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' PRODUC TION (IN Mg VAPOR) AND LOSS (IN HZ GAS)

\ OF 1- TO 42-keV /NUCLEON
’ x1 AND c3l'[ HYDROGEN MOLECULES

'I'homa:s J. Morgan, T Kiaus H. Berkner, é.nd Robert V. Pyle.

Lawrénce Berkeley L‘aboratory
‘University of California =~ -
Berkeley, California 94720

October 1971

ABSTRACT

We have i.hvesvtigated‘ collisions which result in the formation and

| destruction of the (150’2,) X1 Eg+'ground state and the (1sa2pm) c3Hu 10ng¥

lived eiectronic'ally excited state of moleculér‘hy_drogen. The

molecules were formed by electron v'captur'eb by 1- to 42 -keV/nu;'cleo_n ;

H2+ or DZ-.l- ion's in Mg vapor. The resulting yields of H2(12g+),
H2(3'Hu), H, 'ané'l H+ are repofted as a function of Mg-target thick-
ness. Also revpor,ted are cross sections for total loss a_n'vd ionization '

of the 1Zg+ and 3.I'Iu states of Hz in collisions with ‘I-I2 gas.
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I INTRODUCTION

| In recent yeai‘é a lé.rgé arxn.lvdunt-ofv experimgn‘ta.l wo'rk has been
| devoted té measuring eﬁccited-stéﬁe Pophlations of energetic atomic _
hydrogen and heliu.m Beams, and _the'ir destruction and forxﬁation cross
sve‘c_t‘iqns.. - Much less is known about .énergétic excited-molecular
h_Ydr'og'eﬁibeé;ms. The' pres_ént work extends the field of measurement
‘ovf keV.-‘eher’gy heavy'-‘parf_:i‘c‘le é:ol_lié‘ioh‘s ihvoiving exéited, stétes to the
n=2 unifed atom equivaieﬁt state of molecular hydrdgen. -~ In this work

we quantitatively analyze by beam attenuation techniques the collisional

fbf.matioh and loss of the (lsoz)-Xizg% gi‘ound state and the v(ls0' 2pn)c3nu
: / '

l:ong—l‘ivéd electronical_Iy excited state of energbetic molecular hydrogen.

The energy range'bf.t'he pi‘eseﬁt work is from 1- to 42 -keV/nucl._eon.

Thé HZ_-rhgleculgs wére' produced from energetic H2+ ions by electron
c.aptuz.'e'!'."rornv H2 or sz g;s.or frbrh Mg vapor. Acco;‘ding to the-
Ma‘éséy hypqthési_éi: the maximum cross éectioﬁ for charge exchange
is large ;avhen“thve' e‘ner'g-y/déf'ect' is small. ‘-('Iv‘he energy defect is the
differen'c.e Be'ﬁ'vgen‘ the fhterﬁal- ve'nbergy Qf the initial and final states vof
the collision particlés.. )v In the case of the charge-exchange process of
in'teresrt in thevPrti-:sent e#periment, i.e., H2+V +X - H2 Fooees the. |
énergy deféct for electrdn'c‘apture inton = 2 bound states of H2 is about
| 4eV forv'ba’, Mg‘-\'ra.por- target and about 12 eV for a,'H2 or N, gas target.
"I'_h‘erefor"e, at 10& enérgiés whe'ré the Massey criterion is valid, we
expect Mg vépor to be a rﬁore effective cha'rgé-exchange medium for -

" capture into excited states tha.r'l.H2 or N, gas.

The desbirability of metal‘vaporé as charge-exchange media for the

formation of excited hydrogen atoms has been experimentally \ierified



(O REEN RS B RS

by many groups (see, for example, Refs 2.through 6) . A theoretical
survey of electron capture into excited states of atom1c hydrogen by

ground state element’s has been performed by Hiskes. 7 From these

- results Hiskes has esti_mated u'p. to .5.0% electron capture into the 3Hu

state of H2 by passage of H2 through Mg vapor 8 Based on the above

considerations, Mg vapor was used to attempt to enhance the 311
excited-state population of H2 beams. In order to cotnpvare the metal
vapor results with common gases we also used H2 and Nz' targets.

l‘ The experimental technique used for the analysis of the hydrogen
molecules ls‘the beam—attenuation technique introduced by Gilbody _
et g._l_9 for metastable He atoms. Accurate absolute measurements
can he obtained by this method only if a beam of fastvprojectiles-contains:

sufficient_ excited particles, with long enough lifetimes and large

- enough cross sections,‘ to insure observable changes in the co‘llisional

attenuatmn of the beam when compared w1th a beam con51st1ng almost
exclusively of ground-state atoms or molecules. ‘These condltlons are
satisfie‘d in the prve.sent experiment for H2 molecules. |

We have measured the fraction of H2 molecules that are produced
in the STIu :state by electron capture in Mg vapor at various tar'get v
thicknes,ses.

',W.e have also measured the tota‘l-loss cross sections (HZ-*. H2+ ,7 'ZHAI,_
H + H+ 2H ) and the 1on1zat10n cross sections (H2 2 ) for both. the

(ground) state and the 311 .state in collisions with H2 gas. Pre- ‘

l1m1nary results were reported in Ref. 10.
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II. THE "H'YDROGEN MOLECULE
" The structure of the hydrogen molecule has been stud1ed in detail

both theoret1ca11y and exper1mentally (Herzberg H has tab‘ulated a 1arge
number of references on this top1c up to 1950, and the'present work
contains .anumher' of reference's' sin'ce 1950). Flgure 1 shows the
potent1a1 energy curves for the electronlc states of H2 and HZ’ that
are of interest in this work. |

The molecule contains two 1ndependent emission spectra: a tr1plet
spectrum due to the two electron sp1ns of the molecule being ahgned
~and a si_nglet spectrum due to electronic states With_ opposed electron
spins. Spontaneous radiativetransitions. b.etween these two term
schemes ‘is strictly forbidden by the vselection rule bon the total electron
spin of the 'mozlecule," i.e., AS=0. ”An'elaborate treatment of transi—v
vtions in diatomic molecules- is given by Herzberg-. 1 Also, a concise
and useful summary of selectlon rules is given by Garstang

In order to mterpret the results of ‘the present exper1ment an

understandmg of the electronlc states of the H molecule is necessary '

2

In Append1x A we present the results of a’ ‘survey of the pertment elec-

2

excited states have lifetimes greater than the time of flight of the H2

tronic ex01ted states. of H and their 11fet1mes, and discuss which

molecule in the present experiment (0.29 psec <t < 0.53 usec).
‘Based: on the discussion in Appendix A, we conclude that decay of all .

- excited states, except the hydrogen-_-like (Rydberg) states with n2> 8, the-

F12g+ state, and the c3II state“ has take.n place in this time intervalT

Flrst we con51der the populatmn of the hydrogen 11ke (Rydberg)

states withn2 8. From measurements by Kingdon et &13 and
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Solov'ev et al. 1% we conclude that less than 2% of the.H2 forr_ne_d by

electron capture by H * in Mg at 40 keV‘is in hydrogen-like states |

2
with n 8. This is negiigible compared' to the observed excited state
fract1ons of 28% at th1s energy . |

We do not know the relative populatlons of the Fizg- and c3H
'etates. However, When we cons1der the electron-capture process, we
conclude from Flg. 1 that the F Zg vpopulation should be negliglble.
The population distribntion of the vibrational levels of H2 ions from

vwhlch the H, beam is prepared is determined by the v1brat10na1 dis-

2
tribution of the H2 ga_s and by the energy of the electrons in the ion

source. Since the energy separation between the first two vibrational

levels of H, is ~ 0.4 eV, essentially all of the H2 gas molecules were -

.21'

in the lowest vibrational level. Based on the Franck-Condon principle

(i.e., the time requi'red for an electronic transition is small compared

to the nuclear motion of the rnolecule so that the initial and final states
have alrnost the;_sarn‘e internuciear separation), the H‘z+ ions rormed by
electron'ion'ization' in the source will be almost ekclusively in IeVelé.

v< 5(see Fig. 1). 15 Wnen these H2+ ions’capture anv electron, we see
from F1g 1 that the range of nuclear separations (not indicated in the |
figure) defined by the Franck-Condon principle covers most of the-

c31'I state but only a small part of the F12g+ state. We therefore
expect poor overlap with the F state in the capture process. Furt_her-
more, from s1mp1e statistical arguments, we would expect a greater

- probability for capture into a triplet state relative to a singlet state.

