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ABSTRACT
Wé>haVé studied the de-excitation of He® ioﬁs in the 2S
.métagtéble state by collision with'eleven»differeht target gases.
These include noble gases, symmetric.lihear molecules, water and
aﬁmonia. .From our data we extract velocity averaged total de-excita-
tion rate constanfs, (ov ), ranging from 1.65(17) x 107° to

20.9(21) x 10°° an® sec! for helium and ammonia;;respectively.

~

 In all cases the mean energy Of the He' ions was = .44 eV and the

target gases had a 300°K Maxwell-Boltzmann distribution of velocities.
The results are consistent with collision induced Lyman-o emission

being a prominent de-excitation mechanism.



I. Introduction |

'.In.the past a fair amount of experimental and theoretical
effort has been expended on the problem of the de;excitation of
hydrogeh'atoms in the metastable 2S state by hear thermal energy
eollisions with atoms and moleculesr Both eXperimentally and
theoretically the problem seems to be tractable a C1rcumstance
wh1ch adds the usual synerglstlc term to the rate’ of progress ‘Most
~ recently there has been the exper1menta1 work of Kass and W1111éms,1
Czuchlewski and Ryah?,and Comee and Wehning.3 Preceding these was the
Pioneeringbwork of Fite**5 and collaborators. 'On'the theoretical side
recent papers by Byron® and Gersten®’? and Slocomb Miller and Schaeffer®
" are notable.
In this work we report experlmental studles of the nearly
- analogous problem of c011151ona1 de-excitation of He® (ZS) Exact
analogy fails because the p051t1ve charge of theglon‘plays an
important role; bﬁt the broad picture of the de-exeitation proeess
remains. | | | | |

Briefly; the current understanding is thet the transient electric

fieid seen by the metastable projeetile during its passage near a -
: target atom:or molecule mixes the 2S and ZP,stétes via the Stark
interaction, leaving it with a finite probability of being in one of
the 2P states after the colllslon Since thellifetime of the 2P state
is very short (=10 ® sec for H 10° 10 sec for He ) the prOJectlle '
returns to the ground (1S) state emitting a Lyman-a photon (A = SOOA

for He+) long before it can meet another target.
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‘The interaction potential_responSible'fOr'the transient.field

will depend,'Of,conrse, upon the nature of the target and the charge

~of the hfdrogenelike metastable projectile.. In'thelcaSejqf H(2S) in

collision with a spherical target_(e}g. a nobiehgas atom)fthe inter-

action is 'roughly,8 that of the transient (ZSf+}2P) quadrupole.moment

‘1nteract1ng with the e1ectr1c f1e1d produced by ‘the d1pole 1nduced in

_ the target by the (2S + 2P) dipole moment Thus it is proportional to

the polarlzablllty of the target and has ar" 7 dependence on the

separatlon r. In the case of molecular colllslons the interaction is

F‘ generally of longer range being via_the electric multipole field

'surrounding the target Thus for polar'molecnles the interaction-

potent1al is proport10na1 to the molecular d1p01e moment and falls as

-3, When the metastable pro;ectlle is charged aS'w1th He* (28), o

has in. add1t10n to con51der the interaction 1nduced by the Coulomb
f1e1d 'This y1e1ds a potent1a1 proport10na1 to the target d1p01e
polarlzablllty and varylng as ",

The de-excitation rates measured in this work are total rates;

vi,e. they are the sum of the rates for all proceSSes leading to

de-ekcitation of He+(ZS) Slnce~He (29) possesses~40 -8 eV of excitation

, energy, a host of de-excitation mechanlsms are p0551b1e ~The most

' -'probable are 1nduced Lyman-a decay as described above and non-radiative

de—eicitation with simultaneous ionization of ‘the target (Penning
ionization); i.e. the process,

He'(25) + X ~ He'(1S) + X' + e



In addition when the'target_ié a molecu1e, a nﬁmbervof‘ion—neutral
réaCtionS.are possible. Many of fheSé wouid lead to dissociation
and ibhization of the target molecule. Very 1itt1é, if any, infor-
mation is_available for rates of such procesges‘when“the préjeétile
is a highly excited metastable ion éuch'as He+(2S).' We beiieve,
.-hOWevet; that regardleSs of thé férget, the indﬁced Lyman-a rate J
accounts for more than half of‘the.total'deéeXCitation raté. We
: pfesent some éxﬁerimental evideﬁCé which shdws_that for cdliisions

with He, it is a prominent process.

