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Electron Capture by Trapped Ne?* lons at Very Low Energies.

.

CM.H. Prior,'Richard Marrus, and C.R. Vane”® '

Universiﬁy of California
Department of Physics
- and
Lawrence Berkeley Laboratorsr ‘

" Berkeley, California 94720

ABSTRACT

" An electrostatic ion trap is us_éd'to trap Ne?* (‘iSqSlO) ions created by a
fast Xenon beamfi;a:\ssing through neon gas.’ D’ec_ay of a given charge state dur-
ing the trapping time is due to electron captu‘re collisions with the ambi‘ent gas.
'Meas@:rement of tfxe decay constant versus density yields a rate constant from
which an effective cross-section is defived, Neq" + Ne (g=3 to 10) and Ne?* +
XeA‘(q'=.6 to 10) collisions have been studied at mean collision en.erg.ies in the
'ré}ﬁgé 1.0 to 70.0 ev.. Marked oécill-ation of the effective capturé cr‘oss-sectionsl
with charge at fixed mean collision energies is observed. A strong velocity
dependence 'ofﬁthé eﬁ'ecti_ve cross-section (rising as the v.elocity des:reases) is

observed for several collision pairs.



~ 1. Introduction

The study of electron capture by low-energy multicharged ions from
neutral targets has been motivated mainly by the relevance of this process to
fusion devices! and astrophysiqal_ applications®. Moreover, since the capture
usually occurs inﬁo a state of high principal quantum number, there has been
some speculation that ionsﬁproduced‘ in this way could possibly be used to pro-
duce an x-ray l.aser.

Theoretical modeling of the electron ‘capturve process has mainly been
based on the concept of the quasi-molecule _(A‘”-B) which is formed in the reac-
tion A?* + B » Ale-D+ 4 B*. The c;oss—sec_tiqns are det;ermined by the behavior
at the avoided crossings of thé potential energy curves of the A"I;*. B initial stateA
and the A@-V* B* final state. The predictions of these models for the g depen-
dence of the cross—sectiqns are sumrﬁarized by OlsonS. In general, ths cross-
sections behave mgnotonic ally in g v}ith \;ery l_itt_le velpcity' depeljidence over the
range' 1’()+ts to 1()’*ﬁ8 cm/sec because of the availability of the _la.Lrgev number of
» p/roduct channels?. An interiesting__elxc‘e_.ption noted by Olson is, thé orbiting or
Langevin model which should .be valid__at very low energies. In this model, the
cross-section is predisted to vary as q)'u. |

A model which predicts capture cross-sections whose debendence on q
departs from pgrely_ rnonbtonic b_ehaviour is that_;of Ryufuku .et‘.-al4. In this
model, an electron initially bound tq a neuf.ral target atom will transf_et" to a
highly-ionized projectile only when certain energy conservation considerations
are met. First, the potential energy function of the electron in the field of pro-
jectile and target atoms must allow classical transfer. Second, a resonance con-

dition must obtain in which the binding energy of the electron to the target
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equals the energy of the level into wﬁich the eleétron will trahsfer. This model
predicts a strong oscillatory dependence of the cross-section on.. g. It further
p;édicf.s thét elec.t..ron tranéfe_,r tfgkes placé into specific states of high principal
qua;'lzt-um numbér‘;,: n, which can be easiiy calculated.

) Ohv the exbérimén£a1 side, ‘gle»c‘:t.r‘o‘n cabture by low en‘ergyArnult.ic;harged
iéhs'"ha.s beén a.very a‘;:t;lVé marea of research since about 1975. Progress is due
ma;lhly t.b, a‘nd”parétllels the development of, multicharged ion souréesL particu-
“larly the électron beam ion séurce (EBIS), the Pehning ioﬁization gauge (PIG)

source and the electron cyclotron resonance (ECR) source. There are several
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recent revievuvé'-o:f this éxperimental workS. Most of the data obtained with these .. .:

sources are confined to the enefgy range >1keV x g. Recently Phanqg»{f?:ﬁgas‘_

utilized a .las‘er source to .produce multicharged ions for electroﬁ capture stu- . ~ -

dsie's‘ thhenergles as ‘low as abom;t 106 eV. In general the results tend to sup-
poft: the preglicgibrfé ofvltAh“e:‘qua.si—molecule calculations. Severél of the e_xperi— o
m'én’(js‘. .part-,i:cul'ar:l;"_, at t.he ‘lvowe.r‘ éndv of the enér;gy range, show oscillatéry
behaviour of the total cross-éections as a function of g (see refs A7—11).

One of the newest of the ion sources to be used in the study of electron
capture, and the one employed in this work, is the recoil ion source (RIS). The
RIS technique is based upon the general observation that a fast, highly ionized
projectile from an alccelerator when passed through a gés of neutral atoms will
produce highly-ionized species with high cross-section!3, Although the produc-
tion process is not fﬁlly investigatéd, experimentsr at low energy!? indicate that
the cross-section for production of a given ion chﬁrge state g increases
strongly with the charge state of the projevctile é\hd decreases slowly with
increasing projectile energy. Further, because the production takes place at
relatively large distances, the energy transferred to the target is low and can

be estimated to be in the range a few eV x g. The RIS technique thus makes



available multi-charged ions of quite high g at energies that are substantially
lower than the sources cited above. .