Wetherefore exclude the pos sibility of a Asignificant population of the

H2 beam being in the _F12g+ state, and we attribute the experimental = .
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‘obe'errrati_ohe ef e'x.ci,t;e‘d Hzlto‘ the ¢'3nu_ state.

o Unfevrtunafely; there e}ﬁéts_the nonradiative mechanism of predis-
sociation in the case' of the 3Hu et‘afe (see Appendi}.c A) .. For the' eon-
diti'ons of our eiri)erirrrent apprexirnately one-half of the 3IIJ rotational -

state populatlon will be subJect to a.llowed pred1ssoc1at10n during their|
t1me of - fhght through the apparatus

III EXPERIIVI_EN TAL APPARATUS A.ND PROCEDUR.E

A, AEEroach
Figure 2 sherygiie eXperimehtai arrangement. 16 'I'he energetic
H2 meleceles were ’pre_diic‘ed by be.le:ctron capture when a momentum- .
: an"alyied heam of H2+ jons traversed a‘neutrali;yzing cell of Mg vapor,
+

or YH‘Z or INZ-_ ‘gas. ‘ (We have made measﬁremenfs with incident I—I2 ,

D2+, and H-D+ ion beams; ‘When the results are compared at the same

velomty, they are the same within the expenmental uncerta1nt1es )
-'Smce we are. mvest1gat1ng the H2 molecule, the charged part1c1es '
emergent from the neutrahzer cell were swept out o_f the beam with
an electric field, and the HZ ‘
was used to provide a monitor of the beam intensity.

The _a'.halyvsivs of the H2 beam was performed by beam a.'ctenua.’cionf |
To this end 'the neutral beam, consisting of ground-state a_nd excited
H and H’2

‘ H2 molecules are in either the 1-Z)g+' ground state or in the 3Hﬁ excited

,vtraver'se‘d-a'target cell containing H2 gas. We assume that the

state (Sec. II). Since the collision cross sections of these two states
" are different, they attenuated differently upon traversing the target
cell. By observing the emerging particles as a function of H, gas

thicknes's in the target cellr, we were able to deduce the total-loss and _

* cornponeht, detected with a Faraday cup, :
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ioriization' cross sections'fél;.the -3Hu and 1Zg+ 'vs‘tvatés..‘as well aé the
IrJopulavti.on' of the se states 'innt.:he.beam;r By va’ry‘ihg the neutralizer

‘ conditioﬁs', ’i'.‘ek.v, type of neutralizer used (Mg, HFZ,‘_or NZ) and its
thiéknies.g ($t§rﬁs or ‘molecules/cmz),_ 'we were able to maximize the
excitéd;stéte population or reduce 1t to a;n."insigﬁi_ficant arhountv.

In 6r&er to increase the energy rangé of the measﬁrek‘n-lel;ivts,‘ two
methods were used fof éartiélé devtect:ion'. : Fo_i'. .Mefh_od I(see Fig. >2) we
erﬁplbyed pafticle-couhtin'g téchniques.; The’ pgrticles .f\‘:vere detected by
CsI(Tl).érys.ta.ls fnéunfed on photomultipliers; ‘Method I was limited to
energies greater than aboﬁt 10 ke»V/nucleon; below this energy it was
diffiéult' to resolve the pﬁls_é height distribution of fhe 'atofnic porti_qn '
of the beam from the molecular portion. For Method II a thiré_l gas
cell (seg Fig. 2), held at a constant pressure, was used to strip the
fast molecules emerging from fhe target of an electron; the resulting
H2+' current was.- measured with a Faradaiy cup‘.“ This méthod Yiields
less information than Method I but is applicable to total-loss cross-

section measurements below 10 keV/ﬁucléon. Using this method we
'have _exténded the total-loss cross-section measﬁrefnents to .1 kéV/nu-
cleon. |

B. Production of H2

Molecules

The HZ+ iohs were pr‘oduv_c.ed in a PIG ion -§§urce which could also
be‘_op_eratve.dvvas an. eiectron-_-gun source. The ions were accelerated.
electf0stétically and mdmentum-seiected by a 9d-deg anélyiing . |
magnet; they then passed through a 120-cm-long drift tube"befc.)re
entering- the experimental region shown in Fig. 2 Measurements

were made with accelerating voltages between 4 and 84 KV. The
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lower 11rr11t was determmed by the performance of the detect1on system
| and- the upper limit by our accelerator |
| " The accelerator_ voltage was rn_easured b}r a high-irrlpedance di\}ider
callbrated to ~ 1%, The urlcertainty in the. absolute value of the erlerg;t
of the particle‘s. is esti‘mat‘ed;to be ~ 3%, except for energies less than

2 keV/nucleon, ‘wh’erevit' is estimated to be ~ 5%. This is based on the

analysis o_f the deviation from linearity of a plot of the voltage Inecessary_

to deflect the particles versus the measured value of the accelerator
voltage |
Just m front of the exper1menta1 region was an electromagnet that
could be used to sweep the pr1mary HZ+ ions out of the beam path, so
that the H2 molecules produced by electron capture by H2 from the
background gas _1n the drift tube could be d_etected and. subtracted as
_ _backgr_ound.. Under t"ypical .'si‘ngle—‘collis‘ion conditiohs. in the neutral-
izer the background n"eutral production was S lO%.
| .The Mg-vapor oven which served as the neutralizer cell has been
.. _described_.in Ref. 17. The ehtran_ce and exit collimator diameters were
v0.508 ar'l_d.-l.27 mm, resvpve'ct'i.vely. The effective length of the stain-
less steel oven was 4.4 crr1, measured from the entrance collimator to
the exit collimator. An operating temperature of 665 K produced a
Mg-'{rapor__ thickness of 1.75 x 1014 _atoms/cmz. A typical range of
"fopelratiou Was'from-éié to' 783 K. | N
Before data were taken, t‘he o'ven Was outgassed at a temperature
higher th'an_ that needed to produce the thlckest Mg-vapor neutralizer
of interest. This \x-/a_'s 'done to insure bOth the purity of the v_apor-vand '

the proper interpretation of the vapor pressure. The temperature of
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‘the oven, which must be known in ._orde-r to determine the Mg vapor
nressure,_ wa’s‘ determlned with two .chromel—alumel thermocouples ’
(with a zero—'degree centigrade reference junction)- connected to a
potentiometer. To minimize "radiati.ve losses, the cell was surrounded
b.y three:layers of 0.25-mm-thick dimpl'ed 's‘tainlevs‘s' steel. The .ca.li-
vbrat/iovn of the device was performed by Berkner et al. 17 who originally
used the oven as a coll1s1on cell for the measurement of electron-

transfer cross sections of H and H in Mg vapor. Data necessary for

‘the calculations of the vapor pressure were obtained from Hultgren

g_tj_l. 1_8 The assigned standard error' in this Mg vapor pressure data

is 10%.

" The H2'+ component eme-rvgen_t from the neutralizer was .deﬂectved‘
velectrostatmally 20 deg into a Faraday cup The signal from the cup
“was sent to an electrometer whose output was fed to an 1ntegrator
'lThis accumulated charge, which is proportional (for a given neutraliz_'er
thickness) to the number of neutrals incident on the target cell,'v ;:v.asv'
used to.monitor the neutral beam. |

Sinb'ce the beam entering the target cell was 35 cm frorn‘_the monitor
- Faraday c.up, strict alignment was nbec.essary to insure correlation
between the detected partlcles and the monitor,which were 82 cm apart.
Alignment v‘s/as.performed visua_lly with the aid of a teles}cop’e.» ,‘B-efore
taking data, the beam wae‘ tuned and maximized byvobserkving the count
rate due to the neutral particles. This count rate was then compared;‘
as a function of the tuning parameters, ~with the electrometer output of
the monitor Faraday cup. If the two signals were well'correlateclto

within the uncertainty of visual meter observation, i.e., exhibited the
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same rise, plateau, and decrease in signal intensity as a function of

the tuning pa‘.r‘ameter_s., ‘data Wa_s’a(:quired; if not, the beam was retuned. ‘

(.)ccaéibnavli}.freali'gvnfhenf 'wvasb ﬁecéssar}‘r..v ' The position of the beam was
obsez-'\.r‘(_ad lirisuallyybyA-r'eplacing' the bFafaday cup vyith.a phosphqr-c'oated
glass plate. T}vie‘obs'erved beam was much srhaller than th,e_'Fa'raday
cup di;rhetér__(2.54 cm). Pefmanent-r_ne.);gnets' wére used to prevent

electrons from entering or leaving the cup.