I1. Experimental Method

~ The pfesent work is an outgrowth:Of an experiment® carried
out to measure the freé 1ifetim§, T, of He+(ZSj; The.resulf 6f
that expériment_was T, =‘1;922(82) msec. which'iévin agreement with
the theofetical value!® of 1.899 msec.b Thé sahe’apparatus was used
in these.eXperiments with some‘ﬁodefiCations,.ﬁfincipally.to aliowv
absolute measurement of target gas pressure increments. -

‘The_unperturbed 25 state decays.by emission of two eleCtric‘

dipole photons!! with energies‘such that hv, + hv, = 40.8 ev.

The single photon distribution is then a continﬁous,one with a short

wavelength cutoff at Mpin = 304 A and extending to infinite Wavelength. ‘

-

.

«



The distributionlé rises rapidly from An " to a'peak at = 350A
after whlch the 1nten51ty falls off roughly as exp[ (A- 350)/430]

The method used is based on the follow1ng 51mp1e 1deas If
one has a quantlty N of He' (2S) ions: conflned to 'some volume contaln-
ing a density_nHe of helium atoms and n of targetngtoms_or'molecules
then the usual simple first order differentiai eQUatinn applies
to the variation of N with time; | e

dN/dt = - N(A+0HévnHe+ovn). - (lj

- where A =e1/ro, He and ¢ are total de-exeifation'cressfsectiens for
coilieiqns with helium and the target of studyi.v is the relative |
collision velocity (here assuned to be the éameifof each tyne of
collision). The solution is | N

N

N(t=o)e’t/T . ' | (2)
where.
1/t = Ach VMo vOVI .’  o (3)

Thus, if one holds v and ny. constant, a plot of the measured
quantities 1/T vs. n should yleld a straight’ line whose slope is the
product ov. If one has a unique'and known Value'nf.v then one

could extract g, In theée eXperiments;:however; one has present a
distribufion of relative velocities so that the quantity:derived .
from such a plot is R = (UVJY; the velocity averaged product;' It
tnrns out that the distribution of v present in the measurements
repOfted.here is;»tO'é good approXimation, independent of the target;

“and hence trends in R reflect- trends in o. |
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The technique useditd measure 1/t vs n is as follows. A
Quahtity (= 10%) of'He+(ZS) ions are created by;pulsed electron
impact Oane gas (pHe * 1076 Torr) ét time t = 0.  Thé ions are
confined inside an électromagnetic ion trap for a period of 4 msec.
Duriﬁg this storagé_time the He+(ZS)_ions make collisions with the
He gas ahd'with thévtarget gas at a pressure p; single decéy phdtonsv
are détectéd by windowless electroh multipliéré and fhe resulting
pulses are stored versus time in 100 channels of a multichannel scaiar
(40 ﬁsec/channel).v At the end of the_storagé‘beridd, all ions are
dumped from the trap and a new cycle is begun.'. Many fill-store-dump
. Cycles are repeated until a decay curve is accUmuléted with suffi-
~ ciently small statistical fluétuations to allow determination'of a
value for t. This may take from 15_minutés>to 2 hours depénding on
the experimental éonditiOns._ The whole process is repeated for
'different"Values of p to determine the line 1/f vs n (n ='p/kT).

Figure 1 shOWS'the ion trap énd photon detectors. The ion trap
is a closed cylinder‘(radius = 15 cm, length = 30 cm) whose ends are
maintained'at a positive potenfial with‘respecf fb the body; the
potential difference anring these measufements'was 2.0 volts. A
magnetic field of = 60 gauss Was applied coaxialvwith the cylinder
by méans of coils externa1 to the vacuum enclosure. The electrostatic
field confines ion motian along the ﬁagnetic field, while the magnetic

field 1imits motion perpendicular to the trap axis.



The trapvis constructed primarlly from oxygen free high-conduc-
t1V1ty copper stainless steel and alumina 1nsulators, the vacuum
enclosure is entirely of stainless steel After bake-out pressures
of <2 X 10“9 Torr have been achieved however during these measure -
 ments the background pressure was more typically 8 x 10-° Torr
‘_He11um and target gases are admitted to the chamber contalning
theitrapuVia separate micrometer controlled rariable-leak valves.
These.in turn are comnected to separate gas handling systems. The
_‘micrometer valves allowed sensitive control of pH -and p during ‘the
measurements. A quadrupole re51dua1 gas analyzer is attached to the
chamber and is used to monitor the constltuents of the background
~gas and the purity of the admitted target gas.