- Us.e ofvthe RIS technique to study the problerh vof electron capturelhas
been pioheered at Kansas State Univ. by Cocke et al'® and at GSI a£ Darms_tadt '
by Beyer, Mann and collaborators!®. These _studies also give evidence of the
crosvs-sect.,ion oscillation; predicted by t:he semiclassical rnodel. The KSU results
furf,her indicate a very weak velocity dependence or one which deoreaees slowly
with deoreasmg velomty | | | |

In this paper an experlment is descrlbed which also ernoloys the RIS
techmque Through the use of an ion t.rap. total capture cross- sect.lon rheasure-
' .ments are extended to substantlally lower mean klnetlc energies (< 1eVx q)
As will be vseen the results‘also show eﬁectlve cross- -sections whu.h exhibit
strong oscillations as a functlon of the charge g. They further exhibit the onset
of e regrme where the c‘ross sectlons for some of the reactlons‘m.crease ’w1th
decreaemg projectile veloelty. Prellrxnnary report.s of a portlor_). of this work

‘have previously appeared. .



II. Experimental Method

Briéﬁy» summarized, oﬁf techniéue utilvi'zves an electrostalt.ic:‘ionlbtr;ép f.p
confine low énérgy recoil i‘o;n's made by impaét of a pdiséd. fast,'-ﬁée_xyvly-zi.c.m beam
on a tenuous i‘a_rgét gas ko'f héon a>tc'>.rrils-. The ‘population of”a gi,ven' n.éovrix ipp ,
cﬁarg‘e statg is followed in time afté'r the beam pulse and the r-esultirvlvg decay
cﬁr’veb)v'ields' av loss rate 'constar.xt. ‘_Th.e de.(.:ay is caused b}} collisions with the
;}ﬁbienﬂ gas in th:e>ion trzl-xp'“charnber. This gas and Vits. densit;y can be varied,
and'-rhzéasur.'érhe;ritsv of decay ra:.tes versus pertvurbing gés density yiebld collision
z;a't'é’"i co.nv"sta‘nts 'fror;l which an beﬁ'eét,ive cross—section can be inferred. The
: predormnant .1055' mechanism is E_:lec't.r.on caﬁture and these measurements pro-
vide S};stemaf.ic' s.tL‘u‘ii:es of the ;hargg, velécity, ‘and target de’pendance in the
very low vévlotiity‘:regimev: (NO.'S— 3.0 e\}}aﬁlu). The dégails of the te:chn;lque fé)lldw.

The re'cc;il neon ions are made by 475 Mev Xe?™ beams from vthe
Lawrence Berkeley Laboratory. Supe\rHILAC whicﬁ enfef and exit our ultf‘afhigh
vacuum chambe"tv' througfx t_:afbon foils. We have used foils of 150 and 350
;A'g/cm2 thickness and the m;aan charge for the foil trénsmitted beam (calcu-
lated with a formula given By Betz!?) was Xese".' It was necessary to use this foil
isblation\scbvemev 1n 'ordei:rt..b rhaintain a base vacuum in our ch‘arnAber a factor of
100 tb 1000 lower tﬁan the typical few times"IO‘e Torr pressure in the accelera-
tor beam.lliné. In the early phases of this work, a number of rﬁns were made
with various. availaglg HILAC beam ions and energies in order to determine
whicl';ﬁ'buld glve the best ﬁeld of highly-stripAped neon recoil iohs. Our sbser-
vatibns in this fegard were QUélitatively m agreement with ihos; of Cocke!® in

that the production cros_s-secii'bns grow with the beam ion charge, but fall with
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increasing beam energy. These ‘observations coupled with consid.eratio'n of
available beam currents led us to choose xenon ions at 3.5 MeV/amu as a suit-
able productioﬁ beam. |

Figure (1) shows a sketch of the electrostatic ion trap and ion detector.
All of this is contained in a stainless steel chamber evacuated by a mechanical
cryopump. The ion trap is of the type first described by Kiﬁgdon’s consisting of
a conducting cylinder coaxial with a metal wire. In our case the cylinder (15 cm
diameter by 18 cm léngth) and it_é ends were made from OFHC copper and the
wire was either 76 um diameter tungsten or 13 um diameter gold_: plated
tungsten. The HILAC bevanv1 was co‘lliméted to about 1.25 cm diarne.ter-and»
passed through the trap parallel to the wire and offset 1.25 cm below it. To
allow entrance and exit of the beam, the trap end plates have 5.0 cm diameter
holes centered on the wire to preserve rotational symmetry. Sm_all sta;ﬁless
steel tubes (3.2 mm diameter, not shown in Fxg 1).surround the wire outside the
cylinder wi‘th.their ends adjustéd to lie in the plane of the end platés..- A t.rirnv
potential abplied to these tubes can largely compensate for the 5.0 .cm holes
and their small size does not obstruct the beam.