The neutral b’eam'tr_aveiled 70 cm from the oven exit to the entrance .

of the differéntially pumped target cell (seie 'F‘i'g_. 2). The Beam entrance
and .evxit c_ollimators wér.e '3..3.0- énd 4.31-mm diam, respectively, and

1 .28-‘cm_'1'oh'g.. The.e_‘ffec_:t‘iv'e. length of the cell was,8.8 ;:m. | This length
was measur_éd fron-1Ath_e rhici}ﬁoint of the fubular ehtré.nce collimator to
the midpoint_of the tubular vexit>: collimator (changes in the target thick-

" ness ow‘iﬁ'g t.o_ gas inb t}.le"vsurrvoundin'g tank of the targét cell were in-.
ConSéqﬁential at.all_ "cérg"ét' préssureé); The té.rgét- cell was equipped :
‘with é_. pa'bir.of'vrn'et_al' rods, ""'WO.SV cm apart, 'pa.rallel to_the beam lihe, o |
which _eXfended over the entire iength_of the cell. While measgring-the '
H2 attenuatio'n, a voltage of 4 kV v'\;vas appl'ierd to one of the rods in order
to produce an électric f,ieldehich insured tha}t'the exiting H2 b‘eam was
due only to atteﬁuatior_x, without the contribution of two-step processes,
i.e., H | .\-" H . H . While méasuring'the ionization cross section,

2 2 2

the voitage was “tui'ried off so that the H + component was allowed to leave

2
the target cell and be detected. The pressure in the cell was measured
by a Barocel ‘capa'.citahce manometer which had been calibrated numerous

times over a 'peri_bd of several yéaré by a’M_cLeod gauge and an oil

manometer.
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: Molecules

C. b'Analysis of H_2

1. Method I: Single Particle Counting

Af_ter trave}ing 17 cm from the target-cell exit the H2,+' ‘component
of the beam was bent 20 deg by the eleéti‘ic field between a set of
deflectibn'plates and'travevle_d 24 cm furthef, whefe it was incident on ‘
a 2.v54-'cm-divar.n CsI(.Tf).,- scintjllation crysté,l bwhich was fnounted on an
_ Ampelrex 10-stage, XP-101_O ?hotomultiplier tube (see Fig. 2). The
neutral bearﬁ traveled 20 cm after leaving the deflector plates a.nd was
intercepted by a similar arréngemeht. :Th:e'; p'hotorr;‘ultiplier tubes 'weré
not cooled since upon'cooling no sighificanti inéréaée in e‘nef_gy resolu;-
tion was observed. The photomultiplierv éignal wasv amplified and | |
shaped, discriminated, ahd finally scaled. A 400-ch§.nne1 px;.ise-height
van"alyz‘er was used to sét the upper é.nd lower levels of the discrimina-
tors. HA typical puléé-heigﬁt si;ectrum, showing the resolution of the |
n'c.eutr’a‘l Cbmpohénts of the bearﬁ, is shown in‘vFig. 3.

' Sincg the 'écintillator response (fhe.r;urhber of photons produced per
incident energetic particle) is proportional to the amount of energyi
transmitted‘ to the crystal during the impact of the energetic particle,
two atoms, each of energy E/2, whose differencve in impact time is
conSidefably shorter than the characteristic decay time of the cifystal
(~ 0.6 ><'10._6 séc), would be interpreted as a éingle particlé of energ‘y
~ E. Héﬂce_, in the présent expefiment, where the maximum pos.sible{
differgnée in the impact time of‘ the two H atoms i)roduced 'by dissc')cia-‘ _
tion .of H2

| distinguished from an H, molecule.

in the targez c;ll is ~ 5 ><10_9 sec, two H atoms could not be
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The H atoms may, however be spat1a11y d1st1ngu1shable by use of a

low-transparency mesh. Assurnmg a random or1entat10n of the H2

1nternuc1ear__ax1s with respect to the beam 11ne and an 1sotrop1c angular'

diustrihutioﬁ‘for,the H atorhs p‘roduced by dissociation, we have cal-
.Culated for the vcase Which_ produces the Srhaliest scatte‘r in the pre.skent
experiment (.42 keV/nﬁcleon' anci 92 eV dissociatioh energy),_ that, .at'
the detector, the H atorris from dissociation in the target are uni_formly
distributed o.ver a c'irvciul’ar. region with a 2.2-mm radius. The mesh,
which had a transparency of ~1%, consis.ted of fourrlayer.s of 22%-trans-
. ’ i
: pé,r."ent, 2_000-1ihe/ihch, Cu Electromesh which had square apertures

6.35 X 10'-‘3‘mm on a side. Clearlsi, th.e'gvrid's'i‘ze is significantly

smaller than the majority of the H atom separations. The transmission

was rnfeasu‘red.by using an H-atom beam. In order:to identify the H2

molecules fromvthe (H +"H) signal. ‘the nresh was placed in front of the:

neutral detector. W1th the mesh in the beam 11ne the probab111ty of

obta1n1ng a full ehergy pulse from two’ snnultaneous H atoms is "10-4,‘
wh11e the pr obab111ty of obta1n1ng a full energy pulse from a H2 |
“molecule is ~10 2. ' . '

For each spec1es of the beam detected (H , H+, HZ’ H), two sets

of scalers were used to correct for random noise. By emplo'yingtan
s incident ~H2+ beam, chopped at,a Ifreque'ncy of 4.0 Hz bvy applying
voltage to a set of steering defle_ctor.plates.irx the accelerator 're.gion,
one set of 'scal_er.s recor_ded the beam plus the noise and the other set_
recorded the beam-off signal (i.e., noise,'only), whi.ch was alw’_ays‘

much less than that of the beam-on signal. A set of timing scalers

was used to determine the beam-on and -off counting times. Subtraction
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of th-e‘vtv&‘/o time-normalized counts yielded the coﬁnts prodﬁc_:ed by_vthe
- beam. |
| f‘or this metho>d,, tHe ion source was operated in the éllec_,.tv'r’on-gun
mode to ‘obfgéin low-ihfensity; countabie :Beams.jv Typical cduhting rates
v;/ere from (1 to 4) ><103 counts/sec. » o

2. Method II: Faraday Cup

Method II for analyzing the particles (rvefer to Fig. 2) was used to
dbtain low'—energy (EL< 10 keV /nucleon), total-loss crqss' sections. ,
‘ Ionization cross sectvions_and excited-state po‘pulatidns cannot be
obtained by this method. |

This'met'}.l_o‘d fequired a third gas region (tAhevstripp_er), which
containea H2 gas held at a constant presqure, to ionize the HZ molééules'.
transmitted through the vtarget. The résu]_.t'ihg H2v+'béam'exitinAg from |
the Stfipper was prbport'iOné,l to the H, beam transmitted through the
térget and w;.s deflected to _va Fara;ciay cup. The résﬁiting signal was
fed to an .erléctrometer whose output\wa.s sent té an iﬁtegr’ator. |

For this method the ion source was operated in the PIG mode to
obtain higher beam intensities, measurable by a Faradéy cup. Typical

H * currents measured by the f.inal Faraday cup ranged from 10‘13 to

10710 4.