Helium ions are created 1n51de the trap by 1mpactvfrom an
electron pulse accelerated along the axis. Typically the electron
pulse is 4.0 pA, last 0.75 msec, and has an energylof 225 V.

At a helium pressure of'8‘x 10-% Torr this yields about 10® ions, .of

~ which about 10° can be expected to be in the ZS.metastable state. At
the end'of.a storage period the trap potentials~are altered so that
ions are dumped onto a collecting plate (electrode 4 in Fig.1); this
allows monitoring of the number of stored ionS.Via the size of the
resulting positive‘current pulse which was'displayed on an oscilloscope
and averaged via.a boxcar integrator. The electron pulse_also-appears
on this electrode during the trap fill time.r of COurse; background.and-
target gas ions are created by the electron pulse in addition to

He ions, However, except for the case when the target gas is Hz,
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‘these ions have too small-a charge to masé-ratio fo,be confined.and
in.a-fraction of a millisecond leave the frap'volume - - only the He
ions remain. The heaVy jons do oompete for spéce in the trap, however
during the fill perlod and the tran51ent per1od durlng which ‘they 1eak
from the trap, and, since the trap has a f1n1te capac1ty for conflned
_ charge (=107 positive charges); they affect the number of He ions
which are ultimately stored for a given electron'bulse One observes :
. a decrease in the number of stored He ions when one holds the electron
pulse ‘and pHe constant and increases p. This effect is one of the
factors,limiting the range over which p may be varred for a given target.
AS'is_indicatedhin Fig.1, the,Cylindrical portion of :the trap
is.made'ﬁp of two half oylinders 2a and.Zb; this allows application>
of an alternéting potential between them (while meintaining a common
dc potential) which can excite resonant'motion of:the stored ions at
their.oyclotron frequency. At resonance the ione'gain energy from
-the ac:field until they strike the'electrodes.or ehamber walls; thus
one ohserves a drop in the ion dump-pulse amplitude when the applied
frequency is in resonance. ~ In addition to the cyclotron resonante,
one observes resonance at the frequency of motion along the trap
axis (z- motlon) and at the magnetron frequency (frequency of drift of
the cyclotron orbit center about the trap axis). To excite the |
z-motion resonance it is more convenient to apply the ac'potential
between electrodes 1 and 2a, 2b connected together.

Observation of the z-motion resonance allows determination of



the‘effective harmonic potential well depth, W, aiong the z-axis.
Thus W= kzz/Zq where X = m(2nf )2 and Z0 is the'maximum amplitude
of z motlon q ‘the ion's charge m it's mass, and f the z-motion
-_frequency;'_For helium ions w1th-trap potentlals-as ‘described above,
B fz wasdmeasured to be f, ='7.98(50) KHz. With iﬁ.: 12.9'cm one obtains'
W= .87(11) eV. S

| The photon detectors are two EMI 9642/2 eighteen-stage CuBe
Venetian'blind electron multipliere To prevént*metastable helium
atoms (235 and 215 ) as well as metastable background and target gas
atoms or molecules from reachlng the multlpllers, ‘their view of the
storage volume is covered by alumlnum foils 18 mm in diameter and
800 A;thick. The foils have a transmission varYing between 10% and
70% over the region 200 to 700 A. The Al -foil, CuBe-miltiplier
combination.responds to = '% of the radiation'overdthe range 300 to
500 A which strikes the Al foii; The two 1ight'pipes are Pyrex tubes
coated internally with a 1000°A thickness of.gold; they enhance the
count rate by about a factor of 4 over the caselWich no light pipes.

 To establish that the observed decay is that from He+(ZS)_
nicrowave power (=150 mW) at the Lamb-shift frequency (14.045 GHz) is
broadcasthinto the trap volumevVia a wave-guide horn This converts
a large fractlon (more: than 80%) of the 2S ions to the 2P / state
from which they 1mmed1ate1y decay, destroying the ZS decay curve."
The microwave power is generated'by a Varian X-12 lestron and may
be on-off modulated via a pin-diode switch under control of the data

