STUDIES OF THE Xe,, Kr, AND Ar, VAN DER WAALS MOLECULES

A. Photoioniéétion Study of the Xe, Van Der Waals Mo]ecu]e*

'The dissociation energy D0 of the Xé; ion has been estimated from

1,4

mass spectrometric electron impact appearance potentials and photo-

2,3 In the work of Huffman and Katayama,2 the Tower

ionization methods.
- bound for D0 was estimated to be 0.967 eV from the difference betweén the
threshold energy‘0f‘the photon induced associative ionizatidn proéess
Xe*'+ Xe - Xe; and the ioﬁization potentié1 of Xe. In the work of
Samson and Cairns,3 the jonization potential of Xe2 was obtained By
| photbibniiation in a high pressure gas cell, where the mechanism of
pkoddéing Xe; waé predominately the same associative ionization process.
From such experiments D, was found to be 0.99 + 0.02 eV. In this work,
- we report thelfirst direct photoionization studies of the van der Waals
molecule Xe2. | | _

The experimental apparatus and procedures were essentially the Séme

as previous described.’

Briefly, the apparatus consisted of a hydrogen
lamp, a vacuum ultraviolet monochromator, a quadfupo]e mass spectrométer
and a modulated molecular beam production system. The light intensity
was monitored by a sodium sa]icy]ate‘coated photomultiplier. The
spectrometer grating is ru]ed with 1200 lines/mm and has a reciprocal
dispersidn of 8.3 K/mm. The Xé2 van der Waals molecules were prepared

by supersonic expansion of Xe through a ~0.005" diameter nozzle with a

stagnation pressure of ~350 torr at room temperature. The beam of Xe2

* / ' ' '
Submitted to Journal of Chemical Physics for publication.
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molecules together with Xe atoms then intersected the dispersed vacuum
thraviolet photon beam at a distance’of approximately 3 inches from
the nozzle, after two stages of differential pumping. The»ions pro-
duced were focused and maSS'ana]yzed. The number density at the
collision center as probed by an electron gun was approximéte]y 1.5 x

]012

atom/cc for Xe. The counting rate of XeZ at 10208 was about 10%
that of Xe . Assuming the photoionization cross section of Xe2 is

twice that of Xe, the Xe2 molecules formed comprise roughly 5% of the -
10

beam (17.5 x 10"~ molecule/cc).

The photoionization efficiency curve obtained forvXe2 is shown .in
Fig.'l(a) and 1(b). 1In Fig. 1(a), the photoion yield curve was obtained
with 300u entrance and exit slits corresponding to a resolution of
2.58 (~25 meV). Data were taken at intervals of 1R, counts being
collected for 100 sec at each point from 9658 to 11008, while each
point was counted for 200 sec in the range from 1110R to 11188 where
the photoionization efficiency is lTow. Counting rates varied from
100 counts/sec to ~0.5 counts/sec. Between 965R-and 10808, the
standard deviations were better than 4%. No ions were observéd at
wavelengths greater than 1114.3R, and this can be taken to be the
adiabatic ionization potential of Xe,, with an uncertainty of # 1§. '
This value together With the jonization potential of Xe and dissoéiation
energy of Xe2 (~24 mev)6 gives 1.03 + 0.01 eV as the dissociation energy
D0 for Xe;. We note that our result is somewhat larger than the value
given by Samson.and Cairns.3

The photoionization efficiency of Xe; increases very slowly from

the threshold up to 10808, and then increases dramatically with the
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autoionization structure dominating the spectrum. A small Franck-
Condon factor for direct ionization is to be expected, sihce the grodhd
state of Xéz is essentially a repulsive state with a shallow van der
Waals well (~24 meV) and an equi]ibrium internuclear distance (Re)’df_
approximate]y 4;43,6 whereas the Xe; ground state is bound with Re
estimated to be about 2;85ﬂ.7 The amount of'Xe; produced by associative
jonization of,normé] and excited Xe atoms in the beam is negligible
under odr expérimenta] conditions. The photoion'yield curve does not .
show the same structure as the work of Huffman and Katayama.2 This
indicates thét the'Xe; we observed is not formed by secondary processes,“
but rather by Xe2 molecules which are synthesized by supersohic'expansion.
fn order to examine the coupling between the molecular excited

Rydbefg states and the’molecular jonic states, of Xe2, the photo-
ionization efficiency curve was measured again with 100p exit and
v entrancé slits (i.e. ~10 meV resolution). With these narrower slits,
| the counting rate at a particular wavelength setting decreased by nearly
one order of magnitude. Data were taken at 0.58 intervals with a 200
sec counting time for each point. The results are shown in Fig. 1(b),
where much detailed structure is evident. This spectrum was scanned
twice and all the structure was found to be reproducible. In order to
verify the wave]ength_ca1ibration, the ionization threshold of Xet was
also measured and the data is shown in Fig. 1(a). The fonization
potential of atomic xenon in this work is found to be 1022.3R which is
in gobd agreemeﬁt with spectroscopic values.8 The sténdard deviations

at several points are shown on the graph.



000460308 |

-61-

An attempt was made to assign the excited atomic'1eyels to which

the molecular Rydberg states are correlated upon dissociation. In

the Franck—Condon transition region of Xez, i.e. the neighborhood of

the equilibrium distance for the ground state, the molecular states
should correspond to the Hund-Mulliken case -(c).9 The ground state of‘g
Xé2 haé c]oséd electrohic she]]s,'and thﬁs is a 0; state. By-the
“selection rules of case (c), transitions for 0; to 0: or 1& excited

molecular states are the only ones which are electric dipole allowed.

A1l the excited atomic states (except those with J=0) can couple with

61
So)

cular state. This makes the assignments of excited atomic states to

the ground state Xe atom (5p to give an 0: and/or an ]u mole-

the corresponding excited molecular states nearly impossible within

the presgnt réso]ution of our expefiment. Only the electric dipole
allowed atomic RydEerg seriesf are shown in.Fig. 1(b). For example,
between the 105[%]. and Bd[%]. where the strongest observed auto-
~ionization peak is located in this spectrum, there exist a total of !
14 other excited atomic levels which can cbup]e with the ground atomic
state to-give excited molecular state; ]u and/or 0:. The number of

possible atomic states increases as one approaches the ionization

“threshold of the xenon atom.
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FIGURE CAPTIONS

Fig. 1. Photoionization efficiency curve of Xez. (a) Photoion
vyield curve obtained with 300n entrance and exit slit.
(b) Photdion yield curve obtained with 100u entrance and

exit slit.
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B. Photoionization Studies of the Kré'and Arz‘Van Der Waals Mo]ecu]es*
ABSTRACT

The phbtbionization efficiency curves of the.Kr2 and Ar2 van der
Waals dimers Were obtained with the molecular beam teéhnique in the
wave]engthvraﬁge from 850 to 965ﬂ (12.848 - 14.586 eV) and from 750
to 8558 (14.501‘—:16.531 eV) respectively. - The ionization’pétentia]
of Kr, was found to be 12.86 = 0.015 eV (963.7 + 1.2R), which agrees
 with the value obtained by Samson and Cairns. The‘ionizatiqn |
potential of Ar2 Was found to be 14.44 + 0.02 eV’(852.7 + 1.2R).

Using the known ground state dissociation energies of Krz'and Arz; the .
dissociation energy vaKr;, DO(Kk;), is deduced to be 1.12 * 0.02 eV .
and that for Ar;, Do(Ar;), is 1.31 i.0.02_ev. The'photoion’y1e1d

curves of Krz and Arz are compared with that‘of Xez{ Prominent
autoioniiation structure was observed to'correspond to Rydberg molecular
stafes which are derived from the combination of a normal and an excited
5 snd)

~atom in the 4p5n5'(or 4p5nd)'configuration for Kr and 3p~ns (or 3p

configuration for Ar.

;

. . _ _
Submitted to Journal of Chemical Physics for publication.
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INTRODUCTION

The existence of stab]e-Ar2 molecules has 1qng been postulated to
accodnt»for the negative second virial coefficient of Ar at low
tempéréturés.' Recently, Milhe and Greene] as well as many otﬁer workers
Havé observed the formation of argon dimersband‘po]ymers in sUpersonic
gas jets of Ar. In a mass spectrometric investigation, Leckenby et. a1.2
also observed strong evidence for dimers such as Arz, Xéz,'etc. Reliable
information on the interaction potentials for the rare gas symmetric
pairs-has become available in recent years from molecular beam differéntia]f
and tofa] cro;s sections measurements,3 éaréfu] analysis of transport |
' phendmena and macroscopic properties,4 and high resolution vacuum UV

5

abSorption spectra.” The high resolution vacuum ultraviolet absorption

5 not only allowed

spectré of Krp and Ar, obtained by Tanaka and Yoskino
them to locate many vibrational energy levels of ground states but also
enabled them to idgntify many - excited electronic states of Ar2 anderz.
However, to the authors' knowledge, careful ionization studies 6f the
rare gas van der Waals molecules either by electron or photon impact, have
not been carried out. |

The lower bound of the dissociation energies of fhe rare gas
molecular ions.(R;) have been estimated from the appearance potehtiéis '
- of the electron impact induced assbciative jonization process.s‘]0
The first photoionization study of the formation of the Ar;,’Kr; and Xez

1 The

rare gas molecular ions was carried out by Huffman and Katayama.
ions were produced mainly by an associative collision process between an

electronically excited atom and a ground state atom, which results in

i
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the formation of a diatomic jon and an electron, Samson and Cairns.'2

also have‘obtained the jonization potentials of Kr2 and Xé2 from their
photoionization exberiment with a high preﬁsure gas cell. Due to the
interference stemming from secondary procésses they were unable to
identify and examine the photoionization of the rare gas van der Waals
molecules alone. In ordgr to invéstigate the photoionization mechanism
of van der Waals dimers, we have prepared these molecules by the super-
sonic expansion of the corresponding monomer'at high pressure through
‘a small orifice. By combining the molecular beam technique with
photoionization mass_spéctrometry, we carried out the first bhoto-

13 and demonstrated thaf the direct fonization

jonization study of Xe2
mechanism of Xe, in the beam is quite different from associative
jonization process observed by Hoffman and Katayama in the gas cell.
Nevertheless, since the van der Waals well depth decreases from 24 meV
in Xe23'to 17 meV for Kr23 and 12 meV for Ar24 if would not be unreasbn-
able ?o expect a corresponding gradual change in the photoionization

mechanism. In this report, we present the first photoionizatidn study

of the Kr2 and_Ar‘2 van der Waals molecules.