IV. DATA ANALYSIS

-A. Toté,l-Loss Cross Sectioné- and Excited Fr‘actions '(Meth'od 'I) :
. Fo.r this measurement an electric field of- about 8 kV/cm wa's .
applied fransv_erse to the beam within the target cell in order to
deflect the charged collision products from fhe beam as the\y forrn_ed.

We neglect excitation and de-excitation collisions (see Appendix B).
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The eQuat_iqns that des”c'r'ibe"the surviving H tnblecules are

2
', .Fv(“t)' B [1: -v_f(T,rn)] © o - (1a).
S s . ' '
B N ,
»F (nt) = .f(Trn)e. , ~ (1Db)
: where ' ‘
F(“t) = tlﬁ’e.nubmber of grouﬁd-State H2(12g+) rriolecules’ m thé beam,
. after tra'ver.sihgé target thi_ékness Trt,' -per H2 molecule
incident 6n th.e"targ‘ef cell,
ok o = o e IR
F (-n-t) =" the number of excited H_2(3I'Iu) molecules in the beam,
after traversing a target thickness s p.ervH2 molecule
_ incident on the target cell,
f(m )- "= the fraction of the incident Hz'moleCules in the 3Hu '
n _ - ‘ . .
' state, produced by electron capture by H2+ ions in a
A néutraiizer o‘f\'thickne,ss nn,b and
s B : o - .
o, o, are the total-loss cross sections for the 1Eg+ (ground)

- and JI_ states. ’
The de»teCt_Oi' system is not capable of distinguishing between the two
classes of molecules, the'refore we measured the sum Y("t) = F(nt) 4

sk . Lo ) ’ ’ ) )
F'v(nt) for several target thicknesses, ™ Figure 4 shows the quantity
y(.'rrt) vs target thickness for a 50-keV D2 beam produced in a thin
ta-rgét Mg ,’néutraliz“er (i.e., single-collision conditions applied) by

el_'evctro.p capture By' DZ+ ions. The solid line is the result of a leﬁst- l

’ sqvuarevs' fit of the data to y(nt). 'i'he»nonlinegr portion is due to the
‘presence o£_H2(3H;1) ‘mole_cuv.les‘Which attenuate f‘aster ‘than g.round-s't”ate
‘molecules (0':;k > ot) . As the";afg’et' thickness'ir;crea‘ses the attenuation
becomeé l'in‘ea'u_' on the semi-logarithmic piot, reflecting the loss of
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essentia}lly a11.3l'Iu mélecules in the target. cell éhd the ti‘ansmission
of_v_only 1Eg+ molecules. By subti‘acting the extré.polated portion

(curve A) of the linear region from the V,data_we thain fhe lower bstraight'
_li_nev (curve B) which ';s the H2~(-3nu) att‘emié.tion. The straight ljngg.are

represented by the equations

In 'F(_nt) =-om 4 1n [1 - f(nﬁ)]' o (curve A), (2a)
‘ 1n F*(Tr-t) = - Ufﬂt + ln'.f(-n-n) . - (curve B), - (2b)

' The cross sections are therefore easily dbtained from the slopes as

_ Aln'F(Trt) _ R \
o, = - ————— (3a)
t : A
: t
4 Aln F ('rrt) ' '
0, = = —— s o (3b)
t . i .
A‘n’t_ : .

Also, the inferceét of curve B IYields. the fraction of the beam in the
3ﬁu stéte. since from Eq. (1b) we have
| ' F(0) = f(m ). - @
'Wh\en the vth'i'ckne:s's_ of the Mg-vapor neutralizer was increasé_d to
larrge‘.v.alu..e_s ("ﬁ 2 1 ><v1016 atofns/cmz) or when H, or N, gas was
used as a neﬁtralizer, no significant nonlinear effects were observed,

i.e., F (0) = 0. The decrease in the -31'[ component with increasing

u
Mg-vapor neutralizer thickness reflects its larger total-loss cross

2 and N, gas neutralizers, the absence of

section. In the case of the H
detectable 3ﬁu 'n.lo.lecule_s is dué to the largé' grouznd-sta.tke eiectronr
capture process. | |

- When the‘_..H2 beam'contained no _3H1'1chmponent, the resultin‘g :
simple attenuation cufve had the same slope asv_cﬁrve A of Fig. 4,

as expected. This enabled us to getan independent measurement of 0, .
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B. 'Total—-Loss Cross Sections (Method 1)

'I‘he H, beam transmltted through the target cell was pa.ssed through

: 2.
the strlpper where a fractlon of it was ionized (H2—> H2 ). The HZ-

current was 1ntegrated-for a preset accumulatlon of- charge at the rhoni—

tor Faraday cup. The coliected charge Q can be _express.ed as
. . e o ‘ o
: : : -o.m o
=e |1 -f(m)le t e
Qlr) = & [2 | f(n.)] e tadmde L (5)

where ai-.ahdi dz are constants for»'av given stripper thickness and
reflect the efﬁciency' of producing VH'2+ ions from H2(12g+) an.d,H2(3Hu)
molecules. iTh.e rneasurement was perforrrxed by ohservmg the attenua-
“tion of Q(1r ) fo.r" several target cell .thick‘nesses - Figure 5 shows |
the quant1ty Q(w )(in arbitrary units) vs HZ-target thickness for a D2

beam produced 1n' a th1n Mg neutrahzer (8.5 X 10 13 atoms/cm ) and

transm1tted through the H target cell. The'nonlmeanty of the curve

2

~in F1g 5 is larger tha.n the nonhneanty produced by d1rect observatlon

of the D molecules (Method I) under similar conditions (cf. F1g 4)

2
Th1s is due to the fact that the cross ‘section for D2 product1on from

: > ) :
,D'Z( I'[_u) is ls,rger than that from DZ( Zg_ ), i.e., _az ai. W1thout a

- knowledge of a s,nd ay, we can_hot determine f(-n-n), but we still are

1
-able to determine o, and-at The analysis of the data to yield values -
. «
for o, and at is. 1dent1cal to Method I.

C. Ion1za.t10n Cross Sect1ons

With our experimental arrangement we were able to study one of -
the processes that contribute to the total loss of I_-I2 molecules:
"collisional ioniz,ation,‘ H2 - H2+. For this measurement the transverse

electric field in the target cell was turned off so that the HZ+ component
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in the beam due to the ionization of'Hé could be measured. Detection

of the emerglng H2'+ ions and HZ molecules was performed by single-

pa'_rticle counting techniques (Method I).

‘Under thin-target conditions the collision relation governing the

H2+ cvomponent,b F+ , in _the beam due to'the ionization of H2(177_-?g+) and
H2(3Hu)'in the target cell may be writte:i-as

d . o . o |

() e () e @

d'rrt 2/ 2 o

' : % : _ :

where O + and ’O"H' + are the cross sections for ionization (H2 - H2+
. ) | n on

ok +
and H2 v H2 BE
this equation yields

Fmy) = {(0H2+')-[1 . f(-nn):|_ +'<a:12'+'>-f(wﬁ)} O

Figure 6is a plot of F+(1r ) vs m

In terms of the fraction of 'excited H2 mole’cules, £,

ot ‘ . L
When the incoming H2 molecules conta.med no observable fraction

of 3II states, the slope of the 11near relatmn between F (-n ) and “t

(curx)’e B). WHhen the .H beam did contain an obser_vablel

yielded o 2

H2+

fraction of 31‘[ molecules (thin Mgvneutrali’zer), the same techhique

y1elded the compos1te cross sect1on ( H +)[1 - f('n' )] + (a* +) f(m ,)v
2 Hyv/

[curve A' see Eq.. (7)] Us1ng the value of f(1r ) from 1ndependent
attenuatmn measurements (see Sec. IV A) for the same neutrahzer
cond1t1ons, the cross section for ionization of the 31'[ state, O'*H‘ +,

\ . . | 5

, ean.be_ determined.