collection logic system.
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_'Cne typical data cycle consists §f the following sequence:
a 0.75 msec fill period during which the’elecfronvpulse is on, a
délay‘period of 0;8 msec'durihg which the microwave power may or may
not be applied, a storage period of 4 msec during which counts from
the multipliers are accumulated versus time in 100 channels of the
memOry uniﬁ, and a 75 ﬂseé,ion dump péridd; Daté:are stored in two.
separate 100 channel blocks of the memory unit;corresponding to the
microwave power being on or off.during the délay period. Usually
thé'microwave power is switched on or off every 5000 data cycles.
Theatime-bése for the system is derived from a 100-kHz crystal
~oscillator. | |
The pressuré; p, was measured by a nude EaYard-Alpert ionization
gauge calibrated against a Datametrics model 1023 capacitance
ﬁanometér, For most of the targets, p ranged.from zero to 2'3.0 x-10°°
Torr;. The highest sensitivity of the~capacitance‘manometér is'10'“'1
Torr full scale, thus the ion gauge was calibrated at pressures ~ 10
times those used in taking the de-excitation daté; this'procedure.is :
valid due fo_the highly linear responsé of the ion gauge and the fact
that one:fequires only the slope of the ion gauge'résponse versus
absoiute pressure. Put another way, to measure R one need only
determine A(1/t)/46n which in turﬁ requires only measurement of.
absolute pressure increments Ap. Typical caiibrations would consist
of setting p to ten different values ranging from 1.0 to 10.0 x 10-°
Torr as reéd by the ion gauge and noting the corfeSponding capacitance
manometer readings. The data was fit by the method of least squares

to the straight line form,
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P =-M pi £ G | | _'. | N (4)

-whete ﬁI is’ the ion gauge readlng and M and CIwere varied to make the
'.fit. For ‘each determlnatlon of R, requ1r1ng about one day s data
collectlon, there were made at least one and often-two calibrations
of the;ioh-gauge. We foundvthat:geﬁetaliy thefcaidbration constant
: M.remained uachanged from dayvto day to within a few per cent and.
'that the stat15t1ca1 error of the fitted M for a g1ven set of
ca11brat10n data was. usually much ‘less than 5°

Flgure 2 shows decay data for He_(ZS) at three different He gas
. ‘pressures. - This data was used to determine RHé.. The data are the .
difference between counts accumulated with micfowave power on and
off, 'Each»point is the sum of three 40 psec channels. About one
hour data collection time was required to obtain’each curve. The
lines threugh the data'afe'ieastvequaresdcomputef fits to the function

-t/r + B, where A B, and T are var1ed to make the fit. The constant

background ternlB was always con51stent with zero. Slmllar sets of
curves were obtained for each of the target gases studied, although
the pressure range'er most was = 10 times iess.due to the drop off
of the numbet of stored He ions with increasing p:ae mentioned
previously. | N v

Figures 3, 4, and 5 sho& 1/T vs p data reptesentative of that
used to determine R valueé fof,all df'the'targetenstudied; Several
such'CurQes were obtained for each target and the results were deter-

mined from an average of the slopes measured by computer fit to the data.
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ITI. Results

Table 1 contains the results of our measurements. The errors
are the larger of one standard deviation of the mean of each set of
measurements for a given target or.10% of the:mean. In additidn to
_the values of R we have included the ratios R/Rﬁ/ This quantity is
- equal to the ratio o/o 'if the cross sections have the same
dependence on relative velocity and the relative velocity_distribution
is the same for beth targets, The latter is a good approximation
since the mean energy of the stored He+ ions is.about one half the

ion trap well depth, i.e. = .44 ev, whereas the'mean energy of the

B H

R

targets ‘is 300°K thermal, = .025 eV. One can then_regard the
distrlbution of relative velocities to be essentlally equal to the
distributlon of He' ion velocities which was the same for all the |
| 'meaSurements‘ The greatest error would occur for the case of H where
the correction would increase the mean relatlve veloc1ty by about 3%.
One does not expect however that the cross sections have the same
veloc1ty-dependences except among the group including the nobie gases
and CCl, . | o

We'have also included in Table 1 effective cross sections, ¢ off?
| obtained from R by dividing by the ve10c1ty v =4,6x 105_cm/sec
~ equivalent to a Herlon of .44 €V energy. These are intended only to
indicate the range and size of the de-excitation cross-sections for
He+(28) at this energy. | |

An essentially exponential decay of ground ‘state He' ions versus

storage time was noted during these measurements; its decay time
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varied linearly with pressure p and hence is consisfent Wiﬁh the
eiistente of SOEe single collision léss mechaﬂism, In the case of
noblévgéé targets the rate'constant for this procéés Wés always.
quite small; < 5% of R. We hypotheSiie‘that possibly due to the
departure of the trap geometry from a perfect quadrupole Shape,
certain regions of phase space can lead to ion loss. Such’a loss
mechanism would be proportional to the ion—atom momentum trénsfer
cross-section and could conceiVably explain the effect.