EXPERIMENTAL

The experimental apparatus, arrangement, and procedure are the same

as previously described.]3314

The grating used was coated with MgF2
and had 1200 Tines/mm. The Eeciproca] dispersion is 8.3R/mm. With a

100u entrance and a 300u exit slit, the resolution achieved is about
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1.2R FWHM. The light source was the helium Hopfield continuum. 12 |
Duringfhis-ékperiment, the discharge lamp was operated by a high poWer
puTser at a repetition rate of 100 KHz and a pulse width of ~0.5u séﬁ.
The photbn output at the exit slit of the monochromator was about
1O]0 photon/sec R at 8008 as measured by a nicke] phdtoe]ectric ¢e11.
At the’ionizatibn‘threshold region of Kr,, which is around QSOK;vthev
‘hydrogen many-1ine pseudocoﬁtinuum was used aé the 1ight source. This
.avoided the.interférence'of the high energy photdns of the helium
Hopfield continuum coming from the second-order diffraction of the
grating. | |

The Kr2 and Ar-2 van der Waals molecules were prepared by~5uper-
sonic ‘expansion through a nozzle with 0.127 mm diameter at a stagnation
préssure of 500 torr. The mixed beam of atoms and dimers formed by
adiabatic cooling then intersected the dispersed vacuum u]tfaviolet
photons at a distance of approximately 7.5 cm from the nozzle. With
~ two stages 6f differential pumping, thé main chamber pressure was

7 torr during the experiment. The total number

maintained at 5 x 107
density of the beam at the collision center which contained a small
fraction of dimers was estimated with an electron bombardment type

12 atom/cc. The photon detector was a sodium

ionizer to be about 10
salicylate coated photomu]tip]iér. Data were taken at a wavelengfﬁ
interval of 18. In view of the strong pressure dependehce of the
concentration of the dimeré relative to the monomefs in thevéxpansion,

the nozzle stagnation pressure was well regulated. Thevphotoionization

efficiency of Krz(Arz) at 8708 (780R) was arbitrarily chosen as a
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réferente»point with which to monitor the fluctuation of the intensity

of both the Kr, and Ar, molecules and the vacuum UV'photons; .For every |
208, the monochromator was scanned back to the reference point and the
phofoionization efficiency was recorded. It was found that the intensity
of the Kr, (or Arz).dimer stayed constant within 3%. The photoion yield
curves thus obtained have been normalized to account for the beam
fluctuatfons. The avérage counting rates at the maximum of the auto-
'iohization peaks were about 25 ct/sec for Kr2 and-lS ct/sec for Arz.
Generally, counts were collected for 200 sec for Afz and 100 sec for Krz.
However, near the jonization threshold where the photoioniiation Cross

sections were low, counts were accumulated for as long as 800 sec.

RESULTS AND DISCUSSION

Assuming the photoionization cross section of the dimer to be
fwice that of the atom, the variation of the concentration of the Kr,
(Arz) dimers relative to that of Kr (Ar) atom monitored at 8704 (780R)
were plotted against the nozzle stagnation pressure as shown in Fig. 1.
In a static reservoir of a particular gas, the concentration of the
dimers relative to the monomers as predicted by the statiﬁtica] mode]2b
is ]inearly proportional to the pressure (Po)' However, with the
}expansion arrangement and condition of.this work , if was found that
the pe#centage concentratibn of Kr2 relative to Kr atoms, a(Krz), is
approximately propprtiona] to Pg, whereas a(Arz) is only pfoportiona]

1.5

to Po It is interesting to note that, by assuming a Lennard-Jones
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(6-12) potential,xSogryh'and Hirschfelder have calculated the Ar2

3, A value of 3 xv10'3

.dimer concentration at S.T.P. to be 1 x 10°
- was obfained from our experiment when Ar is expanded from 1 atmosbhere
preséure, | |

| fhe photoionization éfficiency curves of Kré and Arz,'together

with that's

Qf~Xe2 are shown in Fig. 2. The photoionization thresholds
of'Xe;'Kr, and Ar are also plotted for comparison. The graphs are
plotted in energy sca]e_(cm']) and are shifted such that the ionizatiohf

.potentials.of the atoms fall in a ]ine; The Franck-Condon factor for .
direéf %onization is expected to be small for this system. The ;hresho]dé

~are not abrupt, and the curVes rise very slowly until the strong |

autoionization structure sets in. Within the sensitivity of ouf photo-
ionization mass'spectrometer system, which can detect a signal as Tow

“as 0.1 count/sec (with 800 sec counting time), the ionization potential

for Kr2 is found to be 963.7 + 1.2R (12.86 + 0.015¢eV) and that for Ar2

is852.7 + 1.28 (14.44 + 0.02 eV). Using the known diésociation.energies

3,4 the dissociation

of thevgrounq state Kr2 and Ar2 van der Waals dimers,
energies, Do’ of Kr; and Ar; are deducedvto be 1.12 + 0.02 eV and 1.31
+ 0.02 eV respectively. Thé_va]ues of Do(Xe;), Do(Kr;) and Do(Ar;)
derived from other methods are also listed in Table I for comparison
with the results of this work;f The values for Do(XeZ) and Do(Kr;)
obtained by Samsqn and Cairns are in good_agreement with our determinatibns.
For Do(Ar;), a value as high as 2 eV deduced from the high pressure mass

18

spectrometric work of Kebarle, et. al. = but this result appears to be

too high. Recently, elastic differential scattering measurements have
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been performed on Art + Ar and Xe' + Xe at low energy (EC m = 5-25 eV)

17

by Lorentz and co-workeks. Their data are found to be consistent

with a potential well depth of 1.25 eV for Ar, and 0.97 eV for xé;; In
_the va&uum ultraviolet absorption spectrum of Arz, a diffuse band whfch
might-cOfrespond to the forhation of Ar; was obéerved starting at 870A.
vConsequently, an extremely careful scan in the wavelength region from
870 to 845k was conducted before 1.P. (Ar,) of 852.7 + 1.2k was obtained.
One-of the main purposes of this study was to investigate the

bhotoienization mechanism for this class ofbvan der Waals compTex. By
' examining'the phofoion yield cu}ves of the rare gas dimers (Xe2, Krz |
and Arz), we can conelude that autoionization is the predominant process.
Autoionization essentiaT]y cons%sts of two discrete steps. The first
one is the excitation of the dimer R, to a resonant molecular state,
and the second is the interaction between thevexcited Rydberg electron
and thé fon core which results in the ejection of the electron and
formation of R;‘in a discrete jonic 1eve1. The resonant molecular levels
of R2 in this energy region can only be derived from the cqmbinatidn of
one normal ground state'(150) and one excited atomic level. For the
_}eiectronicvstafes of the rere Qas dimer Rz, Hund-Mulliken's case (c) }
apb]ies. The grodnd state of R2 has a closed electronic shell, and‘
thus is a 0; state. By the selection rules of case (c), transitions
from Os'to 0: or ]u excited molecular states are the only ones which
are dipole allowed.

: A1l the excited atomic states (excepf those with J=0) can couple

with the ground state rare gas atom (np6 ]So) (where n=5 for Xe, n=4
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for Kr and n=3 for Ar) to give an 0: and/or an ]u molecular State. _In
other'words, disregarding the second step in the autoionization.process,
all the excited atomic 1eveis which have an energy higher than the “
: dissdciation energy of the ground state R; are avai]abie for auto-
' 1on1zat1on However, if we compare the positions oftthe peaks and the
exc1ted atomic levels, we find a very good correlation between the Rydberg'
“atomic level dervied from 4p ( P]/2 3/2 ns (or nd) (3p ( P]/2. 3/2) |
| ns (or nd)) for Kr (Ar) and the autoionization peaks as shown in Fig. 2(b)
and 2(c) The Rydberg atomic levels derived from 5p ( P1/2, 3/2).ns
(and nd) are also p]otted in Fig. 2(a) for comparison. The correlation
is not very obv1ous in the case of Xe2

The dissociation energies of Kr2 (17 meV) and Ar (12 meV) are,
sma11er than that of Xe, (24 meV). Hence for Kr, and Arz, one atom
feels a small perturbation from its partner. When a photon comes in,
it essentially sees two separate atoms. The excftation of one of
them will fgl]ow the parity selection rule Al = + 1, which is a well

defined property of a free atom with any numbef_of electrohs and with

any kind of coupling. In other words, the molecular Rydbery orbital
is essent1a1]y a t1ght]y bound atomlc orb1ta1 associated entlre]y w1th
the excited atom. With the atoMs ot the dimer in the ground state
(150), the selection rule Ad = + 1, which is valid for free rare gas
atoms, no longer holds. All the atomic Tevels with different J vélues
(except J=0) which are derived from 5p5(2_P]/2 3/2) ns (and nd) for
Xe, 4p5(2P]/2’ 3/2) ns (and:nd) forVKr, and 3p ( P]/2 3/2) ns (and

19

nd) for Ar by j1 coupling scheme ~ are expected to be allowed tran-
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sitidns as a result of the perturbation by its partner. Neverthe]éss,
the dimer'is just like a persistent collision complex, and the prbbabj]ity
~of vibratibna]]y_induced autoionization will be large. In fact, the
autqionizationilifetime will be much shorter than the radiative lifetime.
This seems to explain well the observed autoionization structure for |
Kro and Arz shown in Fig. 2(b) and é(c). However, this by no means
exc]ddes the'autoionization of the Rydberg states which are derived from
an excited Kr (Ar) atom with the configuration 4p5(2P]/2’ 3/2)-np (or nf)
3p5 (ZP]/Z, 3/2) np (or nf)) and é normal ground state Kr (Ar) atom. |
In fact, it is possibly the autoionization of fheSe levels that gives
rise to a finite photoionizatioh efficiency at the onset of the rare

gas dimers.
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FIGURE CAPTIONS

Fié. 1. Variation of the Kré and Ar2 rare gas dimers relativé to
"_tHe corresponding monomer versus ﬁozz]e stagnation pressure.
o ‘_experimenta1 points for Kr'2 o.btain_ed at 870R ,
- — - approximate fit, % concentration a(Krz) = 1.81 x 10’3
tp, -0, 1%
O experimental points for Ar2 obtained at 780R
N Aapproximaté fit. a(Arz) = 1.01 x 10'2 (PO-DO)]'5
where Po‘(torr) is the nozzle stagnation pressure

and Do (= 0.0127 cm), the nozzle diameter.

/
Fig. 2. (a) Photoionization efficiency curve of Xe2 in the energy

1 1

range from 89,000 cm ' to 103,000 cm .

(b) Photoionization efficiency curve of Kr2 in the energy

1

range from 103,000 cm™' to 118,000 cm'.

(c) Photoionization efficiency curve of'Ar2 in the energy

1 1

range from 117,000 cm™' to 132,000 cm'.



Table I.  Rare-gas lon Dissociation Energies Do _
Electron Impact

Appearance Potentials Theoretical Miscellaneous : Photoionization
(@) () (e)  (d)  (e) | (f) (@) () (i) () (k) (1) (m)
Ar; 1.08 0.66 0.66 0.84 0.66 1.25 1.21 2 0.0035 1.25 1.049 1.31
£0.1 . £0.02 ‘_ £0.009 £0.02
kry 1.00 0.8 0.8 o 0.92 0.995 1.3 1.12
0.1 +0.02 . _ +0.007 +0.016
Xe,  0.91 0.5 0.65 \ ~0.97 | 0.968  0.99  1.03
£0.01 - £0.005  $0.02 . +0.01
(a) Reference 7
(5) Reference 4
‘c) Reference 5
{d) Reference 8
{e) Reference 6
(f) T. L. Gilbert and A. C. Wahl (unpublished SCF calculation)
{g) R. S. Mulliken, 52, 5170 (1970) )
(h) Reference 18
(i) E. A. Mason and J. T. Vanderslice, J. Chem. Phys., 36, 1103 (1962).
(j) Reference 17 '
{k} Reference 9
{1} Reference 10
{m} This work:
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VI. PHOTOIONIZATION STUDY OF IC1 AND THE ArIC1 VAN DER WAALS MOLECULE .