D. Particle Yields
| ’I‘he"present section describes the-measuren'ient of the perticle '

yields due to energetic Hz_+ ion coll_;iSions with Mg vapor. For this
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mea..suréime_nt the Mg oven was ‘moved to fhé targe.’vt cell position. This '
. waé: done in order to insﬁré cotriplefe c011e>c.tion of the breakﬁp products.
(No aftémpt was rhade to dist:_ing.uish betweén.grbund—.state and excited
HZ') The: exit ai)ertﬁré 6_f the-oven wés enlarged ﬁntil there was ho
6bsefvablé chgnge in the measﬁred beam components for our thickest
target. I’he.final oven collimation was 0.33-mm entrance diameter
and 28-mm éxit dié.rr;geter-. The diameter of the parrticle detectors
(2'5;4 mm) Qas vlargér.‘t'han. thé. maxi'munbl‘p.o_ssible beam spreading which
is defined bj the oven collimation. For fhis measurement the Mg-vapor
thickness was varied f:v.rom_2>v x101% to 1 x101® atoms/cmz.

’.The measu'reménts were performed by pa‘ssing-H2+' i'ons-’th'rou;gh the
oveﬁ for several Mg-vap’or thicknesses and counting the exiting H2+,

2

y_ie‘lds of the reactions:

H', H, and H components of the beam. This enabled us to obtain the

+ .
(1) H, +.Mg‘-'H2 -e+ o
.'(2).H2++Mg‘--H+H_e+-_..."
.(3) 'Hé++Mg ‘-».H+H+.+....,..,
(4) H2+1+ Mg—>H+ +H++ev+""-

(The H™ yield was measured at 20 keV /nucleon and was found to be

negligible. We expect the H™ yield to peak at energies less than those :

* used in the present Work:.)

In order to separate the H and H + H contributions, the neutral

2
particles had to be detected once with the mesh in and once with it
out. From these measurements we were able to account for the total

beam and calculate the individual beam-component fractions.:
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E. Error'Ahaiysis

' For a.llll.e‘xvp'erime_rital: results of fhis work, the a;esi_gnment' of un- B
certainfy is' ba sed on fhe reproduc'i_bilvity of the data occurring in a
number of runs taken months apart, .en. the standard deviation of the
‘leest-squares fit of the data, .a;nd on systematic exper_imental errc.)rs._
The: lohg-terfn. #eprodu'cibility of the grodnd state meesﬁrements was
:!:IS%'IWit'h a sfandai‘d deviatv‘i‘on ef "fhe leaét—'squares fit ef the data ef
*+3%. This was true in both Methods Iand I, a.lthough for E > 20 keV/
nucleon the results us1ng ‘the strlpper Faraday cup combmatmn for
detection (Method II) were cons1stently 9% lower than the re sglts u51ng'
: sihgle -parfiele countirvl'g”'tec':hniques (Method I)., A possiBle. explanation |
' for the difference irblithe' results is tha.t"the vibratidn'a_l populajtion"dis-.
‘tribution of the ions was hot.the same in the two cases because of the
different modes _ef ion-source operation.

For the excit‘edv-bstvate rheasﬁrementsv, the lorig -term reproducibility
‘ Wae'ii 7%, and the standerd deviation of the‘ least.; qu'ué,res fit of the
data va»ried from £5% to :?-20%. Statistical errors in counting were
aIWays lesks than 4% and in all but a fe\&'cas'es less than 1%. Possible’
systemat1c exper1menta1 uncertainties resultmg from pressure and '
target—”length measurements are estim‘ated to tbtal about :!:'7%. _

The effeCt of collimtor interceptions and gas background were
determined-to be'negligible since the fraction of the H2 beam survi'ving
with no target gas was always > 0.998. ‘O‘therb possible 's‘our'ces‘_ of
error which are determined to be inconsequential in this work are
target and source gas conta..minatidn and detector sighals of unknown

origin that' were modulated with the beam.
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To experlmentally mv.est1gate the poss1b111ry of. the presence of un-
known systematlc errors we measured the well- known total- loss cross
section»for ene_rgetlc atomic hydrege_n in coll1s1on with H2 gas. _ Our v
meés_urerrients agree to wit‘hin. +5% with these of Stier. and Barnett. 19
We als_o_mea'-sere_d thve_ 'Smgle;electron vcapture cross section for
energetic__;‘l)‘r'_otons paseihg through H2 gas. These results egreed to .
within 5% with those of McClure. 2

The estimated absol_uteuvrice'rta'inty in the pre_sent results ré.riges
from 18%'to £25% for the excited-state cross sections and pepulé.tions
(those tlrat .'su"rvi've fbr t2 0.5 pseé-), 1s +1 0%f6r the ground-state
cross sections, and.rénges frornd:i.O% to +15% for the particle-yie.ld
.measurerrients.  The conﬁdenee level associated vﬁth these uncertain-
ties rs esti'rnated'fo bev60%. The assigned absolute 'uﬁcertainty for each
data pomt may be found w1th the tabulated data in Sec. V.

V. RESULTS AND DISCUSSION

A. Beam Populatmns

1. Yields of Atoms and Molecules from Collisions of H2.+ Ions in

- Mg Vapor |

The dlata_plotted in Fig. 7> show . the va.‘rietion with Mg-vapor thick-
ness bf.the experimental yields of reaction products due to 10-keV/

nucleon, D * ion collisions with Mg vapor. We see thaf at 10 keV/

2

nucleon, with "n,~ 2 x101? atoms/cmz, ~approximately 90% of the
incidentf-Hz+ ions have been converted to neutrals, and the reaction
H2+ +Mg—+H+H-e + o is. the dominant inelestic process.

In F1g 8 we 'illustvrate' the variation with Mg-vapor thickness and

with H2+ particle energy, of the experimental H2 yields,: Q’ , from
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H2+ ion collisions with Mg vapor. The m'aximum'H_é yields .occ‘ur‘
.‘a\,rouhd 101.5 atOrhs/cmz_ for all energi_‘es measured and increase with
: -decreasing ervier_gy.. Also shcwu in the figure are the results'cf Kingdon
et _a_l_. at 20 keV /nucleon. 21 | |
| Nd'Hz- or Dz' jons were obs_"er"ved.' v‘-Apa.lysis_ of the-ﬁeldé allows
' -21.

us to asisidgnban upper bound of 10 cmz/atorh‘ to the cross section for

double electron capture into H, ~ states withlifetimes longer than

v 2
_""10_7‘sec. The H™ yield at 20 keV/nucleon was observed to be less '
than 1% for m < 10 15 atbms/cmz.

2. Yields of 3I'Ih Molecules from Collisions of H2+ Tons in Mg Vapor.

The results shown in Fig. 9 illustrate the V'a‘r'iatiou with Mg-vapor
th:xckness and w1th H2 part1c1e energy of the measured fractmn, f, of
the HZ- molecules formed in the 31'[ ‘state by electron capture by H2

ions in Mg vapor. | We see from F1g 9 that for L <2 X10 14 atorns/cm2

fis 1ndependent of target th1ckness, i.e., smgle c0111s1on cond1t1ons

g ex1sted and it 1s a slowly decreasmg funct1on of energy

From calculatlons for electron capture 1nto the n = 2 level by protons -
v from Mg, . we expect up to 50% of the electron capture by H2 from -

| Mg to be intc then =2 H2(3ﬂu) state at the lower end of our energy
range. »Fcr the broad rotational population distribution auticipated fov‘r
our ion source, we also. estimate th'at approxirr_xately one -half.‘of the
31‘[u mclecules‘ _forrned are susceptible to predissociation (Sec. II). .Our
thin-target reeults for f (which vary from 0.3_6 at 11;2 keV /nucleon to
0.23 at.35 keV /nucleon) are consistent with these e'stirnates. |

+
2

ve10c1t1es, no dlfferences were observed, w1th1n exper1menta1

When the results for f were compared at equval H 2+, and HD
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uncertainties. Since the nuclear symmetry associated with H2 and D2 N

breaks down for the heteronuclear isotopic molecule HD, the equiv-
~alence of the results at equal velocities seems to indicate that the

interaction between the electfonic and rotational motion is small. In

this case the ellectvron‘ic dipole selection rules for homonuclear molé‘cules'

are very good approximations for heteronuclear molecules. 1,12

We also looked for a Shu cbniponent in an H, beam,prepé.r}ed by H3+
dissociation in thin-target Mg vapor. The H, molecules were formed
 via the reactions

_H2+H-e+---

+
: +
: “H, +H + -

o2 : ,

+ s
§i3 o+ Mg

‘This méasﬁ’rement was pefforméd at 7.5 keV/nucleon for two différent
Mg —'vap_o'r thickﬁesses, (0;9 and 2) X 1014 é.toms/cmz. Né H2(3.Hu)
‘rnolec'ul_ejs, Wefe ob‘se;r’vé.d'. ' |

| o : B Cross Sections

1. Total-Loss Cross Sections of 1'Eg+ and 3Hu£-1_2 Molecules in

v Collisions with H2 Gas

The total-loss cross sections for the excited state, crt

, and for
22

¢ are given in Table I and in Fig. 10. McClure

the ground state, ©

has obtained the ground-state total-loss cross section at 5 kéV./nucleon :

b'y a very dif_feren't technique'. ' His result is in excel lent agreement - '
 with the pi'eéent results (see Fig. 10). .
We are not aware of any theoretical calcula.fions to compare with

the preseht results.