In the case of molecular targets the loss rate of ground state
Héf ions was observed to be considerably 1arger.‘ In partiéular_Nz,.
0, and C0, were studied. We observed loss rate constants of 1.4(3),
1.1(3),vand 1.5(4) in units of 10™° am® sec™! respectively'for.these
targets. The rates for N, and O, are in agreement with reaction
rétes.measuféd by Fefguson et al'® and Sayers and Smith'* for the

processes, + . o
- He' + N, +He + N- + N+ 3 eV,

and

He' + 0, >He + 0" + 0 + 5.9 eV .
,These«éuthors studied the above reaétioné in He afterglows. Any
reactions simjlar to the.above and involving He+(ZS) ions would of
course be included in the measured values ofAR...We assume that the
sma11>1o§s rate mechanism (< 5% of R)vnbted fof‘grouhd state ions on
noble gases if present for He' (25) collisions with these and other
targetS'is no larger and the quoted values of R contain no correction

for it,
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We point out that for a perfect trap geométry oné might expect
some ion loss due to elastic»collisibns which allow a "'random walk"
of the ion orbit across the magnetic field or leakage along the trap
axis.‘ATﬁé 1atter'collisions would be most probable Whilé the ion
1is at one eXtremevof its z trajectory.. Both of thesé'processes
would réquire multiple collisions on the average<to cause loss of
an ion because of the cross sectional size of the orbit (= 5 cm) in
comparj$on tovthévtrap diameter, and the small energy transfer
available (= .025 eV) per collision. A multiple collision loss
procesé would imply a hon-éxbonéntial decay curve if it were present
“to ahy Significant degree as well as a non-lineaf'relationship
between ény.fitted 1/t and p; Neither of these:appear in our data
to wéll;within the limits indicated by the qubfed.errors |
In addition to measurlng R Values as described above, we did
some experlments to determine whether or not the collision 1nduced
Lyman- alpha decay is a promlnent decay mechanlsm for collisions with
helium atoms.. This was done by studylng the variation of the normal-
ized metastable decay rate, at a fixed time after creation of the idns;
versus helium pressure. v |
Thé differential equation for decay of the He+(ZS) population N
may be ‘rewritten as, _
e dN/dt =S _+ S, | )

where Sr and Snr are rates for radiative and non-radiative processes

respectively. For the case of impact on helium atoms one has,

S
T

1]

-N(A+o_vn) (6)

S,y = “No__vn o (7N
‘Where A is the free ion decay rate, n = Moo and Or and o, are Cross

‘sections for radiative and non-radiative de—excltatlon. The normalized
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rate of photon emission, G = Sr/N(t=0), at time t after creation
of 2S ions at t=0 is given by, | »
G =v(A+qfvn)e't(A*orvn+ohrvn)"“ _ : (8)

The actual.meaSured'normalizedlrates F, would be given by,

F = K(aseDp)e TADD), | ©

| where;. : | S | - |
' D = (orv+onrv)/kT, and v (10)

£ = norv/(drv+dnrv). : g (11D

Kis a proportionalitydconstant involving detectopvgedmetry and
efficiency factors, p‘= PHe and n is the relafive efficiency of the
detecfore for collision induced versus free decay photons. n is most
probably not unity since each free decay produces‘twolphotens with a
continuous single photon spectrum whereas colliéioﬂ produced photons
are produced one/decay and are at fhe Lyman-o wavelength 304A. The
quantity 5; if n=1.0, is aJmeaSure}of the fraction of de-exeitation
collisions which produce a photnn; In the above the products oV

and dnrv may be replaced by velocity averaged products.

We have measured F versus p at t=1 msec in an attempt to learn
something about the size of £. Figure 6 shows e.blot of the data. The
fwo curves are F vs p for £ = 0.0 and'§= 1.0 ueing the measured vaiue
of D = RHe/kT, T = SOOfK, and adjusting K by eYevto give the best fit
for gf= 1.0; The data is consistent with .5s£51.5. It is reasonable
to assﬁme that 0<n$2. ‘Thus for collisions of He+(ZS) on helium

atoms we conclude that at least 25% of the de-excitation collisions

produce photons.
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IV. Discussion
invthe following we discué; our results primarily'in terms of
“the mechanism of imduced Lyman -a deeay.h'This is done because it is
mostiprobabiy'the predominant de-excitation mode and to some extent
one can apply the theory already developed for H(ZS) de- exc1tat1on