With the wire at a negative potential with respect to thevcylind.er,.recoil
ions orbit about the wire énd are confined longitudinally by the potential well
created by the end plates and tubes. The stored ions are analyzed By raising
the wire potential. to thaf. of the cylinder and sampling that portibn which
escape radially through a grid covered hole. This dumped ion sample passes
through a series of grids and into a commercal (EAI QUAD 250) radio-frequency
‘quadrupole residual gas analyéer (RGA). This device contains a channel elec-
tron multiplier (CEM) normally used as a current amplifier for detection of ions
made by the electron impact ionizer supplied with the instrument. .lq this work,

because of the pulsed nature of our "source" and the small number_of ﬂetected



1ons we count ion pd,ls‘:es from the CEM ao‘ode using standard pulse counting
techmques Some care was needed in domg so as to ﬁlter out. a radto frequency'
sxgnal ar1s1ng from the rf voltage apphed to the quadrupole rods.

A timing dlagram of the operatlon of the ion-trap/RGA cornblnatlon is
shotvn in F1g. (2). The HILAC is a pulsed machme with a typical beam pulse last- '
ing 3.3 msec and a 36 He repetition fate. Thus ions created and captured dur-
ing tlle beam pulse can be held by the tr;p for eny' desired portioh of the
appfoximétely’ZS nls‘ec betv»tee'n puﬂ;l’s:es. This 1s indicated in the second line of
Fig.. (2) where the nse ol’ t_he Wire potential is shown occufing.at a time ¢ after
the beam pulse. Because the.CEM'in the RGA h‘ae a direct view of the HILAC
be.el.r1,' a rlurliber ofvvpul‘sves are always observed durihg the beam pulse even
though the trap isﬂr;ot se.t to dump vpositi\:re ions. These are caused by prorﬁpt
ph'otons' and perhéps high ener"_éy electronls:v.created in the beam gas"collisiori;‘ A
eount gatve sy'n'chrohous witl;n'tlle trap‘dump pulse in’sured'thot we registered
only counts occurring duriog the dump period. Normally a slow rise time (NOS
msec) ie usedevh'en clumping the trép incorder to avoid pulse pile-up in the CEM
sigoel ghanoel (this was important‘ only for the more populous charge stéte'S).
:Thi”siﬁs“preads out the ‘i.on arrival tifnes atlthe CEM cathode. However, fo;' tirrie-
of-flight studﬁies% <of‘tl1e velocitf di‘stribution of the trapped ions, a fast risirlgt
(less than 1.0 microsec) dump pulse was used and pUlse pile-up (if present) was
avoided by li'mlting the number of trapped ions. This procedure avoids perturb-
ing the velocity distribution that e'xists:just prior to the dump pulse.

The ion trap was operated in one of three modes which we label m/gq,
decay, and TOF (time-of-ﬁight).. In the m/ g mode, the delay ¢ is held fixed and
the RGA program voltage is stepped in synchronism with the channel advance of
the computer controlled multichannel scalal' receiving the CEM counts. In this

way the RGA can be swept over a selected range of mass to charge ratio (m/q)
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values to _det.ermine the charge distribution of the trapped neon ions (together
with any trapped ions made from the backgr:o_u_ndgas).

In the decay mode, the RGA is set to monitor a particular charge state
neon ion and the deiay time, t, is steppped in sync with the multichannel scalar.
This produces curves showing the decay of the selected charge state during the
period between HILAC pulses. In both m/g and deca'y. modes, the dweill time in
any channel is that required to integrate the béam current to a preset charge
value. This compensates for beam c;urrent variation during the data collection
period. The current inte‘gra‘tion is performed by an integrating electrometer
connected to a Féraday cup atr f,he _end o_f the beafn line. |

Finally, in the TOF mode, with the RGA set to monitor one.\t‘:harge' ‘s:t‘ate.
and.t fixed, the computer is used in a pulse height apalys_is mode to _accgmulate
CEM pulses processed by a time-to-height cqnverter started on t.he‘.t"isie of the
. wire dump pulse. ‘This produces a time-of-flight distribution for f.hevcl'losen
charge state.

The motion of ionsj in the elgctrostatic trap is a complicated iproblem in
classical dynamics since the general potential'® is not a simple funétibn_. How-
ever, in our case the geometry is such that we detect only those ;ioﬁs which
move in orBits close to the trap midplane where the potential &(r) at radius r is

accurately approximated as that of an infinite coaxial system;

&(r) = V_l_n_Lr/ﬂ T | (1.1)

In (R/w) "’
where V is the potential difference between the cylinder and the wire, and R

and w the cylinder and wire radii, fespectively. Ion orbits in this potential have
been calculated by Hooverman®®. They have the interesting and useful pro-
perty that, regardless of initial conditions, the mean kinetic energy is the same

for all orbits, a property unique to the logarithmic potential. This is a conse-

quence of the virial theorem which predicts



L <T> = El;(q]?rw) o (11.2)
where T is the klnetlc energy of an ion with charge ge and the brackets indi-
cate a time average. This property»,_of the 1ogar1thrmc potential was recognized
by_ _Talro_se and Karac\hevtsev21 in ion-molecule reaction studies using a reaction
chamber similar to our trap. Thus the rms velocity, vqm,s. for all orbits of an ion _‘
with a given zj/m, depends only upon the geometry of the trap (R/w) and the
trap potential V; |

{92V __ |2
| mln(R/w)] ‘ . . . (1.3)