T
‘
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2. Ionization Cross Sections of _12':; an"df3n,; H, Molecules in

Collisions with H, Gas

One of the cross sections contributing to the total-loss cross

section, ‘that for ionization '(Hz —?H2+)/, has also .l.wjeen deter‘rninedjfor‘
1 : 3 - ' * ‘

= ‘ i
both the Zg state, 0H2+’ and the "I state, UH2+’ in Hzr

.results are presented in Table 1I and in Fig. 11. For the gvround-state'

gas. The

1on1zat10n cross sect1on we see from Flg 11 that the exper1mental
results of 'McCIure 22 are in excellent agreement with the present
results over the entire 'energy range investigated. Again, we know of

no theoretical calculations to compare with these_ results.

VI. SUMMARY AND CONCLUSIONS '

The cross sectlons for the total loss and 1on1zat10n of HZ( Zg+)

,[1 <'E (keV/nucleon)< 42] and H ( l'l ) molecules [5< E (keV/
: nucleon) < 42 1n c0111s1ons with H2 gas have been measured The
result of McClure ?2 at 5 keV/nucleon for the total loss cross section
of the Zg state is in exce,llent agreement w1th_the-»present measure-
_ m,ents . .The_ data of McClur'e.‘for,“the ionization c_t'oss» section of the

' 1ngsta’te is also in exceilent agreement. We have not found any data
‘on collisionai c.ros-s sections for the 3Hu state to compare with.pre‘sent
results.

~ The four cross sections rneasuregl in the prese'nt work (trH +, '

2

* * - o S o ' N v
» Oy ) vary gradually over the energy range of the measure-

.. .+ O
+’
Rttt , S
ments. The excited-state cross sections range from two to five times -
larger than the_gro,un'd-state cross sections.’ The contribution .of the
ionization cross section to the total-loss cross section, both for the

ground- and excited-states, increases from ~30%to ~60%as the ene‘iﬁgy
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increases oyer the "prjesent range.

'Iv‘he ‘d.ata agree:d, .w.ithin experirnental uncertainties,v using ‘H2+,
‘ D2+, V.an.d"HD::+ ionsv of equal \}elocity.l This .sugg‘e‘sts _thatvfor the 3IIu
rnolecular state-strong coupli'ng between the nuclear rotation and the
‘electronic motion does not bexist

We have measured the H ( H ) y1elds due to colllsxons of H2+
ions in Mg vapor From the results it can be shown that 6.5%of the
incident H2+ vbearn. can be converted to Hz( l'[u) molecules at 11.2
keV/nucleon using an optimized Mg-vapor-target thickhess ~7X 1014
ato.rns./cmz. This y1e1d is a steeply decreasmg funct1on of energy
(decreasing to 1. 8% at 20 keV/nucleon) due to the rap1d decrease in the
total product1on of H2 molecules rather than to a.significant change in
the fractio_n of the H, molecules in the 3Hu sta:te. ’The'fraction'of the

H2 molecules in the 3l'Iu state varies slowly over the present energy

range from 36%at 11.2 keV/nucleon'to 23% at 35.0 keV /nucleon for
Mg-vapor thicknesses less than ~ 1 x1014 atoms/crnz: We have found.
no signi.ficant 3Hu Ylelds for ‘Mg-vapor-neutralizer thicknesses greater

than ~ 1 ><1016 atoms/cmz', nor for Hz'or N, neutralizers. These

results are consistent w1th est1mates by Hiskes. .
The presence of HZ( Hu) molecules from the d-issociati_on. of H3+
ions in Mg vapor has not been obvserved.' Also, no HZ- ions were
" observed from the passage of H2 ions through Mg vapor. This
observatmn has allowed us to place an upper bound of 10 -21 crn_z/atoms
on the cross section for double electron capture into H2 states with
lifetimes longer‘ than ~ 10 -7 sec by 7- to 20-keV /nucleon H2+ ions in

collision with Mg vapor.



-25-

As shown in the preseﬁt work, .'mea_sureme.nts_' using H2 beams that

have beern prvep'ai'ed" from H2+ collisions in Mg vapor are sensitive to
the vapor’Press’ure, bécéusé vthisﬁ(_iete'rminés fhe 3[1;1_. f.r"actvio.n in fhe
beam.‘ Such beams must be treated in terms of two states, ea.ch_ of
which has .a'. dﬁferent éttex{uation “cro“ss_' section. For example,r Solov' ev

et al. 14 sbtained H2+' electron-capture cross sections in Mg vapor by

2 2

' He stripper cell. Without any in"forma.t_ion,'about the existence of 3Hu

a proéess' that involved the conversion of H molecules"to H," ions in a

mdlecules‘ in the bea’r;nv,: they ahalYZéd their data by using only ground-
staté-ion{zation cross sections. Estimates based o_h'the results of the

present.experimenf’ show that the H * electron-capture cross sections

2

obtained in Ref 14 goﬁld be too large by as much as a factor ova two‘.

We ékpe’ct th'a,t'H2 ?béa‘.rn's, prepa_red by passage of HZ+ ions through
other loW—ionizatiori-pofential vapors, suvch.as Li, Cs, Né., a.'na‘K,
WOuld_.conwt‘ain larbge; fractions of H2(3Hu) 1"nole.c.:1:11es..y :

More detailed results for the yieids of H,, H, and H+ from

2’

2+ ions in Mg vapor and the use of F3Hu beams in neutral-

' inject‘ion“'controllled-fusion experiments will be reported elsewhere.

/

.collisions of H
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"APPENDICES

A. Excit_ed States of the H2 Molecule .

- In th1s appendix we survey the pertment electronlc exc1ted states

of H2 to determlne which excited states have lifetimes greater than
~10 -6 sec. For the present di_scussion we cari divide the excited
states ihto three gfodps: (1) highly e#cited states (n 2 8), (2) inter-
mediatev—excited_bstates (ri < °8), and.(3) loiv-lyirig states having excita-
tion energieé'less than ~12.5 ‘eV.