ABSTRACT

1

| Photbionization efficiency curves df IC1 and the ArICl van der
Waals dimer were obtained with the mo]ecdlar beam téchnique in the
wavelength range from 11408 tb 12458 (9.958 eV - 10.875 eV) and from
1190R to 12508 (9.919 eV - 10.418 eV) respectively. The ionization
potential of }C] from the ground e]ectronic state (]Z+, v"=0) to the
I_Cl+ ground'mo]eéular ionic state (2H3/ég, v'=0), was fouﬁd to be
10.069 * 6.003 eV which is in agreement with the vﬁ]ue obtained by
Dibeler et. al; The jonization potential corresponding to the

jonization of IC](]Z+, v"=0) to IC1+(2H , v'=0) was found to be

1/29
10.699 + 0.003 eV. By analyzing the photoion yield curve of ICl, the
vibrational Huantum for fhe IC1+(2H3/29) was deduced to be 428 + 20
cm']. The excitation efficiency leading to ion-pair formation (i.e.
ICT + hv > IT + C17) was also obServed for IC1 by monitoring ‘the o
atomic ion. Using the known electron affinity for‘Cl(zPB/z) atoh,

the dissociation energy for ICI] is deducedvto be 2.140 + 0.003 eV.

For ArIC1, the ionizatijon potential was observed to be 9.960 + 0.003
eV which is 0;109 + 0.003 eV lower than the I;P. of IC1. The photo-'

jonization mechanism of the ArICl van der Waals molecule is discussed.
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INTRODUCTION

In the studies of the idnization processes of atoms and molecules,
'the photoionization technique offers many ad?antages over the electron
impact method. First, all the difficulties that contribute to the
instability and poor resolution of the electron impact experiments
such as samp]e»pyro1y$is due to hot fi]ameht, the presencé of space
charge due to the electron beam and the effects of charging up the
surfaces of the ion optics, are avoided %n the»photoionization hethod.
- Second, the‘threshold 1éw for photoionizapibn is much more favorable
for inveétigating the ionization pbtentia]s of atoms and molecules.
The typical instrumental resolution for photoionization is 1 - 10 meV.
However, due to the rotational (and‘vibrafiona1) temperaturé of the
molecules which is about 30 meV at room temperature, this value of
the resolution essentié11y is unattainab]eﬁun1ess the sample gas is
cooled down to the corresponding temperature. The coq]ing of the gas
in a gas cell to e.g. 77°K (~7 meV) in a conventional photoionization
experiment can only be feasible for noncondensible gases such as H2.
For condensible gases, one of the methods of overcoming this probiem
is to use the supersonic beam technique to introduce the target gases
to the ionization region. In an isentropic expansion, individual
molecules can be easily supercooled to well below 20°K. This has been
demonstrated by the high resolution obtained for the photoionization
efficiency (P.E.) curves of NO,] C2H2 and CH3I2 in photoionization
studies which combined molecular beam techniques and photoionization

mass spectrometry. As a result of adiabatic cooling, a small percentage
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of dimer and polymer will be fdfmed during the expansion. This’providés
a_dniqhe way of syntheéizing van der Waals molecules for photoionization
studies. - Recently, the photoion-yield curves of diatomic ha]ogen and

intefha]ogen molecules have been obtained by Dibeler et. a1.’

Recognizjng
the thermal pdpu]ation of the excited vibrational states at room |

| temberature, they have applied room temperature and cooled-gas photo-
ionization to distinguish the hot band effect (i.e., the apparent lowing
of a threshold valué due to the ioniéation of vibratiOna11y-éxcited
mo]ecdleé t6 form ground-stéte ions) and have identified the adiabatic
ionization thrgshq]ds for the diatomic homonuclear ha]dgen molecules and
for the interhalogens. lodine monoch]ofide was choseﬁ'for this photo-
ionization ekperiment as an example to investigate the influence of
adiabatic cooling on the hot band effect. The photqionization»study of

the ArICl van der Waals molecule also permits us to examine the photo-

jonization mechanism of this class of weak complexes.

EXPERIMENTAL

The experimental apparatus, arrangement, and procedure is the same
as previously described. ! Iodine mbnoch]oride (IC]) was the pract‘ééi
grade obtained from Mathesbn; Co]éman_and Bell and was used Qithaut
further purification. At room temperature, IC1 has a vapor pressure
of approximately 30 torr. 1In this experiment ICl vapor was premiXedv
with'Ar and then the mixture was introduced into the main chamber as -

the target gases by expansion through a 0.12 mm diameter pyrex nozzle
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at a total stagnation pressure of 450 torr. The light source was the
hydrogen man}éline pseudocontinuum. The grating used was coated with
MQF2 and had 1200 lines/mm. The reciprocal dispersion was 8.3K/mm.
Usingvthe 100p entrance and exit slit, the resolution aChieyed was

0.838 (~6.5 meV) at 1240R. Data were co11ec£ed at a wavelength interval
of 0.5R. The dispersedblight coming out from the exit s1it was monitored
by a sodium salicylate coated photomultiplier. Wavelength calibration
was accomplished by usfng the known emission lines of thé hydrogen atom
and molecule. The photon signal has been corrected for the background
of the stray photons from the monochromator. With two stages of differ-
ential pumping, the main chamber pressure was always below 5 x 10'7 torr
duriné the experiment. The counting rates varied from 100 ct/sec to

900 ct/sec for IC1+.' For I+, the average counting rate at the major
autoionization peaks was about 150 ct/sec. Counts were accumulated for
100 sec and 150 sec for IC1+ and 17 respectively. The intensity of ArlICil
relative to that of IC1 as probed at 1215.74 (Lyman o) was abdut 1.8%.
Thus, in the photoionization experiment of ArICl, each pqint was counted

for 350 sec.

RESULTS AND DISCUSSION

A. lodine-Monochlorijde (IC1)

The photoionization efficiency curve obtained is shown in Fig. 1.

The structure of the P.E. curve is similar to that obtained by Dibeler
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3a 1

et. al.”® The ground electronic state Qf IC1 is a 'z¥ state. The
first ionization procesé,invo]ves removing an electron from an antibohding
_nf ofbita] and leaving the i1t mo]ecﬁ]ar ion in the ground 2H3/Zg state.
The sharp onset at 10.069 + 0.003 eV as observed from the P.E. curve -
Cofresponds to the adiabatic ionization potential of ICI] from.the grdund |
state'(]z+, v'=0) to the ground ionic‘state (2n3/29, v‘=0). The.I.P.
whith'torresbonds to the excited molecular ionic state 2“]/29 was found
to be 10.699 + 0.003 eV. | |

The §ma]1 hump before the onset in the P.E. curve is attributed to \
the hot band effect. The vibrational quantum of IC](]z+) is 384 cm).
At.foom temperature, the ratio of the number of molecules in the first
to tﬁe ground vibrational state assuming the Boltzman distribution is
about 0.15. The peak intensity of the hump relative to that of onset
peak is slightly less thén 10%. Thus, we conclude that with the preséﬁt
beam prodﬁCtion arrangement, the vibrationally excited states of iC] do
not relax efficiently. However, as judged from the onset of the.
ionization threshold, the relaxation of rotational energy is realized.

The P.E. curve of IC] exhibits quite regular autoionizatibn
structure which_possib]y consists of\e]gctronic gnd vipratiqnal éyto-l_
jonization series. Although éﬁ%ﬁigﬁiiéffoﬁ is the b?é&oﬁihéﬁf iqnizéifbg
process for ICl, if the Franck-Condon factors between the g}ound staté
IC](]z+, v"=0) and the IC1+(2n3/zg, v') molecular ionic states are
favorable, direct ionization still would take place. By examining

the (Hel) photoelectron spectrum of IC1, Cornford has been able to

resolve about five vibrational states. In other words, the leading
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edges of the first five broad peaks in the P.E. curve of Ic1 are
'cbntributed by direcf ionization. The results of the analysis of
the energy separation between adjaéent (1eading edge) éutoionization
peaks is shown ih Table I. The_leading_edges as aésighéd as the onsets
of the corresponding vibrationé] states are positioned by solid lines
in Fig. 1. The average of the vibrational quantum is 428 + 25 cm)
which is in good agreement with that obtained by bhotoelectron specﬁrof
séopy.4 | |

‘The autoionization peaks (the second, the fifth, the seventh, |
and the ninth) have higher photoion yield than the rest, and it is
therefore not unreasonable to assume that these peaks have more than
one autoionization peak superimposed on each other. The trend of these
peaks suggests that they belong to a electronic Rydberg series. Using
the ionization potential of ICI from the ground‘]z+, v"=0 state to the
IC1+(2H]/29, v'=0) molecular ionic state as converging limit, several

peaks were identified as members of a Rydberg series described by the

_Rydberg equation

- ]3.6074 - ‘ _
hv(eV) = 10.699 - — n=5,6,7,8,9,10

| ~ (n-0.1)
The Rydberg series observed for ICI is very similar in structure to
fhat observed2 for CH3I. They may both fesu]t from the excitation of
a nearly nonbondihg electron which is Tocalized mainly around the
jodine atom.

The efficiency of the jon-pair formation process, as monitored

by I+’atomic ion, from the onset fo 12108 is shown in Fig. 2. The

excitation efficiency curve comprises mainly two broad peaks which
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are modulated by sharp autoionizafion structure. Simi]ar structure has
beenvobtained for'Brz. - The threshold of the ion-pair formatioh process
wa5~found to be 1380. 3R (8.982 + 0.003 eV) which corrésponds to the |
excitation process ’ | |
11 ('s*, vi=0) + v ———— 1¥(%,) + a7('s))

If the bond dissociation energy for IC1 and the ionization potenfia]
of the ibdine atom is precisely known, we can determine the electron
affinity for the C1 atom mOré accﬁrately. On the other hand, using
the ibnization potential of the iodine atom (10.457 eV)5 and the
known electron affinity for chlorine atom,6 E(C1(2P3/2)) = 3.613 =
0.003 eV, we obtain from the relation

~8.982eV = I.P.(I) - E(C1) + D (I-C1)
the bond dissocation energy for ICI, DO(I-Cl), of 2.140 eV * 0,00§ eVv.

This is slightly less than the spectroscopic va]ue.7,
B.. .The ArICl van der Waals molecule.

The photoioniZation’efficiency curve for the ArICl van der Waalé
molecule is shown in Fig. 3. The ionization potential of ArICl was
found ‘to be 9.960 + 0.003 ey, which is 0.109 eV 1ower than the I.P. of
IC). The ArIC]l van der Waals molecules which is'synthesized by isentrgpic
vexpansion is likely to have a distribution of internal energy. . Thus {B;
reso]ution'obtained'for the P.E. curve of ArICl as shown in Fig. 3 is
expected to be worse than tﬁat of IC1 alone. By shifting the P;E. curve
~ of IC1 to lower energy and normalizing the I.P. of IC1 with that of

ArICl, we found that the structures of the two spectra are very similar.
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Thus, the photoionization process of ArICl is essentially the same as
‘that of IC1 except the I.P. of ArICl is Tower than that of IC1. It is
interesting to note that, there is é narrow step which is found to be
reproducible at the onset in the P.E. curve of ArICl, this may have
related to the distributionhéf the internal energy for ArICl.
Assuming et is the diséociation energy for the Ar-(IC])+ complex, and
e is that for Ar-IC1, the following relation can be derived:

et + I.P.(Ar-IC1) = e + I.P.(IC1)

et - ¢ = 0.109 + 0.003 eV

or

The minimum value of €+, e;in’ is thus equal to 0.109 eV. The vibrational

quantum of IC](]Z+) as obtained from our experiment is AEv = 0.053 eV.
Due to intramolecular energy transfer, it is expected that Ar-IC1+(2H3/Zg,

v') will not be bound, if 11" has vibrational energy bigger than c+.