to the He' (25) colllslons studied here

Spherical Targets

| vaeﬁe takee as the interaction potehtial between the He+(ZS) ion
and a target with polarizabiiity aythe fo_rm,15 :.\ _

| U(r) = - edy2r* - a2
-w1th r the internuclear separation and e the electronic charge then
a 51mp1e dimensional argument shows that the induced Lyman a decay
rate should be given by '
R = C(auv)l/2 S (13)
‘where C is a'eoﬁstant of proportionality andvu is- the matrix element
l<2PlzeIZS>| » z, being the z coordinate of thefHe4 electron. (The
"natural" z-axis is along the'inter-nuclear axis.) We have calculated
R usinghthe potential above and Straight line trajectories using the
.sudden approximation. ! The sudden approximation-is applicable because
 of the short duration ef the'collision,‘:IO'll3 sec;'in comparison to
the 2S - 2P1/2, | 3/ fine structure periods, ~1O;1°, ~10-'! sec. The
small 1mpact parameter cut off is the usual one, i.e.. that value B
such that P(B,) (the probability of the ion be1ngrin one of the 2P
states after collision) is equal to one: The cross section is then
o= B2 + ZHZ'bP(h)db as
.

The result of the calculatlon 1s-
"R = 6.84(e auv/h)1/2 - (15)
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vvFor He ;‘ = 1.5 ao; where a, = the Bohr radius",

Flgure 7 shows a plot of the measured values of R versus o 1/2
for the targets He, Ar,'Kr, Xe, and CClu (CCl is essentlally
' _sphericelj its lowest erder multipole moment 1s_the octupole.) Values
of a Qere’teken'from'Rothe and Bernstein.'’ One.sees thet the values
‘fall well along a stralght line, however they are. ‘about 50% below the
h'sudden approx1mat10n calculatlon - (We used v = 4 6 x 10° am/sec in -
the calculatlon.)v In view of the extreme over s;mpllflcatlon of the
’calculatieniwe regard'the diserepancy as insignifieanf. We poiﬂt out
 that aﬁy'He+(ZS) loss mechanism proportional to'thé momehtum transfer

1/2

cross section would also be proportional to o'’?., In the figure we
include values of oqv where 99 is' the momentum transfer cross section
- calculated from the formula of Eliason and'Hirschfelder;l8

oy = 553(41re/v) Y A (16)

where M is the reduced mass of the collision pa1r - The line through
the experlmental points is a least squares fit of R = kcxl/2 which

~gave k = 4.14 x 10° @¥/? secsl, |

|  Kocher, Clendenin, and NOVleI? in thelr time-of- f11ght work

" on the free life-time of He' (28) report a value of

o :_10na%?=~8.8_x1016cm2'f0r the total de-extitariehKCross section.of
15 eV ions on helium. This correspends to a rate of =2.4 x 107 an®sec”!.
A Vl/2 scaling of our result would predict R = 4.0'x 107? am®sec-? et

15 eV.
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Lipworth and Novick in reporting2° their meaSurement of the He'
2S - ZP 12 f1ne structure (Lamb shlft) give the results of calcula-
tions of the cross sections, Tps for 1nduced Lyman a decay and,
Oss for Penning ionization of He by'He (2S) ions w1th a mean velocity
of 1;05 x 10° cm/sec. Their values are cx_=v34,4naz = 3‘03'X.10'ISCm2
and oi,é‘l5t9na§ =1.40 x 107'° cm?, Yieldihg a‘total cross section
of 4.43x 10715 = 44,3 &, This is quite close to the value of o g,
1isted'ih Table I for He although our estimated relativeltelocity 1s
more than 4‘times the value used by’Lipworth and Novick in their. o
calculation,

Linear Symmetric Molecules

In the case of impact on molecules one expects both the polari-

“zation and the molecular mult1pole flelds to contrlbute to the Lyman o
de-exc1tat10n rate For the linear symmetr1c molecules H,, N,, O,,

and CO the Lowest ‘order non- vanlshlng multlpole moment is the quadru-
pole. Thus one would expect that the transient electric field mixing -
the 2S and 2P states would be the sum of that due to the polarization
of the target and its quadrupdle field as a first apprOXimation.'7The
polarization field will in general be the sum of two dipole fielde
arising from induced moments eq“cose/rz'and eq, sin/r* where ¢ is

the angle-between the molecular axis ahd-the line between the collision
partnersj.a" and oy are the polarizabilities fbf»fields oriented
parallel and perpehdicular to the molecular axis.‘ A calculation, then,
requires the net electric field averaged over all molecular orientations.
We do not carry out such a program here but have calculated the
polarization and quadrﬁpole field de?excitation_rates as if they were

acting separately. Because the two fields are not everywhere parallel,
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the net effect is not 51mp1y the sum of the two, but should lie

between the sum and the absolute value of the dlfference The
fpolarlgatloh»f;eld.de-exc1tat10n rate,va, wae}calculated using
Athe-cqhstant;deterndned from the measuremente;pn‘the'Sphericalv

