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Negative helium ions exiting a carbon foil at keV energies

H. O. Funstert, S. M. Ritzau, and R. W. Harper
Los Alamos National Laboratory, Los Alamos, New Mexico 87545
(Received 19 January 2000; revised manuscript received 30 October 2000; published 30 Maych 2001

He™ is observed in the exit charge state distributions of He transmitted through a thin carbon foil over an
energy range of 8—80 keV. The observed exit fraction of Heist be formed in the bulk foil or within several
Angstroms of the exit surface and reaches a maximum o 266 * at 0.7, whereu, is the Bohr velocity.

The probability of forming the observed Hdrom its source population of Heby two sequential electron-
capture events decreases exponentially with increasing velocity. This behavior is similar to that of He transiting
a Cs vapor, for which this dependence is the result of individual cross sections that collectively drive the
charge-state distribution toward higher positive-charge states with increasing projectile velocity. No isotope
effect in the exit charge state distributionsfe and*He is observed within experimental error.

DOI: 10.1103/PhysRevB.63.155416 PACS nunider79.20.Rf, 34.50.Fa, 34.50.Dy, 41.75.Ak

[. INTRODUCTION incident energyE was directed at normal incidence onto a
thin (nominal 0.5 ug/cn?) carbon foil. The exiting beam
Owing to the simple two-electron system of neutral He,transited a 0.35-mm-wide slit aperture located 5.8 mm from
the experimental study of the formation of Hesing inter-  the foil and then passed through parallel electrostatic deflec-
actions of energetic He beams with charge-exchange vapot@n plates that spatially separated the ions according to their
has provided a superb method for gauging the accuracy @&xit charge state). The ions were then detected using a
theoretical atomic modefs® These results show that the position-sensitive microchannel plafdCF) detector located
fraction_of a He beam exit_ing a vapor charge excha_mge cef 2.6 cm from the foil. The total number of cour@He")
as He is highest for alkali metal vapofs! The relatively  getected within the detector area associated with each spa-
high yield of He is due to the near-resonance of the shallowyjg|ly separated charge-state distribution was measured. The

electronlaffinir:y er;l(er?y Ievell of Heand tt:e first Iionizelltion distance of 9.2 ¢cm from the foil to the end of the deflection
otential of the alkali metal atom, enabling relatively effi- B
Eient charge-transfer to form He This result f%rms the gasis plates corresponded to 149 ns for 8-kéhde, which is 60

9 times less than the shortest lifetime of Hewhich is meta-

gfcczlll;?gto':é%tal lonsources for production of Hein stable. Therefore, few Hedecay before they are deflected
He  has also been observed as a reflected charge sta%V::(:?O:he lacation at which Heis detected at the MCP
resulting from Hé incident on a Na targétwhich has a : , _ _
g g The measured exit fraction of Fedefined asf(He",

relatively low work function of 2.75 eV In these studies, . .
the energy distribution of the reflected Havas strongly ~Was always several orders of magnitude greater than the exit

dependent on the energy of the incident'H&his was at-  fractions of He and Hé". For examplef (He") =0.87 com-
tributed to a close collision of He with a Na atom that re-Pared tof(He")=0.13, f(He")=2.6x10"*, and f(He?")
sulted in a recoiling, excited neutral He that was a precursor 5x 10~* at 0.629, whereuv, is the Bohr velocity. This

to the formation of He along the outbound trajectory. resulted in excess noise counts in the negative-ion distribu-

In contrast to the reflection studies, a beam of He exitingion due to the proximity of the negative ions to the neutrals
a foil has a narrow scatter distribution, so few, if any, ionsat the detector. Therefore, a metallic strip was mounted in
undergo large-angle scattering events. Consequently, the effont of the detector to block Heand maximize the signal-
charge-state distribution of He includes very few ions thato-noise ratio during measurement of Hand Hé". In this
have encountered a close collision with a target nucleus, anepnfiguration, the ratios of the exit fractiohéHe™)/f(He")
the observed exit charge state distribution is governed onlgnd ~ f(He**)/f(He") were derived according to
by the equilibrium charge state distribution in the bulk foil f(He")/f(He")=C(He%)/C(He"). The strip was then re-
and charge exchange processes at the exit surface. Couplewved, and the rati6(He")/ f (He") = C(He")/C(He") was
with the comparatively high work function of a carbon foil obtained. The exit fraction§(He™), f(He%), f(He"), and
relative to a pure Na target and the shallow affinity level off(He?~) were subsequently derived using these ratios and
He™, we use this study to elucidate the formation kinetics ofusing the identityf (He™) + f(HeY) + f(He") + f(He? ) =1.