According to our estimates, E;in > 2AEv (where AE is the vibrational

+,2_ . +,2 ‘e :
quantum of IC1°( H3/29)). That is :Ar-IC] (‘H3/29, v'=0) and

Ar-161"(%1y 4 v'=1) must be bound.
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Table I.  The vibrational quanta of IC1 ( H3/29) (em™ ")

Cw@® 0 a2 2.3 34 45 seg
0e,®) 430 435 423 a2 432 420
(@) \iis the vibrational quantum number

(b) AEV. = vibrational quantum between adjacent vibrational states

(the uncertainty of these values is * 25 cm']).
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FIGURE CAPTIONS

"Fig. 1.- Photoionization efficiency curve of IC1 in the waveiength
©* range from 1140R to 12458 (9.958 eV - 10.875 eV).
'Fig; 2. Excitation efficiency curve of the iondeir formation process'
" for IC1 by monitoring the I' ion in the waQe]ength range from'
1210 to 13908 (8.919 eV - 10.246 eV). -
" Fig. 3; Photoionization efficiency curve of the ArICl van der Waals

molecules in the wavelength range from 11908 to 1250R
(9.979 eV - 10.418 eV). |
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VII. PHOTOIONIZATION -STUDY OF ACETYLENE (C2H2) AND METHYL IODIDE (CH31)

A. vPhotoionization Study of Acetylene (C2H2)'

INTRODUCTION

There is a general agreement on the first ionization thresho]d'

1-5

value bf acetylene as derived by photoionization studies, > photo- |

electrbn spectroscopy;6 vacuum ultraviolet absorbtion spettroscopy7’8
and mdnoenérgetic electron impact.9 Photoionization studies have'aISO
showh that, the idnization df acetylene CZHZ(]Z;) to the ground. |
m6Tecu1ar‘ionfc state CZH; (Znu) gives rise to a step-function behavior
corrééponding to the ground, and first and second vibrationally excited
states of the ion. Recently, Dibeler et. al., obtafned.a high
resolution photoionization curve of C2H2 and resb]véd the weak auto-
 jonization structure which is superimposed on fhe steps. Their ;
experimentvwas done by coo]ing‘acetylene in a low pressure gas cell to
118°K, whigh 1owered the rotational enve1ope to approximate]y a width
of 0.01 ev: In our photoionization study, acetylene was chosen to
investigate the rotational ké]axation thfough supersonic gas expansion.
With the 100y entrance and exit slits on a 1 meter monothromator,‘the:‘:
instrumental fesoiﬁtion'achieved wii] be about 0.01 eV in the wavelenéth
regionvwhich‘correSponds to the ionization threshold of acetylene.
Thué, it i§ expected that, if ihe rotation energy of acetylene is
relaxed by supersonic expansion, we would obtain a photoiohization-
efficiency curve with at least as good resolution as that'employéd

by Dibeler.
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EXPERIMENTAL

The experimental apparatus, arrangement and procédure were the

10

same as previously described. The acetylene gas (99.6% minimum

purity) obtained from Matheson without further purification. Acetylene

waslintroduced ihto the main chamber as a target gas by supersonic
exﬁansion3through a 0.127 mm dfameter nozzle at‘stagnation ﬁressure of
300 torr. The stability of the stagnation_pressurevwas well regulated
by a needle valve (Edward;_high vacuum LTD). Data were taken at a
wavelength interval of 0.5K. From the onset to 1040&, counts were
accﬁmu]ated for 40 sec. In the wavé]ength region 10408 to ]OZOK, each
point wasbcounted for.100 sec. The averagé counting raie at the

threshold was.about 60 ct/sec.

RESULTS AND DISCUSSION

The photoionization efficiency (P.E.) curve obtained in the wave-
length region from 10208 to 10958 (11.322 eV - 12.155 eV) for acetylene
is shown in Fig. 1. As expected, the P.E. curve of acetylené compares
favorably with that obtained by Dibeler. In other words, the rotational
temperature in our exberiment.isxless than 118°K after the expansion
with our beam production system.

The ground state electronic configuration 6f acéty]ene can be

expressed as:]]

CH, ¢ (oglsc)z(ou|sc)2(2og)z(zou)2(3og)2(1nu)4, ‘z;
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The first ion onset, which is observed to be 11.398 + 0.005 eV,
corresponds to the energy required to femove one of fhe 1w electrons
‘and leave the moTecu]ar‘ion in a 2Hu state. wi1kinson8 has.obtained
high keso]utidn absorption spectra for C2H2 and C202 in the vacuum
ultraviolet. Several e]ectronic transitions were identified. One
of these, designated 3R, is of a Rydberg type and evidently involves
a linear uppervstate. The v2_(C-C stretching frequency) vibration;1
__mdde'of the‘3R state was found to be 0.23 eV for‘CZHZQ This value

compakes favorably with the vibrational intervals which have an average
value of 0;21.ev resolved from the P.E. curve of C2H2. On this basis,
early studies suggestéd that the.ionfzation of C2H2 from the gfound
e]ectfonic state (]£+, v"=0) to the ground molecular jonic state 2Hu
involves the excitation of the v, (C-C stretching) mode for CZH;' The
summary of ionization energies for acetylene obtained from this work
is listed in Table I. | |

Beside the simple step structure as observed frqm the P.E. curve

of acetylene, the curQe also contains a series of peaks superimposed
on the steps. These features correspond'to weak autoionization of one
or more Rydberg series conVerging to the several limits of the vibra-.
-tionally excited stateS'Qf CZH;. Two Rydberg series in thé vacuum
ultraviolet absorption spectrum of acetylene were identified.by Pr‘"ice.7

13.607

4 .
hv(eV) = 11.416 - — Series I
(n-0.50) '
v 13.6074
hv(eV) = 11.400 - — Series II

(n-0.95)
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Both series lead to nearly the same jonization energy of 11.41 eV. The -,

small difference in 1imits possibly representing the splitting of the

Towest 2H state of the ion. Using the same & values, Dibeler et. al.

have calculated the Rydbefg series converging to each of the three
vibrational states of C,Hy. It is found that Series II correlates well

with observed peaks. These series afe also shown in Fig. 1.
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Table I.. Summary of lonization Energies for Acetylene

Transition '_' Ionization Energy.(eV) AEv®(eV)
]z;, vi=0 > 21, vi=0 ' 11.308 £ 0.005  0.220
S A N 11.618 £ 0.005 0.218
>, vi=2 © 11.836 + 0.005 0.210
-2 g V'3 12.046 + 0.006

_aAEv is the vibrational spacing. -
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FIGURE CAPTIONS

Fig. 1.  The photoionization efficiency curve of acetylene (62H2 in
| the wavelength _rangve from 10208 to 1095R (11.322 eV -
12.155 eV). B
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B. Photoionization Study of Methyl Iodide (CH3I)v

‘Autoionization is a familiar phenomenon in photoionization, but
. 1

has ‘been largely avoided in 21.22 ey (HeI) photoelectron Spectrbscopy.'

‘The reason is that for ordinary gases there are relatively few strong

autoionizing states at energies above 20 eV. Autoionization was found

to be the major ionizing process for CH3I near the threshold from the

1,2 The lowest ionization potentiél

pkevious photoionization studies.
of methyl 'iodide corresponds to the removal of an electron froﬁ a
nonbonding (5p, e) orbital which is mainly localized on the iodine

étom. "This leaves the CH3I+ molecular jon in the 2E state which is

further split by spin-orbit interaction into the 2E3/2 (ground) and

2.
E]/2 states.

\ﬁlThe experimental.apparatus, arrangement and procedure was the same
as previously described.3 _Methy] jodide was introduced into the main
chamber as a target gas by expansibn through a 0.12 mm diameter pyrex
ng;z]e at a stagnatibn pressure of 400 torr (the vapor pressure of methyl
iodide at room temperature), The average counting rate was about 200
ct/sec. Counts were co]iected for 100 sec at each point.

The photoionization efficiency curve for methyl iodide is shown
in Fig. 1. The épectrum.shows a large number of well defined auto-
ionization peaks. It is found that this series is thelsamé as obtaiﬁed
by-Price4 frbm thevana1ysis of the vacuum ultraviolet absorption spectrum
of CH3I. This series fs fit by the Rydberg equation
13:607,

. hv(eV) = 10.157 - —y n=5-14
(n - 0.20)



%, . "1 03 -

The §p1ittin§ in the two peaks cbrresponding ton =5 and 6 is suggested
| to be caused by the 1nteract10n of the Rydberg e]ectron with the non-
spher1ca1 charge distribution of the CH3I core. 2 |

The first ionization potential as determ1ned from our experiment is
9.532 + 0 003 eV, wh1ch agrees favorably w1th the spectroscopic va]ue 4
The sp1n -orbit sp]1tt1ng of the 2E molecular 1on1c state for CH3I
expected to be mainly determined by the spin-orbit coupling coefficient

3 localized

of an}I+-atomic ion, since it is determined by the group 5p
on I+. The spin-orbit coupling constant determined for CH3I from this
experiment is 0.625 + 0. 003 eV which is nearly the same as the sp11tt1ng

of similar doub]et in IC] (0 630 ev)
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" VIII. IMPROVED POTENTIALS FOR Ne + Ar, Ne + Kr AND Ne + Xe

ABSTRACT

Improved interatomic pdtentia]s for Ne-fare gas pairs have béen |
obtained by fittfng a multiparameter potential to Tow energy differential ,
cross sections, second virial coefficients and diffusion coefficients.
A1l asymmetric Ne-rare gas potentials have narrower attractive we]is
than those of the symmefric rare gas pairs. ‘The values of rmvand €
for Ne + Ar, Ne + Kr and Ne + Xe are 3.43%, 719°K; 3.58R, 74.5°K and
3.75R, 75.0°K,.respective1y;



INTRODUCTION

Potential parameters for Ne + Ar, Ne + Kr, and Ne + Xe have bcen
previously determiﬁed by fifting LJ (h,6)‘potentia1s to the différential
elastic scattering Cross sectibns.] Parson et. a].] have’been able to
reso]ve'oscillafions in theif differential cross section measureants
and to discriminate against the LJ (8,6) and the LJ (]2,6).in favor of
the LJ (20,6) potential for these systems. Although the LJ (20,6)
potential is not expected to provide an adéquate description for the
]ong range attraction and short range repulsion, the LJ (20,6) potentials
with suitab]g values of *m and € do provide differential ckoss sections
fn éood agreemént with experihenta] results for all Ne + Ar, Ne + Kr,
anq Ng + Xé systems at thermal energies} Thus, it is conc]uded.that
vthé nafrower LJ (20,6) potentials should provide a good‘description of
'th; shape of the attféctive weT], and the parametefs (e and rm) obtained
must be quite realistic. The striking results that well depths of
N?,+ Ar, Ne + Kf, and Ne + Xe.are a}most idehtica], as observed inbthat
wofk, were éomewhat unexpected. Since the commonly used geometric

qomb{ning rule forvwe]1 debths of asymmetric systems from corresponding
symmetric pairs predicts a significantly deeper well for Ne + Xe com-
pared’to Ne + Ar, some questions have been raised Fédé?dinglthe ‘
ré]iabi]ify of thése potentia] baramefers and the sensitiyity of
expefimenta1 angular distributions of these ;ystems to the poténtiaT
paramete‘rs.2 Webhave_madé further investigations of these systems by

carrying out differential cross section measurments at lower collision

energies than in the previous work and have derived more precise
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multiparameter piecewise potentials in the form of MSV or ESMSV,3

which provide good agreement with both experimehtal differentia1'cross

sections, second virial coefficients and diffusion coefficients.