: targets'tegether.with the mean polariiabilitiesua = (204 + oy)/3.
"'The quadrupole field de—excitatiOn rate was ealculated using the

relation R.q = ogV (V'; 4.6 x 105¢m/sec), and- |
| oq = 4-206(eua/pn)®/> an
vfrem the wOrk’of Slocomh, Miller, and Schaeffer'(SMSj; q is the
~ molecular quadrupole moment. The values used_tor;q are those recome
' mended by Stegryn and Stogryn.?2! Table 2‘containe the results of
these calculations. The conclueions one can-dtaw:from these results
are limited. However, one seee that the sizes of the two effects
. are comparable; it is probably aecidentai that the polarization rate
is in agreement with the experimental tates fer H, and N, and nearly
so foreOZ. The case of €0, more elearly requiree'the existehce of
both mechanisms. |
Kocher Clendenin, and NOV1ck19 have also reported a value of
='50na° = 4,40 x 10°*° cn® for the total de-excitation cross

section for 15 eV He' (ZS) on Nz, This corresponds to avrate of

11.8 x 107 cm® sec™?

Water and Ammonia

The theoretlcal treatment of these c011151ons would follow the
dlscu551on in the previous section with the add1t1on of the electric

d1pole fields arising from the large dipole moments_of these molecules



~-20-

(1.84 aﬁd_1.47 x 10-'% esu cm for water and ammbniazf). Using mean |
polarizébil-ities17 of 1.45 and 2.16 X 10‘2“vcmf3 for water.and ammonia
one obtains 5.0 and 6.1'x 10~° cm® sec! for the de-excitation rates
due to the polarization field alone.

~ The electrlc dipole fields alone would y1e1d for water

‘39 6 x 10’ and for ammonia, 31.5 X 10~ ® em® sec” u51ng the method

of SMS the results of Gersten s method are larger by a factor of 31/2f

An effectlve quadrupole moment of 1. 0 x 10 26 ~esu cw (approprlate
for both molecules) would yleld a rate of 3. 5 x 10 -9 cm3 sec-1 using
the method of SMS and a factor of 3'/3 larger from the work of Gersten.

Calculations of the octupole components of the water molecule
yield.vélues-z'IO's“vesu cm® which would imply a rate, if acting aldne
of .60 x 107° cm® Sec;l; In all of the above'é relative velocity of

4.6 x 10° cm/sec has been assuned. |

The»éxperimental values of the total de-ékéitation rété (Téble 1.
- for water and ammonia are consideréblyyless (abéut 50%) than the rates
calculéted.fdr the perﬁanent dipole fields ahd listed above. This
may reflect partiai cancellation of the dipole field by the induced
dipole and higher order multipole fields. Ihrahy case the measured
values await a complete calculation of the Lymaﬁfd_de-excitation
rates for impact of He+(ZS) on these molecules:Before é nore meaningful

comparison can be made.
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-TABLE I. . Results of He+(ZS)' _de-éxéitatibn rate measurements.

‘Targvet' R R/ o o
AR - (107%cm Psec™?) RHE : (gf)f
He 1.65(17) 1.00 37.
Ar 4.99(65) 3.02(50) 112,
Kr - 6.3(10) 3.82(72) 143.
Xe 8.7(14) 5.24(55) 196
cc, 13.3(13) 8.1(12) 302,
H, 3.68(37) 2.23(32) 83.
N 5.51(55) 3.34(48) - 125.
0 6.07(61) 3.68(53) 137.
'coz ; 11.3(16) 16.9(12) 258.
H,0 18.5(19) 11.2(16) 420
NH, 20.9(21) 12.6(18) 473.
a