Vrms

P

Py

The initial condil‘ions of the ion motion do come into consideration in a
realv devlce, slnce clearly, llons created w1th arbltranly large or small 1n1t1al
veloclitles('u,_.; ;:111 colhde w1th the cyllnder or wire respectlvely However, the
v1r1al theorem result apphes to all OI‘bltS, hence t.hose ions that are t.rapped
have b,ms as glven above | This may be only a small comfort however. if the
number of such 1ons is vams.hmgly small The number captured will depend
"upon the fraction of ions with initial conditions providing orbits within the wire
to cyhnder space | | | |

The extrema ofbthe radlal coordinate r of any orb1t are given by the
solntions of the eqnation » |
y*(z?*-2Iny) = z%in%y, , o (11.4)

Where y r/ rc and 'r,, is the 1mtlal value of r. :z:-'vc/ Vrms and Y¢ is the acute

W

angle made by the initial velomty. V., with respect to the 1n1t1a1 radial vector. |
Settlng »7' =R or 'w one obtains two angles ch(z) and aw(x) whlchlsatxsfy Eq
(11.4) when subst1tuted for 3¥.. For all launch angles less than aw(x) aR(z) an
ion with initial velocit;y VU, =ZV,,s Will strike the wire or cylinder respectively.
Thus confined ions are restricted l.o angles 9, greater than 4the larger of a,,.ap:

when this reaches n/ 2, no ions will be trapped.
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One can easily determine that ap(z) is a very strong function of =z,
switching from a very small value to n/2 over a small range. For our case,
where 7, ranges from 0.78 to 1.76 cm (corresponding to the position and extent
of the HILAC beam) this switching occurs at z®1.9; for z less than 1.72, all
orbits clear the cylinder, for z greater than 2.14, all orbits do not. Thus we
cannot confine ions in a potential such that <T> is less than about 1/4 of the
recoil energy. In fact we observed, for example, that the number of trapped
Ne!®* ions fell strongly és the trap potential was reduced to =5 Volts. This
corresponds to <7>&3 eV indicating a recoivl'venergy of about 12 eV.

An lli.pvpervl;lmit on <T} nis plabed. by a,;(z) which has a 1e$s strong |
behavior. For the larger wire used (w=38 p.m). novions would be trébped with z
less than 0.0075 with the fraction confined falling to 50% at about ,:ﬁ=0.015.
which, for a recoil energy of 10 eV, would cofrespond to»<T>=44 KeV. The
requirement for pulsed kilovolt potentials, plus the decreased resolution of the
- RGA for fast ions (due to the short transit time) inhibit use of the trap/RGA
combination described here near this upper limit.

In order to extract rate constants from our decay measuremehts, it was
necessary to measure absolute changes in the perturbing gas‘ density in the
range 1-10 x 10%cm 3 (3-30 x 1077 Torr). This was done using a nude Bayard-
Alpert ionization guage which was calibrated before and after each .i-.x.ccelerator
run against a capacitance manometer. The comparison was accomplished at
higher preséures where the two instruments have overlapping ranges. To limit
space charge effects, the ion guage was operated with reduced emission current
(1 mA instead of the normal 4 mA). An example of calibration data for neon and
xenon is shown in Fig. (3). All that is required for this work is the slope of these
lines and we rely on the linearity of the ion guagé to dét.ermine. pressure

changes absolutely in the 1077 to 107® Torr range where measurements were
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'méde‘“. We estimate our target density calibration error to be + 157.

A duai ‘gas" handling system controls admission of neon and xenon gases
into the trap chamber through:separété motor c;pérated variable leak-valves.
Thus the density of either gas can be independently controlled. The gas
handlers are constructed primarly of glass with approximatey 1.5 liter ballast
vol_g_me_s for gas storage. During data cqllection the total gas pressure in the

trap chamber was monitored continuously with the nude ionization guage.



~12-

1II. Data Presentation and Analysis

Initially, experiments were carried out to deterrni“ne the bea?n condi-
tions (energy and ion) which would give the largest yielﬂ of the highest neon
charge states. These experiments were performed with the bion traf: timing set
for the m /g mode (see section IL.). In this way, a series of Ipeaks were observed
which corresponded to the distribution of the various charge states of neon
present in the ion trap at an arbitrary time interval after the HILAC pulse had
passed. A sample of such a charge state distribution is shown in Fig; (4). The
lowest charge states (Ne?*, g=<4) were not included in this §c$n. The
signal/noise ratio during any given run was determined largely by the ambient
background gas pressure and composition. Particularly troublesome was water
vapor, since the Hy fragment has an m/q value virtually identicgl to that of
20Nel0+ To évoid this problem the neon uséd in all runs was enricfxed to 99.9%
22Ne; the RGA detection system easily resolves ?®Ne!®* from Hj. |

It is ;vorth pointing out that the integrated area under the m/ g peaks,
Fig. (4), cannot be taken directly as a measure of the production cross-section
for a particular charge state. It cannolt be assumed that the transmission of
the RGA is the same for all charges. In fact, the operating parameters were
generally adjusted so as tb optimize_resolution of the highest charge ions; this
had the effect of reducing the transmission of the more abundant lower charge
states. Also, the time evolution of the population of a particular t;harge state

depends upon several production and loss mechanisms. This can be summarized
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by the'rate equation:

IAzoq'n +n 2 Ny <v .o > —noNg 2 <'uq LR | (111.1)
g>q 7' ’
where o, is the production cross- section for charge g, [ is the HILAC beam par-

dNg
dt

ticle current, Az is the_eﬂect_ive length .of the trap, n, the densit.y of rieon.
atoms, N, the number of trapped neon ions of charge q, aﬁd Ouq’ is the eleétron
v captvur’e cross-section for charge g’ impacting upon a rieonfat;om'ivith rélative |

velocity Uy to proauce, a charg(e'q‘. .vThis equ‘a'tit;n describes the secular varia-- o
tion of N, and is valid providing the ion orbit frequencies (x10° Hz) are much
higher tpﬁn the rate of variation~ of N,’,'(Nios Hz). A further appx”'oxi\mationl in‘v
writing Eq. (IIL1). is _tha»tv the time averages, e.g. <1')q“o.q.q>. are 'hot s'tfc;ngiy
dependent uponv the initial velocity and launch fa}ngle (v, ¥;) of the charge g
ion. The first term in Eq. (I11.1) dekscribes »pr_‘o‘dl;l_ction of charge q ions by the
heavy ‘.'ion- beém, the secénd describés"feeding»bf thé population of charge g by
hi'ghe'rj charges via electron capture collisions, and the third éécaunté fér loss
of charge g by electron capture resulting in lpwer chéi‘ge states. As will be dis-
cussedb_belo’w, our detection system is sensitive primarliy: to tht;se ions produced
by 'th.‘e HILAC beam. Thus we neglect the Se‘co'n'd‘ term in Eq. (II.1). Further, we

deﬁne 

20”-_

. "9 <q
and then one has,
dN, o . o o
—Ef— TAZ ggn, — <SqUe >N, N, (111.2)

The solution for Ny at a'time t after the HILAC pulse of duratlon tH is:
v | t t'
_ N —-IAzaqno(l—e 7q ”) ,

where y, = <éqvq >n,. Thus’ only in the hrmt of small Yotm 7qt will the m/gq

peaks be proportional tothe production cross-sectlon oq with a proportlonahty
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constant independent of g. At increased densities n, such that y,ty becomes
large, the yield saturates. If the capture cross-sections vary substantially
between charges, then it is possible to haQe some yield's saturated while others
are not. Generally, however, our observations are consistent with production
cross-sections which increase monotonically as g decreases.

Observation ofl" the decay of a pérticular chvarge held in the ion trap
‘between beam pulses, can give information about the velocity averaged electron
capture cross-sections. Figure (5)-sh6’ws a'.set of decay curves for Ne?* ions
(g =7—-10) at two neon gas densities. The trap potential was adjuéted so that the
mean Kinetic énefgy of the ions waé the same, 16.6 eV, for all the charge states.
To a good approximation, these curves are well fit by single ekponéntials of the
form,

Ny = Ny(0)e ™", ' (111.3)
where [, is a decay constant, and N,(0) is the signal size at £ = 0 (usually meas-
ured from the end of the HILAC beam pulse). There are a number of effects
- which one might expect to give rise toia more complicated non-exponential
behavior in the time evolution of the trapped ion population. First; for. all
charge states less than fully stripped (Ne!%*), the pc;pu].ati:on-of charge q can be
enhanced in time by ions with charge g'>¢ which undergo single or muitiple
electron capture. This is the second term in Eq. (IIL.1) neglected in the discus-
sion above. Inclusion of this cascade feeding proces's could give rise to non-
exponential behavior. We do not observe these effects because of two factors.
First, the lower charge states are generally produced with higher yields, thus
one is faced with observing the effects of feeding from a smaller population
onto a larger directly produced p_op.ulat.ion. More importantly, howeyer. there is
a discrimination in the ion detection scheme in favor pf ions produced by the

HILAC beam. This arises because the distribution of orbits of HILAC produced
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1ons isl.strongly perturbed by the coulomb "e;cpl_osion" which occurs between
the two ions following an electron capture collision. The energy available to the
two products of an electron capture collision, with a single electron transfered,

is approximately,
_ —1)p2
E, = {azle’ , (111.4)
ke
where F; is-the internuclear separation at which the transfer occurs. In terms

of the one electron capture cross-section, R, may be estimated to be; .

R m[% q”_,}z . (1m1.5)
Bz ,c‘.an."_be a large fraction of, or even exceed, the mean kinetic ene;rgies of the
ions studied in.this work. Of course, the fraction of E; £ransferred to the neon
‘ion- of chuarg:e q —1 depends upon the maSs of the companion singly charged pro-
‘duct. -In. t:hev. case,.of Ne?* + Ne collisions, 50% is transfer.re:'d_to the Nel?~1* jon,
..V{_he_z__rj_eas .in collision w1th Xe the share is 86%.
As an .vex_ampl'g_al, gonsider Nef* +-Ne. Here Qﬁr observations indicate an.
effective cross-section fof capture of about 5 x 107'%cm?® at a mean kinetic
" energy of 10.5 eV (from the Virial Theorem Eq (II.2)). One calculates E_ ~23 eV,
of which half goes,tb the -product,.Nee'_’_ion.v: The mean kinetic energy of Neb*
ions in the same trap. potential (22.0 Volts) is 9.3 eV. This large injection of
energy causes the Ne8* products to occupy greatly expanded orbits as com-
pared to the }Ne‘a"vpr,oduced by the HILAC beam. In fact a large fraction of the
product ions.will collide ﬁith thé_ trap cyl_.inderlor eﬁds and be lost.