- EXPERIMENTAL

The exbériments were carried out‘by crossing tWo supersonic beams
of noble gas atoms, as described prévious]y.3 The Ne beam was produced
fkom a cryogenic beam source4 cooled with 1iquid'nitrogen. The source
pressure of the primary beam was about 450 torr at 77°K while that of
the secondary beam was about 500 torr for Ar and Kr, and 300‘torr for
Xe at room temperature. The angular distributions were obtainéd by
couhfing elastically scattered Nelatoms for 40 sec at each angle

‘between 3° énd 40°. Each mixed pair was scanned three times, and the
angular distributions obtained were avéraged and are shown in Fig. 1.
In order to correct for drifting and fluctuation of the beams and
detector sensitivity, we returned to the reference angle (10° from the
Ne beam) frequently during the ﬁcan; and data were time normalized.
The standard deviations of 40 sec counts at the reférence angle were

less than 2%. In.the Ne + Kr ahd Ne + Xe experiments, Ne was detected
at M/e = 20 (Ne+), but in Ne + Ar experiments Ne was detected at M/e =

10 (ne*™). It Was found that fhe differential cross section for ke +

Af, obtained by detecting Né+, is significantly different from that

obtained by detecting Ne++vat wide angles when both Ne and Ar beams

are at room temperature. With the Tiquid nitrogen cooled Ne beam,
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however, the differences'are only detectabie at laboratory ang]eé
larger than 25° from the'Ne beam. A simple kinematic analysis shows
that this is due to he simu]tanéous detection of elastically scattered
Ne as Ne+ and Ar as Ar++ at M/e ?120. Detection of Né as Ne++ is free

g

. . . +4 _ . _
from contamination of Ar, since Ar ~ is not produced in our detector

using a 200 eV electron beam.

RESULTS AND ANALYSIS

The experimental results of Ne + Kr anq Ne + Xe were fitted by
varying eight paraheters (e, rm; B, Css Cgs X3 x4) of the piecewise
Morse-Spline-van der Waals potentials (MSV), as mentioned befo,re.3
For Ne + Ar, since infﬁrmation on the repulsive part of the potential
is availéb]e, the exponential form is used in the high energy region
(1.1 to 10 eV), and connected smoothly by an exponential Spline function

to a Morse function. The reduced form of the exponentia]—Sp]ine-Morse-

Spline-van der Waals (ESMSV) potentia]_is'writteh as follows:

f(x) = V(r)/e x = r/r | C, = Cn/ér;
f = Aexp[-a(_x'-l')] | 0 < x < X) '
f = exp(a; + (x-x;) {ay+(x-x5)[as3 + (x-xy)a,1})

-;(ExponentiaIISpline function) Xp < X < Xy

-
1t

exp [-26 (x-1)]-2exp[-g (x-1)] xp X X
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f = b] + (x-x3)‘{b2'+ (x-x4) [b3 + (x-x3)b4]} v |
(Cubic Spline function) Xy <X <X
1’»=-'c6x'6-c8x'8-cmx']0 x45'x<oo

Différentia] Cross sections were calculated using the JWKB method
of'apprbximating phase shifts. A nonlinear least squares fitting
technfque by Marquardts was used to obtain initial estimates of’é,vfm,
B for fixed x5 and x,. Values of x5 and x, are varied to change the
shape of thé outer wall of the well. C6 constants are taken from thev

6-8

semiempirica1]calculation‘by‘Gordon et. al. C8 constants are the

geometric means of the symmetric pairs, and C]0 constants are neglected ;
because of lack of information. Thus, only five parameters are varied -
to fit thg low temperature elastic differential cross sections. The
value of ry can be well determined for a given potential function by
matching the fast oscillations resolved in experimental angular distri-
butions and those of theoretical calculations. Since low energy
differential cross sections are quite sensitive fo the shape of the
attractive parts of the potentials, the locations of joining points,

X3 and Xgs must be chosen very carefully in order to give a good fit

to the small angle differéntja] Eross sections. Finally B and ¢ are
varied to obtain'optimum values. ‘This sequence of variation of para-
meteré is repeated until thé calculated differential cross sections

give excellent agreement with experimental resuTts. In the procesé of
finding the best parameters, second virial coefficients were also

9,10

calculated and compéred with experimental data. Although for Ne +
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Kk and Ne + Xe on]y.a few setond virial coefficienf data points are
available, theée second virial coefficient data measured at relatively
high temperatures are sensitive to the répu]sive parts of the potentials
and supplement Idw energy differential cross section data which.are
mainly sensitive to the attractive well. The ESMSV potentia]vfor

Ne + Ar and MSV potentials for Ne + Kr and Ne + Xe, which give a good
agreement with both the differential cross sections and the second
virial coefficients aré then used to calculate diffusion coefficients
at various temperatures. The calculated diffusion coefficients for -
Ne + Kr and Ne + Xe give excellent agreement with the expérimenta]
measurements of Hogervorst,28 but for Ne + Ar, a]thdugh the agreement
is excellent up to 700°K,_the calculated diffusfon coefficients are
4.1% higher than the experimental value at 1000°K‘and the deviation
incréaées to 5.9% at 1400°K. The small but significant discrepancies
at very high temperatures indicate that the high énergy repulsive part
of the potential of Ne + Ar could further be improved, Conseduent]y,
.three parameters, A, a and X1 reiated't0 the exponential repu]éioh
are adjusted until the ca]culéted diffusion coefficients a]so agree
With the experimental values. The best fit ESMSV potential for Ne +
A} and MSV potentials for Ne + Kr and Ne + Xe are shown in Fig. 2.

The parameters of these potentials are Tisted in Table I. The
differehtia].crossvsections calculated from the best potentials
obtained are also compared with experimental results in Fig. 1. The
secoﬁd virial coefficiénts were ca]culafed by Hirschfelder, Curtiss,

12

and Bird, 1hc1uding two quantum corrections. For Ne-rare gas
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systems, quantum correttions are relatively small compared to classical
calculations in the temperature range in which comparisons were made.
The standérd deviations of the besfvparametric potentials for Ne + Ar,
Ne + Kr, and Ne + Xe fitted to the'second virial coefficients are
0.81, 0.439, and-0.648 cc/mgle, respectively, and thesé vaiues are
considered to be satisfactory in view of the uncertainty of the second
virial coé%ficient data. The calculated second virial coefficients
are compared with the experimental results in Fig. 3 as a function

of temperature.

DISCUSSION

: fhe reduced masses of Ne + Ar, Ne + Kr, and Ne + Xe are Ee1ative1y :
small, and at a reduced collision energy (E/e) around five, pronounced |
rainbow structures are only obsekved in the Ne + Xe system. In finding
a potential from a differential cross section, it is very important to
recognize that the re]ative'intensities‘at all angles, as well as
positions of extrema in differential cross sections, must be matched
precisely. If the potenfial*functions assumed are not realistic, one
often finds that by varying the parameters it is possible to match the
Tocations of extrema but not the relative intensity at all ang]és.
Amplitudes of extrema, such as fast oéci]]ations, rainbow oscillations,
and symmet?y osci]]étions,_are usually damped by finite velocity spreads
in the beam and finite angular resolution of the eXperimenta] arrangement.

Consequently, in order to make a proper comparison, differential cross
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secﬁions calculated from a given potential sth1d be averaged over
experimental conditions. Va]ués of € and ' determined for Ne +.Af,
Ne + Kr, and Ne + Xe in this work, are estimated to be better than 3%.
In Fig. 4, sensftivity of differentia]vcross sections for Ne + Ar to
the values of € and rm'are jllustrated. Fig. 4a shows a series of
calculations changing only o by 5% in both directions from the best
MSV potential determined. The difference in the frequency and position
of fast oscillations is quite noticeable. In Fig. 4b, ¢ is changed 7%
from the besf'va1ue, and appreciable changes in the slope of differentia]
- cross sections are observable. By keeping'the,productvof e and L
.nearly constant and changing individual parameters 5 to 7% the general
fall-off in angular distributions is found to be quite similar, as
shown in Fig. 4c. Nevertheless,. the difference in oscillation frequency
~and amplitude can be detected. Calculations shown in Fig. 4 are all
averaged over experimental cond;tions.

It is interesting to note that € and L values determined in this
work are within the uncertainty of previous work using a LJ. (20,6)
potential form. Recently, in ofder to make a comparison with the
experimental results of Parson et. a].,] Brown and Munn2 calculated
d1fferent1al Cross sect1ons for the mixed inert gas systems Ne + Ar,
Ne + Kr, Ne + Xe, Ar + Kr, and Ar + Xe, using a potential V( )

13-15 2nd a set of combining rules proposed

ed(r/o) proposed by Munn
by_Koh]erlG,for the specific energy and 1ength‘sca1ing‘parameters:

SR FMRARE

i = 295 05/0 45 vy + vg5)

3J
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where: -
vig = (o gy 00,
€ and o are the depth of the potential minimum and position of the
potenfia] zero, and o is the polarizability.
| They stated that the grbss rainbow structure of the scattering
cross sections was reproduced by their calculations and that there
was substantial agreement with the high frequency oscillations ob-
served in %he neon series. They éonc]uded that the lack of.goqd
agreement between their mixed interacfion potential parameters
(derived from virial and transport data and the use of the ;ombination
rule) and those derived by Parson et. al. indicates that more theoretical
and experimental work is heeded to unequivocally determine the mixed
and pure rare gas interactioné.
Actually, the disagreement between the differéntia] cross sections
calculated with their potentials and those measured by Parson et. al.
is quite appreciab]e, and the differences in differenfial cross sections.
do refject the differences in the proposed well debths. In the work of
.Brown and Munn, the experimental results are compared with a calculation
for a singié re]afive.velocity. Thus, the differences.between the
calculation and the data are somewhat obscured by the large amplitude
and highvfrequency oscillations, which are severely damped in the
experiment. | |
The values of € and o (defined as V(o) = 0) are compared with
commonly used combination rules and listed in Table II. The simple

combination rules do not give good estimates for these sysfems. As
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in He-rare gas s)/stems,"7 the Ne-rare gas systems have nearly the same
well depths, ahd.the réciproca] relation for €; eij'= Zsiiejj/(eii+€jj)
gives somewhat better predictions that other combination ru]es but
cannot Be regarded as adequate. ‘The reduced forms ofva]1 Ne-rare gas
systems~ére plotted in Fig. 5 and are.also tabulated in Table III. The
differences between the Ne2 potential and asymmetric Ne-rare gas systems"
are as significant as the differences among asymmetric_Ne—raFe gas
- systems. The Ne-Xe potential is hore attractive at']arge distances and
more repulsive at short distances thah the Ne-Ar potehtia].

]8'26,28 for Ne;.Ar‘, NE"Kr9 and

Some previously proposed potentials
NeQXe are tabufated in Tables IV, V, and VI for comparison. These
potentials are mainly constructed from transporf properties and semi-
empirical calculations. Some Morse-6 and exp-6 potentials are in fair
agreement-with MSV potentials dervied in this work. Differential cross
sections calculated for some of thése'potentials are shown in Figs. 6
and 7;'the_potentials themselves are shown in Figs. 8 and 9.