First, we address ourselves to groups (1) and (2.). Since the
excited e'lectrons:in H and H2 move in approxirn'ately‘ the ‘sa‘me potential,
they will have appfoximately the same radiativeblifetirknes. From the |
théoreti’cal»work of Hiskes, Tai‘terv and Moody, 23 e find that the
atomic hydrogen states with n > 8, group (1), have lifet1mes Wthh are
. greater than ~ 10 -6 sec. For group (2) 1t can be shown that these |
1ntermed1ate states decay in times shorter. than ~ 10 -6 sec to lower
states, 23 and further, that no anomahes resultmg in longer than.
_normal lifetimes are expected |

We now turn our attention to group (3) (the H2 excited s'tates sh_own
in Fig. 1 comprise this groop). iLichten 24 first verified the existence
of metaetable .molecular hydrog.en by use of the atomic-_beam magnetic -
resonance techniqde. Specifically, he found that the 1owest vibration_al
level (v = 0) of thevc3IIu state of H, is metastable, i. e, does not
radiatively decay by electric ‘d‘ipolev transitions. Recently,’ Brook:sr
et al. 25 -have found experimental evidehce which leads them to conclhde

that there is at least one additional long-lived level of the c31'[u state

‘other than the v =0 level. They conclude that the level is most likely,
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but not conclusively, the 'v = 1 level. The Kr.onig selection rules for an

allowed radiative tranS1t1on in a d1atom1c systern 26 show that the
(v = O level) although not able to decay via electr1c dipole transi-

tions, can decay rad1at1vely by magnetlc d1pole, electr1c quadrupole, or
higher rnornent e"mis.“si'ons to the 'b3E *

3.+ . .
state (the b Z state is repulsive

and dlssoc1ates 1nto two ground state H atoms in ~ 10 14 sec 24). The

radiative lifetime for these transitions has_ been estimated b}‘r Freis and
Hiskes 27 to be 1"0_3 sec for Hz, and recently Johnson 28 has obtained

experimental‘valuersy\of '" 10”3 sec for H,. D,, and HD. Freis and

Hiskes 27 have also calonlated the electric-'dipole' radiative lifetimes

for the c3Hu.';' v > '0‘,"' levels deeaying to theonly allowable final state,
) . .

a3Eg+ (this state has ibeen calculated to decay to the b3 Eu+ state in

-8 .29

~10"° sec “7). Their calculated times are about 10"% sec or longer for

, all vibrational le{fels." Thus_v)e conclude that allvvibrational states of

cv3 Ilu have radviative lifetlrnee greater than 10_-4 sec.

.We‘nov‘v tnrn our attention to predissociation, the nonradiative
trans.i.tion process ‘in .diatoxjn'ic molecbules.‘30 The c3Hu state is sus-
ceptible.to 'perturbationsA from the repulsive b32u+ state when the
| 'potenti_a'l'energy functions of the_se' states come close enough together

so that an overlapping of wave functions exists and causes a nonzero

matrix element for predissociatidn.. There are two types'of predissoci- .
ation of the c3ﬂ sta‘te° allowe‘d induced,by rotational-electronic perturba-.

' .t1ons and forbldden, induced by spin-orbit and spin-spin couplings.

The select1on rules govermng pred1ssoc1at1on 1 indicate that, although
there are many states close to the: c3IIu state, pre’_d»issociation can take

- : +
place only via the b3_2u state. j
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‘vas has been pointed out by‘Kronig, 31 uhdef very strong coupling
conditions allowed predissociation ‘lifetime.s rco'uld be as short as |
10-11 se.c‘. Lichten, 32 in oi‘der to explain his ‘experi'me'nta',l' obéerva—’
, tioné, iflas Con,cluded that for the C3Hu'state. allovs)ed p’redissociatiqn

9

lifetimes ére ~ 10”7 sec. HAerzber.g,v 33 based on.expel.'irneynts dealingv
wifh the ébsbrptioﬁ spectrum in the visible region Qf H2 excvi’ced by a
flash vdi‘s.charge, has ‘estimatéd.an upper bound of 7= 03 p'secv on the
iifetirﬁé fo.r.vallqwed predissociatioh of the v = 2 level of c3l'Iu. ~Also,
due td the éhénge in pfoximity of th;’e b32u+ and c3Hu potential—ener.gy
states with changes in inter;rlhcleé.r separation, we expect the pre-
‘dissociation lifetime to decrease with increasing vibratiohal,gkcitétion
of the c3l'11-1_sta1:e (see Fig'. 41). Herzberg 33 has experimentally
verified this behavior. Therefore,v based on fhis available information,
we bound the alléwed predissociation lifetime as follows:
nénoseccﬁnds < 7 < tenths of microseconds

A survéy of the selection rules for alléwed p'redivss'ovcié.tion shows
that half of the f-ofational states of the c3Hu' molecule arelvsuscept.ible
to thié loss mechanism.

vFinally, Bottcher 34 and Chiu 35_ have pei‘forrn'ed theoretiéal
calculaltions on the forbidden predi;sociation lifetimes and concluded
that they afé of the order of 10_3 sec, while Lichten has experimentally
measured lifetimes rahging from(O.li to '0.5)X 10;'3 secv. 32

Hence, we conclude that all‘the leQels of the é3Hu state ha:vev
radiative lifetime)s_ longer than ~ 10-6sec, but half of their rotational

states are likely to undergo allowed predissociation within this time -

We now consider the remaining low-lying excited states of H2
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(see Fig. 1). The a,32g+_ state has been shown to decay to the b32u+
state in ~ 1078 sec. 29 Also, the Biz;L and the C1Hu states have both
‘ been showh, to deca); by allowed transitions in ‘(8 + 2) ><'.10-10 sec and

10 sec, respectively. 36 This is not the case, however,

(6 £ 2) X10~
P S e 37 . .

for the n=2 'Zg state. Davidson ~ has studied this state and

computed.the'p'otenti_'al curve. He finds the potential function to contain -

two mininia;: the E1Zg+'vétate.at R =1.0 A, and thé F12g+ state at

R =2.27 A. Wolniewicz 38 has calculated the transition probabilitiés

1z +. B Zu+ transition and finds approximately half the

for the F }:g
transitions of the F-B bé.n’ci' to have lifetimes greater than '10'__5 sec.
For c':ompar'a“,ble' transifibi}s of the E-B band we conclude, baéed on
Wolrﬁexﬁvicz" s calculation of the band strengths, . that the lifetimes are
<1078 sec_:.‘ |

In éurhmaz;'y, we conclude that the c3Hu and F12g+ states and tﬁé
nZ 8 states kha\-/éblifetim‘es" io.ng endugh to allow them to traverse

ty'piéé;l 'appa'.'ra.tlis leng'ths'and must be considered in the 'in'terpretation

of our experimental results.

B. The Effects of Collisional Excitation and

De-Excitation on the Present Measurements

The analysis of the 'HZ attenuation curves in Sec. IV.A is based

on the assumption that the loss processes remove H, molecules from

2
the beam. This, of course, is not true for collisions which shuffle the
populations of the ground and 3Hu state, i.e., excitation from 1Eg+ to

'3 3 1.+

Hu or de-excitation from Hu to  Z Both of these processes require
a change in spin, which can be achieved only in an exchange collision

in which one electron is ejected and another captured. - This is an
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unlikeiy process in our enel.'gy'range.

The fact that excitetion and de-excitation collisiens do not affect
the attenuation analysis .1n the case of tr1p1et excited-states has been
demonstrated by G11body et g,_l__. 39 for He(2 S). Slnce the effect of the
aboveprocesses should be a‘ fnnctien -of the ion1zat10n potential of the
target'gas nsevd the measured value of the e‘xcited-state"population
should also depend on the target G1lbody et al. 39 used a wide variety
of gases w1th no observable change in the metastable excited-state
populations. They concluded that over their energy range (7.5 to
8';/.5' keV/nucledn) collisional de-evxcitat.i‘on' of He(23-S) was not importent.

Aithough we vdid not carry out a syste.mati.c study of the e3ﬂu
fré.ction. 1n the HZ beam as efunction of target gas, one other tafget
was used so as to exper1mentally convince ourselves of the above argu-
ments . The vapor of Cé 6 was chosen as the target, becans-e its
ionization p'otential is less than the excitationlene-rgy of the H2(3I'[u)
state (9.6' and 11.9 eV_, r‘evspective'lyy, thus.perrnitting Penning ionizetiOn
to occur. That ris, the reaction HZ(.3H1;)-+ C6H6 - H ( g+)‘+ (C6_H6)++e
is energetically possihle; this greatly increases the ‘available final-state
phase space and so enhances:the de-excitation prdbability.

If we are unable to observe a change .in the measured value of the

311 fraction by using C6H , we may assume that within the accuracy of

6

the rnea.surements there are no effects occurrmg which our detectors
are not_ capable of ''seeing." No change in the _3Hu fraction was observed ‘
at 22.5 keV /nucleon.

Asvpart of this investigation we have also measured the total-loss

-14

&
cross sections in C6H6' - We obtained ot = [3.50 + 0.90] X110
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and g, = [155 + 0.25] >‘<‘10—15 cmz/molecule'.