- ' _,v | 5
Ooff = R/v, v = 4.,6x10°cm/sec
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TABLE II. Comparison of experimental de-excitation rates, R, with
| polarization, Rb, and quadrupolé,’Ré,-rates. o and q
are the mean polarizability and quadrupdle moment used

in calc:ulating,R.p and Rq‘

T é q b (10-9cm3 Sec-l)
Target (Aa) (IO-ZSesu an) & qd
| r R R
p q
Hy 0.806 0.651 | 3.68(37) | 3.72 | 2.65
Na 1.74  -1.52 - | 5.51(55) | 5.46 4.66
0 1.57 -0.39 6.07(61) | 5.19 1.88
0 2.5 4.3 (1306 | 6.67 9.32

Ref.17 D“Ref.21 CSee Table I. Using method of SMS(Ref.8)
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. Figure Captlons . _
Fig. vi Sketch of the ion trap and photon detectors. The'magnetic
f1e1d 1s along the trap axis. The half cy11nders Za and 2b are
malntalned negat1ve w1th respect to electrodes 1 and 3 during the
~ storage perlod. _The hot filament F ;s pulsed negatlve to accelerate
electrqnsLinto the trap for creation of the He icnsr- The zig-zag
pattern”is a weh'of thin copper wires to give high transparency for
Ythe decay photons while maintaining the cy11ndr1ca1 electrode
~geometry. The rectangular shape in the center of the figure
represents the end of the m1crowave horn located outside the cylinder;

Power radiated from this horn drives the ZS-ZPI/ “transition.
2

Fig..Z. Representative He+(ZS) decay curves for-three'different
pressures of He. The lines are computer fits. The curves have
been adJusted sllghtly vertically so that the 11nes meet at t= 0.

The ordinate is correctly scaled for the data at 7 0 x 10-% Torr.

Fig. 3. 1/T Vs pressure plots for He+(28)“collisions with H, and

He. The lines ate least squares computer fits.

Fig. 4. %/ vs pressure plots for Hef(ZS) collisions with He, Ar,
Kr, Xe, ahd CCl,. The curves have been separated vertically for
clarity since theAslopes are the quantities of interest. The lines
are least squares computer fits. The line for He is that shown. in’

Fig. 3.
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Fig. 5."1[rivs pressure. plots for He+(28) colliéions with H,, b&,
02"C02».}5()’ and NH . The curves have been separated vertically
‘for élarity since the slopes are the quantitiesvof interest. The
lines'érévleaSt squares computer fits. The line and points for H,

are the low pressure end of the plot shown in'Fig.'S.

Fig. 6. Plot of the normalized count rate for He+(ZS) in collision
with He at t = 1 msec after creation of the ions versus He presSure;
The upper and lower curves are piots of the function F for £ =1.0 and

“0.0,respéctively. The data indicates that at least 25% of the collisions

produce countable photons.

Fig. 7. Plot of eXperimental values of the Hé+(25) total de-excitation
rate versus the square root of the polarizability of the targets He,
Ar, Kr, Xe, and CClu.v The dashed line is the resulﬁ of a sudden
abprokimétion'calcﬁlation. The triangles are momentum transfer rates
for v = 4.6 x 10° cm/sec. The solid line is é-least squares sffaight

line fit to the data.



" Trap Axis

! p— 1 —
- )
B [}

- Al Foil/\ . 2b‘
- Light Pipe —-
= =

& Multiplier / '.

¥ !OCm I

XBL 726-1067

Fig. 1



- .28.

He -pressure
(10€ Torr)

) \'4 : e 352
10009\, i o a2l T
| N - '> '1 7.0

soo Y\ Nt A

oo N \ua 1N ~

NET COUNTS /4 CHANNELS
- |
O
|
|

10 , , .
0.0 1.0 20 30 4.0

t (msec)

" XBL 739-1237

Fig. 2



L=29-

s
1.0 | |.5_  }

P (107 Torr)

- Fig. -3

XBL 739-1232



-30-

He

20. 30. 40
P (10 TORR) -

10,
X 7491043

Fig. 4



3

a0 o 20 30
P (10® Torr)

XBL 739-1235

-Fig. 5



Normalized Count rate (arb. units)

20 |-

1.0

051

-32-

1.5 |

]

1

-
|

3.0

o0

9.0

He pressure (IO Torr)

‘F_‘ig. 6

2.0

- XBL 739-1236



20,

| Se

)

sec

cm

R (IO

~33.

IOQ"

5

! T T
)
/
- VA
/
» /
/
/
/7
/
/
/
/
4 CCla
/
/
= / e
/
/
/
/
///' 4
S Xe
s Y
— Kr & N
, Ar a
-/ A
/
/
//
#~ He N | |
1.0 20 30

© XBL 739-1234



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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