" For Ne + Ar the Morse-6 potential of Gaydaenko et. a];zs (No. 3

19 to give a rather good fit

in Table IV) was shown by Konowalow et. al.
to the second virial coefficients; the differential cross section
calculated from this potential is also quitevclose'to experimental
‘results except that the general fall-off of the differential cross
section as a function of the scattering angle seems somewhat faster.
Diffusion coeffitientsAin the temperature range in which the average

relative kinetic ehergy of atoms is much higher than the potential well

depth are more sensitive to the repulsive part of the potential than the
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attractive part, since differential cross sections are weighted'by'a
(1-cos 6) factor in the total diffusion cross section, thus reducing
the importance of‘the contribution from small angle scattering, which
is more sensitive to the attractive part of the potential. Varioﬁs
exp-6 potentia]s,.obtained from idffusion coefficients by R. J. J. van

18 over the temperature rangé from 100°K to 400°K,

Heijningén et. al.
do agree more.closely in the repulsive part of the potential than the
potential well. As shown in Fig. 8(b), the ESMSV pdtentia] has sub-
stantial overlap with'these botentia]s in the repulsive region, - |
especially when o = 15. For the Ne-Kr potentjal, an exp-6 potential

with o = 15 18

agrees almost exactly in the repulsive region with the

| MSV potential derived in this work as shown in Fig. 9. Potential |
paramefers for LJ (12,6) and exp-6 potentials have been determined

by Hogervowstz8 from accurate measurements of diffusfon coefficients
between 100 and 1600°K. The well depth, €, for Ne-Ar obtained inéhis
work is about 10% smaller than our present work, but both e and "m for
Ne-Kr and Ne-Xe agree with our present work within thé uncertainties
of the determinations of these parameters. The facts that nearly
jdentical values of € and rﬁ are obtained for both LJ (12,6) and eXp—6
potential forms in Hogervorst's wofk led him to conclude that the
diffusion coefficients could provide an estimatevof e and " together
with the Steepness of fhe repulsive part of the potentials but not the
detailed information on the form of the potentials. The form ofvthe

potential, especially around the attractive well, can be better deter-

mined from the measurements of elastic differential cross sections.
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- FIGURE CAPTIONS -

.Laboratory angular distributions of elastically scattered

Ne'for the Ne + Ar, Ne + Kr and Ne + Xe systems. Solid

curves are calculated from best fit potentials.

“Potentials of Ne + Ar, Ne + Kr and Ne + Xe obtained in this

work.
Comparison of second virial coefficients calculated from

best fit potentia]é with experimental data.

Sensitivity of differential cross sections of Ne + Ar to

the variation of ¢ and "m for ESMSV potentials 1isted in

Table I.

(a) variation of Ym® keeping e constant.

(b) Vvariation of €, keeping r, constant.

(c) Simultaneous vafiation of r. and e, keeping er_ nearly

m
constant.

Reduced potentials of Ne + Ne, Ne-Ar, Ne + Kr and Ne + Xe.

Laboratory angular distributions of elastically scattered Ne

for the Ne + Ar system compared with pfevious]y proposed

potentials. Numbered curves are calculated from corresponding:

potentials of Table IV. The experimental data are shown
twice to allow a é]gar comparison with the calculated fesu]ts;
Laboratory'angular distributions of elastically scattered

Ne for the Ne + Kr system is compared with a-breviously

proposed Ne + Kr potential listed in Table V. (No. 11).

!
i




Fig. 8.

Fig. 9. -
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Cdmparison of fitted ESMSV potentia1 (solid curves) with
previously proposed potentials for Ne + Ar.‘ The fitted curve
is replotted twice for ease of comparison; Numbering scheme
corresponds “to -that of Table IV.. |

Comparison of fitted MSV'potential with a previously proposed

Ne + kr potential listed in Table V (No. 11).
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TABLE I.

ESMSV POTENTIAL PARAMETERS

" Ne-Ne Ne—Ar _ Ne-Kr Ne-Xe
¢ (Keal/mole) .85 0.143 - 0.148 0.149
StV an - 3.43 3.58 3.745
B 2.032 66 7.0 7.9
A .132 0.245 - —-
a _ 40 17.55 ——— S
C, (Keal /mole 1°) 90.4 282 392.5 570
Cg (Keal/mole %) 2206 590 810 , 1210
CIO (Kcal/mole Alo) —— ——— — -
a1 [ , - 6.66 2.106 == -——-
6, -17.05 3607 —-- ——
63 -36.32 -251. 69 S— j—
G4 -14.119 -747.52 — ——-
b, -7.5 -0.61 -. 865 -.92
b, 1.976 1.89 1.259  1.083
by -3.999 -5.59 -2.997 -2.462
b, -1522 5.64 2,074 1.555
X, 0.5 0.8 ——- —
X, 0.826. - 0.88 g— —
X, 1.1097 1.148 1.065 1042
X, 1.4 .36 .71 .86



‘TABLE I

Potential Parameters from Combination Rules Compared with Experiment,

LT

Internuclear Distance (4)

@ o L - e L@ @ L W
System : o.. c”: - G;f ciI(Expt) 3“ Gﬁ a'l Eif eii eii é‘ii<Expf)
Ne-Ar 2,75 ) 3. 34{9) 3.05 3.09 42..7- 143 73.6 78.14 75.18 65.75 71.94
Ne-Kr 2.75  3.64" 326 a2 427 198 ., 8392 9.9 85.92 70.26  74.47
Ne-Xe 275 3.81 () 3.28 3 42 42.7 276 93.06 108.5 100.2  73.94 74,98
(o) - . N . .= . . - .
The subscripts i = Ne, | = rare gas.partner
® L . .
% =7 (o * o) | | :
(e) g =2a, a, c.'.é(Y.. +7Y..);a, g, a are atomic polarizabilityi?..= (a’.z/&. g.. ); ©., obtained ( from (b).
i I A I TR 1 i i i
@ ¢ - e)?
3] (R
(e) .= (_]_)6' [ ..O..é .. c,,6]1/2; o.. obtained from (a).
i Soy T if
) '

A

00
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TABLE HIl,

ESMSV REDUCED POTENTIAL

X Ne-Ne " Ne-Ar Ne-Kr Ne-Xe

0. 50 7.807 x 102 1.590 x 10° 1.030x10°  2.593x10° .
0.55 4147 x 10° 6.611 x 102 4.979x10°  1.154x10°
0.60 2.12x10% 2.749 x 10° 2.375x 102 5,084 x 102
0.65' 1014 x 10% 1. 143 x 102 LI x 102 2,20 x 10
0.70 4,423 x10' 4.753 x 10" 5.035x 10" 9,304 x 10"
0.75 1.710x 10" 1.976 x 10’ 2161 x10'  3.752x 10!
0. 80 5. 702 8,218 8,334 1.386 x 10'
0.85 148 3. 460 2.451 4156 %10
0.90 -2.233x10" -1.262x107  2.77x10%7  s.42x 107
0.95' 8.619x107 847 X107 -8.244x107 7,654 x 107!
1.00 -1.000 -1.000 -1.000 -1.000

1.05 9,266 x 107" -9.210 x 10‘7 -9.128x 107 -8,957 x 107"
1.10 -7.806 x 107! 7.666x107 7.5 %1071 -7.529x 107!
1.15 6.3x107 6.058x10"  -6.25x107  -6.27x10"
1.20 -4.990 x 10”" -4.687x10"  -5.09x107  -5.180x 107"
1.25 a.73x107 3.623x107  -41x107 ¢ 424107
1.30 2.972x 107 2.802x 107 -3.281 x 107" -3.431 x 107"
1.35 2.270x 107 2.2005x 10" 2.6x107" 2755 x 107"
1,40 1,762 x 107 1.754x107 2.048x107" -2.188x 107
1.45 " aa8x107 A415x10" ce1x107 -iL7Ex 107!
1.50 s x10 1,264 x 107 -1.358 x 107"

1147 x 107
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TABLE 111, ~Continued

X Ne-Ne : Ne-Ar Ne-Kr _ Ne-Xe
160 -7.697 x 1072 7.720x 102 8.069x 1072 -8.470 x 1072
1.70 5.295x 1072 -5.326 x 1072 5.510% 1072 -5.624 x 1072
1.80 -3.725 x 1072 -3.756 x 1072 | -3.888x 1072 -4.107 x 1072
1.90 2102 2701x107  2.79%8x107  3.030x 107
2.00 1953 x 1072 drx102 2.048x 102 2.222x1072
2.10 .—1.449_‘x 10"2 -1.469 x 10?2 , —l.523l_.x 1072 1. 654 x_lo‘2
2.20 21,091 x 1072 1107x 1072 1148 x 102 21,249 x 1072
2.30 - 8.319x 1073  8456x 107 8,770 x 1073 -9, 547 x 1073
240 . 6421 x 10?3 6533 x 1072 6777x107 7.384x 107
2.50 -5.009 x 107 5.102x 1073  5.294x10° 5.772x107
¢ (Kcal/mole) s 0143 . . . 0,148 0. 149

r (k) 3 n o . 3.43 o 3,58 3. 745




TABLE 1V,

Potentials for Ne + Ar System

e (k)

System No. Potential Form | rm(j) a B Reference| 012(}’) Sfcnd'ar.d deviation ?f
2nd virial coeff. fitting
Ne+Ar | 1 ESMSV V71,94 | 3.43 17.725 6.6 |thiswork | 3.06 1.02 -

2 | @06 70,342, 2| 3,480, 05 1

3 Morse—6 - 69.5 | 3.3981 6,388 19,25 0.72

4 Morse-6 70.1 3.40 6.383119,26 1.76

5 Morse=6. 73.5 |3.55 6.447 19,26 1.33

6 | Exp-6 63.8:5 | 3.638 13.224.0 20 ,

7| Exps 63.79 | 3.638 13,22 2 =

8 Exp-6 73.9 | 3.443 14.17 23 8.76 e

9 Exp=6 68.42 | 3.491 14. 35 2

10 Exp=6 42,82 |3.83=03 | 12 18

1 Exp-6 49.8+2 | 3.68£02 - . 13 |18

12 Exp—6 55132 |3.58502 | 14 18

131  Expb 60.9:2,0{ 3.50.02 | 15 18

14 Exp6 64.5:4 |3.4610,03| 15.5 28
15 LI(12-6) 61.722.0 18 3.11%, 02

16 U(12-6) 64.5 21 3.098
7 U02-6) 69.5 21 3. 067

18] L(12-6) 67.6 |2 3,079
| LI(12-6) 64.5 | 3.47=03 28 3.09=. 03

: —
o




A Potentials for Ne + Kr System

TABLE V.

System No. “Potential Form e(°K) rm(fe)' a B c]z(ﬁ) Reference Sfcnd.ar.d devicﬁo.n fJF
: ' SN . 2nd virial coeft fitting
Ne + Kr 1 ‘MSV 74,47  13.58 7.0 3.226 this work 0.43
2 LJ(20,6) 78.222.2|3.6+.07 - o
3 1012,6) 67.5 ' 3. 257 21
4 | L(2¢) 63.5 3.291 21
5 | wn2e 64,9 3.287 21
6 | waze 69.843.5 3. 242 02 18
7 LJ(12, 6) 71.5 3,53, 622 03 3,22z, 03 28
8 | Bxps 52.8+3,5[3, 94404 | 12 18
9 | Exp=6 60.5%3,53.80%,03 | 13 18
10 | Exp=6 65.8%3.5(3,71403 | 14 18
M| Exp=t 72.0%3.5|3.62,03 | 15 18 3.00
12 | Exp-6 71.5¢4 [3.60£.03; 155 28

Lol

0

S

.

i



TABLE VI.