- This behavior has been studied in detail using a numerical mo_dél. which
determines the orbit.-distribut_.ion _following cp,lLisions aﬁd calcu}at:es _the_resul-.
tant signal intensity for the géometric arrangement of the ion .trap and ion
detector used here. The model assumes thai the ion trap can be represente_d

as a superpos'ition of a logarithmic radial potential and a one dimensional
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harmonic oscillator potential along the z (wire) direction. Calculations of the
exact‘ potential distrieetien (see e.g. ref (19)) :show that this is a reasonable
approximation. lons are created by the heavy ion beam u’riiformly along its
leﬁgth pafeilel to the z-axis. The initial velocity distrbution along the z-axis is
assumed to be thermal at the temperature of the target (neon) gas. This would
be the case for recoil of the Ne?* ions at exactly 90 degrees to the HILAC beam.

The calculations assume strong collisiohs between the recoil ions and
neutral target atoms; i.e. collisions in which the products ar;escatt'ered iso- .
tfopically in the center-of-mass. This is not appropriate at higher energies.‘but
becomes so as one enters the orbiting régim’e appropriate 'to the low energy
ion-atom collisions studied he‘re'. Elaboration of the results of these calcula-
tions will not be presented here. However, in terms of the Ne?* + Ne example
discussed above, they 'sh(n& that the detection efliciency for the product Neb*
ions would be only about 20% of that for the Ne*® ions made by the HILAC beam.
In collision with xenon, the reduction remains about 20% because, although the
fraction of E, transferred to the Ne®* ion is larger, E, iteelf is reduced by
about a factor of 2 dﬁe to the aproximately four-feld increase iﬁ the eapture
cross-section in this case.

Another possibility for obtaining non-exponential behavior arises if the
capture cross-section is highly velocity dependent, and if there is a wide distri-
bution of orbits (and hence velocities) in the trap. Then the capture rate will
vary strongly with the orbit parameters. Within the uncertainties.of this exper-
iment, however, no such effects have been observed in Ne?* +NeXe cpllisions.
Thus, the decay curves are fit to a single exponential (plus constant back-
ground in some cases) and the decay constant Iy extracted.

[y is related to the electron capture cross-section by,

g =<vuspd>n +T,, : (111.8)
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wher;e n 1s t.he target ges d‘en51ty (Ne -er Xe) and [, Vls the loss rate associated
w1th all mechamsms not proportlonal to the gas density n. These include
escape gf ions from the trap field, and electron capture from background gases
peeeent. (There is always .rieo‘n gae present, so when studying capture from
xeeon. the ca!pture rate on neon appears in this term.)

‘. From Eq. v(III.6) one sees that the rate eonstant <v §¢> may ee obtained
by meae_uring the decay eonstent Fq at se\;eral values of the gas density n. The
slepe of the resultant straight lipe. is <v sg>. This requires collection of a
\ ;efies_ of decay curvee_ sqv‘ch as shown in Fig. (5); usually at least four diﬁ‘erent
: den51t1es are used for each charge and trap potentlal Plots of Ty vs n are
!shown in Flgs (6) and (7) It is seen that the expected linear relatlonshlp is
' obtamed Thxs techmque has been used to measure rate constants for Ne?* +
Ne (3<q<10) and Ne‘1++Xe (6<q <10), for a range of trap potentlals

The n}eesure_d rate constant_sl, <v sg>. can be converted to effective
cross-vsyevctioneiby divieion with an appropriate velocity. To this end we note that
eaeh ionk exhibif.s, in general, a distribution of ve_10cit.ies as 1t erbits the wire and
oscillates along the tfap axis (z-direct.ien.)(. The geometry of our detection sys-
tem is such that the ions which orbit near the midplane of £he trap are pfe-
fefentially detected over those with large z-motion amplitudes. In fact the sen-
sitivity to ions With» afnplitude A falls as A7 Thusvvthe velocity distribution of
the ions detected is well approximated as that appropriate for ions orbiting in a
pure logarithmic potential, and we use the rms velocity calculated from Eq.

(1.3) to convert rate constants into effective cross-sections. Thus:

<v sq>

Oarr ('Urms) = —'U

™S

Neglect of the z-motion amounts to an error in wv,,, of less than =~5%.