‘We note two other possibilities for collisional.de-excitation:
collisional mixing of the c3Hu state and its neighboring 'a32g+ state,
with subsequent decay in ~ 10-8 sec to the b3E qu state, 29 or collisional
e . - 3 3.t |  3nt
mixing causing the transition of ¢ Hu -b Eu directly. But the b Zu
' state is repulsive and dissociates to two ground state atoms in ~ 10-14

sec, 24 thereby ca.using the loss of the H2 molecule from the beam.
This loss process is included in the total-loss cross section that is |
measured from the attenuation data and, therefore, does not affect the .

analysis in Sec. IV.
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Table I. Total-collisional-loss cross sections (in units of 10-16.
2, 15, +, o (3 * | v
cm /rpglgcule) for HZ( 'Eg ), Oy ._and H‘Z( Hu), 0., in H2 gas. The

assigned absolute uncertainties indicated are based on an estimated

. 60% confidence level. (For E <20 keV/nucleon the incide_n't"projectilé

was. DZ-I_‘"' )
N (It (+ TO%) - ] O'f .
" Energy Particle . Faraday Particle Faraday
(keV/nucleon) . . counting cup counting - . cup
o - (Method I) (Method II) (Method I) (Method II)
1.0 | - 1.70 § '
1.7 1.85
3.0 . 2.0 | -
‘ _ + 2.6
5.0 2.50 , 1337 572
7.5 2.70 | |
. o ' + 2.3
8.7 - 2.80 1347 5,
11.2 3.10 1402 2.5
, L . - +2.5
12z C3EB 130 55 )
P ‘ . ' o 4+ 2.4
' i : + 2.5
15.0 3.35 320 4230370 41T 44
200 ° 3.5 | | +2.2 -
20.0 .52 135757 o
_ _ . o - + 1.6
. i . . .
22.5 | C 340 93 .
25.0  3.50 3.18 10.4 719
R | | | - 1.8
30.0 . 3.55 . 3.5 9.0£22 8.2 1'2
e i ‘ +1.8 |
35.0 . 350 B X i
42.0 350 345 el 8
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Table II. Collisibn» cross sections ‘fo_r_the ionization of Hz(izgf),

- _ 3 * . i .
O‘H2+, and HZ( Hu), Q‘H2+ » in HZ gas. The assigned abso}ute uncertain-
ties are based on an estimated 60% cdnfidence level. (For E <20 keV/

_nucleon the incident projectile was D +.) The cross. sections, in units

2

of 10~ 16 b»crn‘z/rnolecule,‘ were obtained by Method I.
' H, : : 0'H2+ (x 1Q°/o) o 0H2+
Energy | |
(keV/nucleon) SN
8.7 : ' 1.12
4.2 126
o | o 12
122 137 ezl
| g | L+ 1.5
15.0 . 1.48 ezt
B - - 1.2
20.0 - 70 65T e
‘ ‘ ' | ' ‘ + 0.9
25.0 2.0 . s D
30.0 2.4 . . 48x12
| o A e
35.0 2 B 5.4 5

42.0 20 | | v




Fig. 1.

F1g 2.

Fig. 3.
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'FIGURE LEGENDS

' Potential-energy diagrafn of .HZ and H2+‘ showihg several

excited states of HZ' The hatched area is the Franck-Condon

'class1cal reglon of tranS1t1ons from the ground state (v = O)

of HZ. Several vibrational leve_ls are indicated by dashes.

The potve.r‘iti'al-energy curves shown are based on calculations

cited throughout this work.

D'iagram of the experimental ari-angement;» v

‘The pulse-height spectrum obtained with a CsI(TZ) scintillation

‘ crystal for the neutral collision-products of a 60-keV H2+ beam.

Observed attehuation of a beam of DZ molecules in an H2

‘ target by Method I. The molecules were produced in a Mg

neutrahzer (thin target) by electron capture by 50 keV D2

The sohd 11ne is the result of a least-squares fit of the data

- to the sum of two'exln)one'ntials'. Curve A is an extrapolation

of the thick target asymptot’e; curve B'i.s the difference between'k
the data and curve A. Sohd c1rc1es are. ekpemmental points;
open c1rc1es are der1ved pomts

Obvserved attenuation of a beam of D2 molecules in an HZ

target by Method II. The flgure is a plot of the collected D2

"_charge, Q, measured by the Faraday cup after the strlpper

-versus H_ target gas thickness LA The D2 ions were

2

2
produced by ionization of 'Dz' in an H, target (stripper)
~2. ><‘1O14 molecules/cm2 thick. The D, molecules were

v_‘pr.oduced'by electron captu.re of 62-keV D2+ ions in a Mg-vapor |

target (neutralizer) of thickness 8.5 x 1013 atoms/cmz,



Fig. 6.
Fig. 7.
Fig. 8.

'poin'_cs.A

o, D
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Curve A is an extrapolation of the thick-target asymptote;

curve B is the difference between the data and curve A. Solid

. circles are experimental points; open circles are derived

\

Pfoduction of D2+'ibns-£rofn the ioriization of 60-keV 'DZ

“molecules in collision with a H2 gas target. The D2 molecules

were produced by electron capture by D2+ ions in a Mg -vapor
neutralizer. Line A connects the expeiﬁimenté.l data using a

thin Mg-vapor neutralizer (nnS 1 X 10'14 atoms/cmz); line B

connects the 'experiméntal data using a thick -‘Mg-vapor

o 16
ne‘utralizer (-rrn',?, 1 X10" atoms/cmz).

The observed dependence on the Mg-vapor target thickness,

L of the particle yields from the collisional breakup of_'D2+,

The beam energy was 10 keV /nucleon.
DZ e+ o

D+ D-e+ -+

+
Z,+Mg->

| N B
O, D, +Mg >D, - e+

A, D" + Mg~ D+ pt+ ...
O D2+ +Mg—+D +D+e+

The lines drawn through our points are to guide the eye and

~have no other significance.

Fraction of J.n‘c1dent_H2 ions converted to H, molecules. .

‘versus Mg-Vapor thickness "n Solid sjrmbvols,bpre_sent work; o

open. symbols, Ref. 21. X, 7.5'ke\{'/riucleon; ®, 10 keV/
" nucleon; +, 15 keV/nfuclveon; A, A, 20 keV/m_xvcleon;

25 keV /nucleon; , 30 keV/nucleon. (For E < 20 keV /nucleon



Fig. 9.
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1_:he' incidént p;‘ojégtile was D2+,‘)_ The lines throﬁgh _the p’oint's
are drawn in to _g.tiid'e the é'yé”and have no cher"sighifica‘.nvce._
Frac.fion 6f H2 r'noi\egulves'that‘ are in 'the ¢3Hu‘-sfate Qei‘_s_us
Mg'-.vapor‘.thbic.':knesvs m. @ ‘1 1.2 keV /nucleon; + , 15 keV/
fxﬁ_cleqn;, A , 20 keV'/»riAucleon; ¢, 25 keV/nucleon; |, 30 keV/

hﬁéieon; X, 35 keV /nucleon. (For E < 20 _keV/nucléon the

_incident pfbjéétﬂé was .D2+>.) ‘The lines through the points are

Fig. 10.

dr’av@;n in to guide the eye and have no other significance.

Total-loss cross sections for collisions of energetic Hz(i‘z;),

[ and HZ(_3l'Iu), L with H2 gas. Present results: triangles,

0 circles, o, Solid symbols, particle counting technique

(Met‘ho"d I; opén syrhbols, Fara‘day cupv_vtechnique (Method II).

(For E < _20 keV/nucleon the incideht’projectile was D2+. ) The

result of McClure (Ref. 22) at 5 keV /nucleon for o, is indicated ,

Fig. 11.

.

t

‘by +.

Cross sections for the ionization of energetic ﬁ2(12g+),
- _
+, and H (3H ), 0., +, in collision with H
HZ 2 Tu H2
. € - &
results: solid squares, o

5 Ba8. Present

H2+’ open squares, 0'H2,+ . (For

- E<20 keV/nucleqn the incident projectile was D2+. ) The

‘results of McClure (Ref. 22) for o

H2+ are indicated by solid

" circles. .
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability. or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
‘that its use would not infringe privately owned rights. :
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