Potentials for Ne + Xe.Sysfem

System No. | Potential Form &(°K) r (B a B o Reference Standard deviation of
. e : 1 o m . . 12. . . .. -
: 2nd virial coefffitting

Ne + Xe 1 MSV 74,98 3. 745 } 7.9 3,42 this work 0. 64
2 LJ(20, 6) 75.33%3,62 | 3.804 01 ' 1
3 Exp~6 61,9450 |4.01:04 | 14 o 18
4 Exp-6 . 68.745.5 |3.91%04 |15 18
5 Exp=-6 73, 4, 3.87+.04 | 15,5 20
6 (2, 6) 69.1%6,0 3.482.04 | 18
7

Li(12, 6) " 73, 4 3.88+.04 | 3.46%,03 28

-8¢l-



DIFFUSION CCEFFICIENTS (cmzsec")

TABLE Vil

NEON - ARGON

NEON -- KRYPTON

NEON - XENON

T(K) |! Calculated| Meosured® Dif/;erence Calculated Measured® ._Diffefence Colculated | Measured® Diffe/:ence
300 .318 33 | -15 . 262 . 262 0.0 220 .219 0.5
350 || - .415 421 -1.4 342 . 342 0.0 . 286 . 286 0.0
400 521 525 | -0.8 429 | .43 -0.5 358 359 | -0.3
450 637 . 635 0.3 . 525 .526 -0.2 436 . 440 -0.9
500 .761 765 -0,5 627 . 627 0.0 .520 .523 Qo.e
550 | 895 892 0.3 | 7 0.0 .610 615 | 20,8
600 il 1.087 1,045 -0.8 . 853 . 850 0.4 705 .710 -0.7
700 1.5 1. 355 -0,7 1906 | 1.098 0.7 .91 . 920 -1.0
800 1.685 1,675 0.6 | 1.384 | 1.38 0.4 1.14 1.16 -0.2
1000 || 2.453 2.43 0.9 2.01 2.01 0.0 1.65 168 -1.8
1200 3.332 3.31 0.7 2.73 2.7 0.7 2.23 2.2 -1.3
1400 ‘ 4.317 4.24 1.8 3.54 3.51 0.9 2.87 2. 92 -1.7
[

®Measurements of Hogervorst, Ref, 28.
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APPENDICES
' A. Mechanical & Vacuum Layout of the Photoionization Apparatus

Figure 1 and Fig. 2 show the detailed assembly diagrams of the
photoionization apparatus in plane view and vertiCaT view respective]y.
The arrangement andvopefation of the apparatus has been described‘
briefly in the experiméntal'part of chapter three. It is the purpose
of this appendix to give a more detailed description 6n the/differential'
pumping system for the monochromator.

The pumping arrangemént for the monochromafor is shown in Fig. 3.

In order to excite the He Hopfield contihUum, the lamp is at a Steady
pressure P] = 100 torr (He). If thé area of the optical enfrance,s]it
between the lamp and the first differential pumping chamber is 100n

(width) x 0.5 cm (height) = 0.005 cm?

, this corresponds to a conductance
for He of C] = 0.225%/sec. The throughput of He from the lamp to the

first differential ‘pumping chamber is

Qp = (P4-P,)(0.2258/s) + P,(0.225¢/5)

_b = 45 (torr-2)/sec.
The Roots pump has a pumping speed 52 = 3004c.f.m. = 141 %/sec and this
gives a steady pressure | ' |

P2 é {%%~torr-= 0.32 torr.
The area of s1it 2 is 0.183 cm (width) x 0.498 (height) = 0.090 cn?,
whiéh corresponds to a conductance for He of C2 = 4.05 2/sec. The seci
dnd differential pumping region is pumped by an ejector pump which has

a pumping speed of 53 = 300 ¢/sec. The steady pressure is
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= (4.05)(0.32) _ 4 3 % 102 torr.

P3 300

The area of the third slit is 0.35 cm (width) x 0.584 cm (height)

= 0.204 cm®

, and this gives a conductance for He of (i.3 = 9,2 %/sec.
The pumping speed of the 6" diffusion pump for He is = 2500 &/sec.

Thus, the‘pressure in the main chamber of the monochromator is

9.2 x 4.3x 1072

3 2500

4

P torr.

= 1.5 x 10”7
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B. Molecular Beam Production System

.The pumping and mechanical arrangement for_the molecular beam
produttion systém is shown in Fig. 1. The exhausted chamber is pumped
by a 10" diffusion pump (Varian HS 10) which has a nominal pumping |
speed of S; ~ 4000 2/sec, and the buffer chamber is pumped by a 4"
diffusion pump (Varian VHS4) with an effective pumping speed‘of about
Sy = 550 2/s (used with a gate valve). The main chamber is pumped by
two 4" and one 6" diffuéion pumps which is estimated to have an
effective pumping speed of S3 = 2560 L/sec.

Using argon gas as an example, a source pressure of 760 torr at
room temperature (298°K) corresponds to the mass.- flow throuéh the nozzle

and is described by

. 2 torr-1it : :
m 14.3 DO . PO _?E_C—— . (B.])

(14.3)(0.0127). (760)

1.75 torr-lit

sec
where D0 = 0.0127 cm is the diameter of the nozzle
P, = 760 torr is the nozzle stagnation pressure.

Hence the normal pressure of the exhausted-Chamber is

Py (1.75 Torr-1ity 4600 1it/sec

secC

4

_4.4 x 107" torr

]

The solid angle subtended by a 0.0635 cm diameter skimmer is

(f)(o.0635)2

> = 0.01268 sterad.
(0.5)

M =
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For an isentropic expansion, the number density on the béam axis n(x)

is approximated by
’ 5 oy =2 : .
n=0.161 x ny X P0 (5;) _ (B.2)

At STP, the number density of one torr is

Ny = 3.24 x 1016 atom/c.c.

The number density at the skimmer entrance is

0.127,2

1 x 760 (0-12)

0.161 x 3.24 x 10
14

-
H

18 x 10 " atom/c.c.

The mean velocity of argon at room temperature (298°K) is

v =05x 104 cm/sec
which gives a beam flux at the skimmer entrance to be

4 14

nxv=5x10%x 18 x 10 19

=9 x 10 atom/cmz-seé

The number  of atoms entering the differential pumping chamber is

b9 % 1019 x %»(0.0635)2 atoms/sec
This corresponds to a pressure volume product of
= (3 x 10]7 atom/c.c. sec)/(3.24 x 1019 atom/torr-2)

9.3 x 1073 torr-Tit/sec

This gives a normal pressure, P_, for the buffer chamber of

_9.3x107
2 550 &/sec

The area of defining slit in the diffarential pumping wall is

2,

p = 1.7 x 10—5 torr

1

= width x height = 0.1 x 0.323

0.0323 cn?

Thus, the pressure in the main chamber is .

P3 = 5 x 10_7 torr.
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The number density of the beam at the collision center is eQua] to

13 atom/c.c. = 3 x 1074 torr/c.c. at S.T.P.

1.1 x 10
Figure 2 shows. the plot of the beam intensity of acet&]ene '
(Csz) at the co]lision center versus the nozzle stagnation pressuré
as probed with an electron gun. The solid curve is the,experimeﬁtal

curve and the dashed line is the predicted curve if we expect a

linear increase in beam intensity as a function of stagnation pressure.
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O 1t 2 3 4 5 0

NOZZLE STAGNATION PRESSURE
(PS1)

Fig. 2. Beam intensity of acetylene'(CZHZ) at
the collision center as a function of
nozzle stagnation pressure
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C. Vacuum Ultraviolet Light Source -

There are many light sources which have been designed and used for
vacuum radiation studies. The choice of source depends on the applica-
tioh. A line spectrum is often more intense than a continuum source.
Forlphotoionizaiion crosslsection measurements studied as a function of
‘wavelength, it is preferable to use a continuum light source. Further-
more , fof.the photoionization studies in this research, the photon,eher—
gies used lie between 6eeV and 21 eV. The various types of continuum
light sources which produce photon energies within this range have been

discussed by Samson'

and described briefly in the fo]]owing sections.
I. (a) The Hydrogen ContinUum and Hydrogen Many-Line Pseudocontinuum.
The DC capillary discharge of H2 at Tow preseure (1-5 torr) produces
an emission continuum which extends from 1600A to 50008. The sharp
band structure'bf hydrdgen starts at 16703 and extends down to 850R.
}This has the appearance'of a. line spectrum and gives rise to the commonly
used term "the many line molecular hydrogen peeudocontinuum spectrum.”
The.spectral range_with which we are concerned for our application {s
shown %n Fig. 1. The range is mainly covered by the hydrogen many-line -~
pseudocontinuum. At Tow dischafge pressures, the atomic resonance lines
are more prominent than the band structure. On the other hand,_aﬁ ‘:eﬂ,
increase in discharge pressure and a corresponding increaée.iﬁ:perr
dissipation in the light source, enhance the light intensity of the
band structure and the atomic resonance lines are sUppressed. In addi-

tion, the light intensity increases nearly linearly with power dissipa-

tion in the discharge lamp and the length of discharge capillary.
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This 1s one of the most commonly used laboratory light sources in the
wavelength region from 950Kvto 2000A. However, due to the sharp-line
band structure, it is not suitable for high resolution studies.

(b) ThefHe, Ne, Ar, Kr and Xe Hopfiéld Continua |

prfie]d2-4 first discovered the continudusvemiésion spectrum of
helium extending from 600k to 1000R. The continuum has been studied |
extensively by Tanaka and Huf\"manl‘?']0 Huffman has observed that the
coniinuum is emitted as an afterglow. In addition, it was found that
helium continuum is best produced by a condensed spark discharge which
produces more ionization. The following chain of reactions is Suggested

as a mechanism operative in a spark dischakge in helium.

2He + He' ———— o He; + He

+ . *
He2 + e R ammmemmme He2
*
Hezy > ﬂiz + hv
—He + He

Thus the intensity of the continuum would be expected to fncrease
with pressure until the competing processes become important. Another
fact which suggests that the He' ion is the pkimary reactant is the
necessity for,extreméiyvpurg helium in producing the continuum. In a’
gas_discharge, fhe energy is,absorbed primarily by the species with the
Towest ionization potential, and since Hé has the.greatest ionization

potential of all the elements (24.58 eV), any impurity will tend to

11

decrease the number of He+ fons. Tanéka et. al., ' have attributed the -

origin of two main peaks near 810} and 680A to the transitions
_AIZ: -+ x]z; and D]EE > X]Z; respectively, as shown in Fig. 3. The

helium continuum is shown in Fig. 4.
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Similar emission continua for Ne, Kr and Xe have been found by

Takamine]2 and Tanaka et. a1.13']5

The intehsity distributions in the
continuous emission spectra of Ar, Kr and Xe as excited by a 125W
microwave generator are shown in Fig. 2. These three'continua,'nearly
cover the same spectral region as thé hydrogeh many-line continuum.
However, due to the high cost of Kr and Xe, the Kr and Xe continua
are seldomly used in Laboratory.

By combining the use of helium Hopfield continuum and the hydrogen
many;line pseudocontinuum, we essentially have a continuéus 1ighf source
covering the wavelength range from 600R to ZOOOA (~6 eV - 21 eV). This
is sufficient for the photdionization experiments of this fésearch.

II. Mechanical Cohstruction and Operation of the Light Source

The discharge lamp consists of a quartz capillary discharge tube
énd two aluminum electrodes. The discharge capi]]ary is a 6 nm 0.D.
and l]vinchesvlong quartz capillary whiéh is surrounded by a water
jacket. The two ends of the tube are vacuum sealed to two water cooled
aluminum electrodes by two cajoins. The aSsemb]y:of the discharge lamp
is shown in Fig. 7. The anode (which closes to the differential pumping
arm of the monochromator) is normally grounded. During the operation of
the lamp, gas (He or H2) is being.fed into the lamp from the front anode
and continuously pumped out from the cathode by a small mechanical pumb.
This prevents the optical entrance slit which is usually very narrow
from being clogged up by sputtering material produced during the dis-
charge. The schematic diagram showing the discharge gas regulated sys-

tem is shown in Fig. 5.
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To excite the hydrogen many-1ine pseudocontinuum, about 3-5 torr
of HZ at a steady flow is maintained in the discharge lahp. The hydro-
gen gas used js the ultra-pure grade (99.999% purity) obtained from
Matheson. A H:l ratio mixture of hydrogen and deuterium has a]So been
used. Due to the difference in zero point~energy of HZ’ D, and HD, a
better continuum is to be anticipated. The lamp is powered by a
McPherson Model 740 d.c. power supply as shown in Fig. 6(a). The
typical output spectrum dbtained is shown in Fig. 1.