Oesrr (Urms) is thus a velocity averaged cross-section with a relationship to the
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true cross-section, §¢(¥gms), Which: depehds upon the form of the velocity
dependence of s, and the distribution of ‘ion velocities. One obtains Oesy = Sq
" for two special cases_:, namely when s;l (v) is proportional to v or v
To test the assumption that v, as deduced from the Virial Theorem,

Eq. (11.3), is a good representation of the true value ‘for the detected vions.-tl'.le

‘trap was operated in the time-of-flight mode (see section I1.) and the distribu-

tion of arrival f.imes for ions exiting from the trap was recorded. The arrival
time distributions were converted to a velocity distributions by assuming that .
all ions originate from the position of the central wire. Thisvappr‘oximation is

'reabsonable. since the ions are ;:reated at about 1.3 cm from the wire and, under

most trap conditions, their low recoil energy will result in orbits Which do not

extend much beyond this radius. The total distance from the wire to the chan-

nel electron multiplier in the RGA is 35 cm. Samples of velocity distributions

derived fo’r Ne!®* jons in two trap potentials are shown in Fig. (8). One sée; that
_'the distribution for the higher potential (20.5_V)'is shifted to higher velocit); and

that there is reasonable agreerherit between the Virial Theorem value for v,

‘and that calculated from the distributions in the figure.
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IV. Results and Discussion |

The resu'lts of“our'.meas‘urements are o‘resented 'in“T.ables I-.‘ and 1. and
Figures (9) and (10). The tables contain the effective cross-section gg,, versus
'i);.ms‘fror Néqt i Ne and X.e‘respectively‘, and Flg (9) contains these data in
graphtcal form. In Fig. (10) ;/ve: disptay ‘th.e variation of .oef.f w1th the Ne ion
eha:rg.e'at three values of'u . ﬁeeause dat‘.a were not always collected across
the range of q at a common value of 'v,.ms, ‘we ha\re done some 1nterpolatlon in
order to compose F1g (10) For clarlty, error bars are not present in the
ﬁgures but for purposes of relatlve comparlsons the statlstlcal error on the
pomts is estlmated to be approx1mately 10 to 15% (one standard dev1atlon) for
q<9 and 20% for q '10 The absolute error on the values of oeff is estlmated to
be 307 Our.results for Neb* are in agreement w1th those obtalned by Beyer,
Mann and Folkmann?? for capture by (1s2p) 3P, Nee” at a recoil velocity of

about 8 x 10° cm/sec. They obtained cross-sections of 3.6 + 1.1 x 107%cm? and

i

28.7 + B.8 x 10715 cm‘a for Ne and Xe”t.ar‘g‘ets respectively. Since our Ne?* ions
are.in the 1s? ground state (excited states have decayed before we sample.the
_trap po‘pulation),' the .agreerngent between vour Oery values and those of Beyer et
'al, ."rndivcates 1ittle‘dependenoe upon the initial exeitation state of the ion, at
least fo‘r.thislcase. | ,

One notes that there is aprominent non-monotonic behavior of ogpy as
g changes (Fig. (10)). In the more complete Ne?* + Ne data, one also observes
an apoarent ‘damping of the”osc‘illation_as Vrms increases. This is consistent

with observations of other workers (e.g. refs 7-12) at higher energies where

oscillations of smaller amplitude are seen. This occurs because the velooity
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dependehce of ggp, varies with g. There is little velocity dependence for g =8,10
in the Ne9* + Ne results, but strong dependence for ¢=5,6,7,9. In the data for
Xe one is struck by the reversal of "phase” of the oscillation of g4y at g=7 as
VUyms Changes from 5.0 to 10.0 x 10% cm/sec. This is seen in Fig. (9), as the con-
tinued rise of og4p (q ‘—j?) at low values of v,y as compared to the other ions in
collision .wit.h Xe. |
| In discussing our results we do so in terms of models and calculatioﬁs
for single electron capture. One must keep in mind, however, that g, includes
all_‘multiplicities of electron transfer. Cocke et élzs have shown in studies of
Ar?* +vn'ob1e gas collisions that single electron capture predomihates for the.
lighter atoms (eg N'e) but that so called transfer ionization, involving the tran-
sient capture of two electrons is comparable to .ordinary single capture in colli-
sions with Xe. Such a process if present at the lower velocities in thié work
(about a factor of 10 below those in ref (23)) would be included in our ggyy.
Oscillation of the single electron cépture cross-section as the charge of
the projectile is varied has beeil."x observed by other researchers (see refs 7-12)
at impact velocities exceeding ~107 cm)sec. ;I;he often invoked theorétiéal
model with which the results of these studies are compared is the cla;sical ow;er
barrier model {CB) introduced by \Ryufuku et al*. This model is generally suc-
cessful in predicting the principle quantum number of the Rydberg level occu-
pied by the active electron in the g-1 charged product ion. This has been
verified by X-ray and Auger electron spectroscopy following capture at immpact
energies of few eV by Beyer, Mann and co-workers (for a review of this work and
further references see ref (24)). It has also been verified by kinetic energy
analysis of the forward scattered (g-1)+ ions at collision energies of a few hun-
dred eV?°26, The CB model contains no velocity dependence; it was formulated

for comparison with measurements made at higher impact energies than
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‘studied here, where only weak velocity dependence has been observed (for
g=5). We have included cross-sections calculated with the CB model in Tables
(1.) and (II) One sees that the magmtudes perhaps not suprisingly, are in poor
agreement with oe” in most cases. Of more 1mportance however is the lack of
aél‘eernent w1th the phase of the osmllatlons”w1th q. ThlS lack of phase agree-.