In order to excite the He Hopfield continuum, a high power pulsér
is used to pulse the discharge lamp. The helium used is also the ultra-
high purity grade (99.999% minimum purity) obtained from Matheson. The
-electronic schematic block diagram is shown in Fig. 6(b). The Velonex
360 is used as a pulse osci]latof. The frequency of this unit is con-
tinuously tunable from ~1 Hz to 0.3 MHz and the pulse width can be
changed continuoué]y from 0.05 upsec to 3 m sec w{th a maximum duty
factor»of 1.5%. The pulse generated by the Velonex 360 is further
'ampljfied by a pulse émplifier (LBL 17 x 4504 W-2) which 1s pbwered by
a 15 kv, 500 mA d.c. poWer supply. The output is then fed to the
cathode of the discharge lamp. As expected, it is fand that the
light intensity increases with the discharge He preésure. With é’
v100_u‘6pti¢al entrance s1it and the present differené{af §dmpihg'§9séém.
the maximum'djscharge'He préséure allowed is ~100 torr. The maximum
photon intensity was obtained when the repetitioﬁa] rate of the pu1se‘
is 100 KHi, the pulse width'islaqut 0.5 useé'and the d.c. power .
supply is set at 6 kv, 300 mA. The typical He Hopfield emission
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spectrum observed is similar to that shown in:Fig. 4. With the dis-
charge conditions mentioned above, and the present monochromator

10 photon/sec 5 at 800A are obtained at the exit

system, about 10
slit of the monochromator as estimated by a nickel photoelectric

cell.
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D. Quadrupole Mass Spectrometer

The assembly of the quadrupole mass spectrometer syStém is shown
in Fig. 1. 'The whole detector chamber is pumped by a 220 %/sec (ULTEK)
ibn pump and a liquid nitrogen trap which is not shown in,the-dréWith _
‘A small manual operated gate valve is installed at-the entrance of
the quadrupole mass spectrometer system to isolate the detector chamber
from the main chamber when the machine is not operating. During the
operation of the apparatus, the detector is maintained at a pressure

g'torr. The ions generated at the collision center either

of ~5 x 19~
by phofon or electron impact are focused to the entrance of the quad-
rupole. After mass filtering, the ions are focused again, accelerated
and then bombard an aluminum coated target which ejects two to‘seven
electrons per jon, depending on the mass of the bombarding ions.

These electrons are further accelerated on an aluminum coated thin b1as-
tic scintil]ator] (0.0005" fhick) which is cemented on a quartz window
with optical epoxy (which has approximately thé same refractive index

as the plastic scintillator (NE111). The 1light generated due to the
impact of the e]ectrons‘thenvfurther ahp]ified by a photomultiplier

(RCA 8850) which gives out a pulse which is then codﬁted by a sca]ek.
The e]ectrénic for_the counting system is described in Sectioh'F..

The assembly and electronic wiring for the ionizer and focusing ion
optics is shown in Fig. 2. In order to eliminate the ion pump noise,

a ground metal shield is placed around the scintillation detecting

system. In addition, an optical baffle is installed at the pump

port, of the jon pump to prevent the soft x-rays from interfering with

!



-161-

the scinti]]atioﬁ detector. (Not shown in ng. 1)
The generalvscintillation system can be understood by dividing
the process into éix consecutive events.
1.‘ The absorption of 30 keV electrons in the plastic scintilla-
tidn system, resulting in excitation and ionization within it.
2. The conversion of energy dissipated in the scintillator to

light energy through the luminescence process.

‘w

The transit of light photons to the photocathode of the photo-
multiplier tube. ; .
4. . The abéorption of the photons at the'cathode.énd the emission
of the photoelectron. ‘
5. The electron-multiplication process within the photomultiplier
vtube.

6. The analysis of the current pulse fu;nished by the photo-
multiplier tube through the use of the succeeding electronic
equipment.

If Ne is the number of photoe]ectrons.re]eased from the photocathode

and M is the multiplication factor of the tube, then the charge q
appearing at the output of the photomultiplier is

Men, | ‘ - (D.1)

£
1]

n

e = (NEFCONT RS, Fo) - (D.2)

En is the energy of the high energy electrons
anis the fraction of total energy of bombarding electrons absorbed
- by the scintillator.

Cnp is the efficiency of conversion from electron energy dissipated in
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the scintillator to light energy.

Tp is'the transparency of scintillator for scintillation which it

produces.

Pp is the fraction of light photons which reach photocathode if Tb=1.

Sm is the sensitivity of photocathode at wavelength for maximum
sehsitivity in terms of photoelectrons per electron volt of
Tight energy striking it. |

f is the figure of merit expressing the degree to which the spectral
sensitivity of photocathode matches speétka] distrfbution
of scintillation. |

FC zis the fraction of photoelectrons collected by dynodes.

Let n to be the number of high energy electrons, then,nEnFnCnp =

the amount of 1ight energy in the scintillation.
Tpr = fraction of light which reaches the photocathodes.

Sm Fc = number of photoelectrons reaching the first dynode of the

£
multiplier per electron volt of light energy striking
the photocathode. | |
The output pulses of the phototube are inductively coupled to
the counting electronic system (Fig. 5). The photomu]tip]ier used

| in this apparatus has a quantum yield of ~40% which corresponds a

value of Sm = 0.1, let us assume

TF, = 0.5
FoCop = 0-03 | SR
S, ¢F. = 0.05

n= .

M=5x 10°
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! . . . ' »
L The output pulse width is ~2 x 107 sec.

With a 500 cpnnedtor, the pulse height is

o Ve = (Sl (50)

| - 2 x10 7 sec |

| ng = (630 x 103 x 0.03)(0.5)(0.05) = 140

{ g = 140 x 1.9 « 10719 x 5 x 105 = 1.33 x 10710 coyi
y o 133 x 10:;0 x50 . 3 vort

2 x 10 |
In order to examine the detector, pulse height analysis has been
carried out with the set up as shown in Fig. 3. The pulse height
distribution with different cathode voltages and electron energies is
shown in Fig. 4. To discriminate the éingle electron noise from the

photocathode, the discriminating level only set at approximately 0.2

volt.
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E; The Vacuum Ultraviolet Photon Detectors

- The various modes of interadtion between radiation and matter
provide thé underlying principles of all detectors. For vacuum UV
radiation, these.interactiohs involve the photoionizatiun of gases,
the ejection of phofoe]ectrons form metals, chemical changes, photo-

‘conductivity, fludrescence, and thermal effects. Two types of VUV
photon detectors are used fn-this research. |

(a) F]uoréétent'Detector

This technique essent1a]1y combines the use of a photomultiplier
with a scintillator. The scintillating material used is sodium salicy-
late which has been'found to be one of the materials that have the
highest f]uorescent efficiency 1n the range 400 - 2000A. ! The assemb]y

~diagram of the fluorescent detector is shown in F1g 1. A f1ne
crystal]ine layer of sodium salicylate is coated on a quartz window.

The latter is éemented to an aluminum flange. fhe impingement of VUV

: photohs prdduﬁes a f]uoréscent emission spectrum as shown in Fig. 21
(The maximum intensity of fluorescence is located at 42003 and toincides
with the maximum sensitivity of a photomultiplier.) The fluorescent -
signal is.thus amp1ified by the phototube and measured by a picoamﬁeter.
The properties of sodium salicylate have been well studied. Figure 3 :
shows the relation between response and thickness of the sodium Salicy-

o,2

late layer at 1200A. It can be seen that the efficiency rises rapfd]y

2

to a maximum at 1 mg/cm” then falls off very slowly as the fhickness‘

increases. The relative quantum efficiency of sodium salicylate

4

between 200 and 1000A is depicted in Fig. 4;3'and Fig. 5" shows the

aging efficiency of coating.

—
-t
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| _.It was found that the fluorescent spectrum of sodium salicylate

was independent of the eXciting wavelength betweeh 275 and 2537;\.5 :
The f]ﬁorescent decay‘time of sodium salicylate appears to lie between
7 and 12 nSec.G’7 : _
I. (b)iNiqkel'Photoe]ectric Detector.

The,photoe]éctric yields Of’most metals have been.meaéured from
2 - 15003.8’9' It was fOund that for thé spectfa] régioh'fkomv473ﬂ to
10004, thégphotoe]eétric'yield}Of a heat treatedvnicke1-§athode_is
nearly constant. Using a niéke] sheet as the cathode ih a simple diode -
» arrangement, the tota]’photoe]ectric:emissjon current I(\) measured
is related to the incident photon flux by the following felation:

CNiE(A) = (1)) _'x 6.24 x 10]8-)/Y(>\) photon/sec
wﬁere Y(A) is photoelectric yield of nickel.
The mechanicé] draQing for the construction of the nickel photo-

electric detector is shown in Fig. 6.
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F. Automatic Scan Control System for Photoionization'Apparatus

The:e]ectronic‘block diagram for the'photoionization apparatus is
shown in Fig. 1;' During the.photoipnizetion'experiment the ion‘inteﬁ-
sity and the photon intensity at a corresponding wavelength havevto-be "
monitored simuTtaneous]y.':The ion and‘photon detection‘in the manpal
"mode‘have been described in the.experimenta1 paft'of Chapter 3. This
‘section descr1bes the operation of the phot010n1zat1on apparatus in
an automatic mode. The scan control timing d1agram for the photo-

ionizatidn epparatus is shown in Fig. 2. The system is initiated by
pressing the start control on the timer. A pu]se'(time‘out or gate 3)
with the width corresponding to.the present time on the timer will
_enable the third scaler to count the pulses generated by‘the>voltage

to frequency converter (this measures the photoh intensity in number

of counts). The rising edge of this pulse also initiates gates 1 and

2 which gate scaler 1 and 2 respectively. These two gates are gener-
.ated by the 150sz‘chopper ae mentioned in the experimenta] part of
Chapter 3. The siéna]vof scaler 1 eorresponds to the»bhotoion intensity
when the'chopper'is,opened and scaler 2 gives the background ion signal
when the chopper: is c]osed; The falling edge of the time out bu]se
(which synchrohizes with the faT]ing edge of fhe 1ast_pulse of gate 2) .
then energizes the oscillator of the printer to print out the eigna]s
of the three scalers. Simultaneously, after the printing; the falling
edge of the last pr1nt1ng pulse triggers two pu]ses to reset the timer .
and scalers as we]] as the automat1c clock pu]ses (3us w1dth) to step

the stepp1ng motor,upward or downward to a preset number of steps
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(80 step for 1A increment) . fhe rising edge of the run count pulse
advances the counter in'fhe contfo] unit from display 1 to 2 (i.e. the
first run is complete) ahd génerafes a restart pulse to start the timer
for the second run. The system will continue until-it has completed
_the number of runs as preset in the control unit.

The photon siQna] as measured by the picoammeter is also recorded
by a strip chart recorder. This gives a secondary record of the photon
intensity. The analog output (0 - 1.5 V) is converted to digital out-
put by a voltage to frequency converter as mentioned above. In order
to pféserve the relative intensity of the photon, the vo]tagé to
frequency converter has to have a linear response to the voltage

output from the picoammeter. Thus the 1inearity of the V/f is examined

and plotted in Fig. 3 which shows a relation

f(KHz) = 59004 V + 57

where V is the input voltage in volt and f is the output fréquency _

in KHz.
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