ment has been noted12 26

in measurements made at higher energles as well

The 51mplest model predlctmg a veloclty dependence for the smgle elec- .
tron capture cross- section is the orb1t1ng model ﬁrst proposed b)l Gxournouvsm |
and Stevenson®’ to .explalnllon-.n'lolecule reactlon stud1es. Here the long range
R™* polarization potential leads to a cross-section proportional to g/v. The
vl dependence is not far from that observed here for those collision pairs
showing the strongest variations with velocity (e.g. 4=5.6,7,9 on Ne and g=7 on
Xe). Of course, a more complete quantal calculation will be required in order to
expect to obtain the proper charge and velocity dependence for the capture
cross-sections pertinent to this work. In this regard,-.we note thal recently
Bottcher and Heil?®® have carried out such calculations for collisions of Be**
BS*, and C%*%®* with H. The agreement with existing data of Phaneuf® for the
carbon ions in the energy range ®15 to ~300 eV is encouraging. It is also
interesting to note that a Landau-Zener treatment, including curved trajec-
tories, vshows remarkable agreement with the velocity dependence of the single
electron capture cross-section calculated by more elaborate quantal methods
in the cases C3* and N3* on H.?93031 [t is hoped that continuing theoretical
efforts will succesefully address the multicharged ion-atom systems containing
considerably more electrons (such as those stu.diedvhere) in the low velocity

(=107 cm/sec) regime.
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Table 1. Effective cross-section {(107*%cm®) versus v,,s for Ne?* + Ne
collisions. The bottom row contains the CB model cross-sections.

Vrms g=3 g=4 g¢=5 g=6 g¢=7 g¢=B g¢g=9 ¢=10
(10%cm/ sec)

- 3.1 , 10.0
3.3 9.9
3.6 _ 9.2 ,
4.8 7.3 10.1 8.3 38 7.6
5.9 0.90 6.3
6.3 5.6
6.8 7.2 3.2 2.8
2.7
8.9 ' 8.6
7.5 , : . 3.0 8.0
‘ 2.9
7.6 3.0 3.8 4.8 3.6
8.3 5.0
9.5 8.0 :
9.8 54 '35 8.1 2.3
9.7 2.5
10.7 2.8 3.1 2.4 45 3.0
10.8 4.1
11.0 0.54
14.2 ‘ 2.6 3.4
15.5 2.2
16.8 _ 3.2
16.9 2.4 2.7 2.4
17.1 2.7
18.5 4.5
19.0 0.60
21.0 : 2.5
21.6 3.3
22.4 : : 2.2
23.6 3.0
23.9 3.8
24.0 2.1 2.4 2.9 2.2
25.8 4.0
CB model 0.27 20 0.76 043 15 093 25
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Table 11. Effective cross-section (107'°cm?) versus vyms
for Ne?* + Xe collisions. The bottom row contains
the CB model cross-sections.

Vpns g=6 . g=7 g =8 qg=9 g=10
(10°cm/ sec)
3.6 189  26.7
274 :
4.8 .. 170 21.2
5.5 SRS 16.3
5.7 - 20.3
6.3 , 25.2 ..
8.5. 18.1 17.2°  19.2 : 16.8
, -, k32 | '
8.2" L 194
9.6 16.7 - 13.7 19.2  23.9 15.8
127 174  20.9 16.6
: - 175 17.9
"14.0 137 986 " 18.0 18.4 16.2
15.6 ' 10.0 . )
17.1 10.3  14.0 18.0
24.0 9.0 15.1
24.2 9.6 :

CB model 2.4 56 . 3.1 6.1 10.8



-28-

Figure Captions

Fig. 1. Electrostatic ion trap. A, central wire; B, acceleration/deceleration
grids; C, quadrupole m/q analyzer; D, channel electron multiplier; E, vacuum

isolation foils; F, beam axis.

Fig. 2. Timing diagram of the experiment. For collection of ion decay curves, ¢

is advanced in synchronism with the multichannel scalar channel number.

Fig. 3. Example of calibration data for determination of absolute pressure

increments with the nude ion guage.

Fig. 4. An m/q scan of trapped Ne?* ions (g=5). The delay time (see Fig. 2).
was less than ‘0.5 msec. The vertical scale is normalized to the Xe ion beam

charge accumulatéd in the downstream Faraday cup.

Fig. 5. Examples of decay curves for Ne?* ions (g =7-10) in Ne at two densities n
(in units of 10'®%cm™3). The trap potential was adjusted to maintain ¥pms=9.6 x

10% cm/sec for each ion.

Fig. 6. Variation of the decay rates for Ne?* (q=7-10) ions versus Ne density.

The slopes of these curves are <wvsg>.

Fig. 7. Variation of the decay rates for Ne?* (gq=7-10) ions versus Xe density.

The slopes of these curves are <usg>. Note the scale change of the density axis
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1

in comparison to Fig. 8. The curves have been displaced vertically to have a

. common intercept at the origin.

Fig. 8. Example of TOF data for Ne!°* ions at two trap potentials. The lines are

to guide the eye. The observed v,,s values are calculated from the data.

Fig. 9. Effective cross-section, Oary+ VEISUS Uy, for Ne?* + Xe (triangles) and:
Ne?* + Ne (all other points) for 6<g=<10 (Xe) and 3<g<10 (Ne). The statistical
uncertainty is +10-15% for <10 and +20% for g =10. The absolute uncertainty

is +307%.

Fig. 10. Effective cross-section, Oery, versus g at three values of vhs. The

points have been interpolated from the data (Tables 1. and II., Fig. 9).
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