He™ observed in the exit charge state distribution of HeAs previously reported’ the exit fractionf(He") was pro-
transmitted through an ultrathin carbon foil. portional to the square of the projectile speed.

For the foil thickness used in this study, the exit scatter
distribution had an angular half-width 0£3.5° at 10 keV
and decreased asELwith increasing energf.*! From the

The experimental apparatus used to measure the exiingular scatter distributions, we infer a carbon foil thickness
charge state distribution is shown schematically in Fig. 1. Aof approximately 1.1ug/cnf. Both the extrapolation to
1-mm-diameter, magnetically mass-analyzed beam df&te lower energies of the foil thickness that is required for charge

Il. EXPERIMENT
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FIG. 1. The experimental apparatus used to measure the exit "; - % -
charge fractions of He consisted of a nominal @g/cn? carbon <) - o -
foil followed by a slit aperture, electrostatic deflection plates, and a ~ 1= — _
position-sensitive microchannel platMCP) detector. A metallic L o ; f(4He_) |
blocking strip was placed at the location of the dominan? kbet L A f(4He_) |
charge fraction in order to measure the exit fractions of lded N (e ), Ref 17] |
He"? relative to the exit fraction of He The metallic strip was
removed to measure the fraction of Heelative to H&. 0 _| T N |_
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state equilibriun?®and the measurements showing the in Velocity, v/,

dependence of the exit charge state distribution on the inci-
dent charge staté™®indicate that charge-state equilibriumis £ 2 The measured exit fraction e~ and*He" is shown
achieved with a 1.Jeg/cnt foil at the energies used in this 4 4 function of the projectile velocity relative to the Bohr velocity
study. vo. With increasing velocity, these exit fractions increase toward a
maximum of 2.6<10"* at 0., and subsequently decrease. The
open triangles are data from Kestelman, Alonso, and Baragiola

Ill. RESULTS AND DISCUSSION (Ref. 17.

Figure 2 shows the measured exit fractions’de™ and . . 450 _
“He™, which increase with increasing velocity to a maximum and instead focus on the long-lived2s2p “P" state of He

value of 2.6<10°% at ~0.7v, and subsequently slowly de- that can be created from the following two-step, spin-

crease at higher velocities. This behavior is qualitatively®ONServing charge exchange process
similar to the fractions of H and C emerging from a car- EC EC
bon foil !¢ although the maxima of those negative ion frac- (1s 2S)Het —(1s2s 3S)He—(1s2s2p *PO)He™, (1)

tions occur at much lower velocities (036 for H™ and ,
0.2&, for C°). For the formation of H and C, the where EC represents electron capture from a third 56dy.

maxima in the exit fraction of negative ions are the result of| "€ resulting doubly excited, metastable Hevhich decays

two competing effects that act to limit the negative ion yield: PY spln—depe4ndent Interactions, 1s long livee8.9 usec life-

resonant neutralization at the exit surface, which is dominanif™® f02r0 the “Py, and "Py, states and-343 usec for the

at low velocities, and a lower fraction of neutrals in the bulk s2)-~ Using Eq.(1) as a basis for He formation, the

foil, which are the seed population for negative ions, as th&0Urce population of Heobserved in the exit charge state

beam is driven to a higher positive charge at higherdistribution is He in the bulk foil. ot

velocities!® In contrast, we show later that the seed popula- Far from the foil surface, a (§2352p P")He" atom 235

tion of He™ is He™, so we expect that the maximum value of @n affinity levelE,=—0.0775eV; and the excited 2°S

f(He™) would occur at a higher velocity at which a higher State of HE has an energy levei,s=—4.76 eV (Ref. 21)

fraction of He™ is present, as is observed. relative to the vacuum IeV(_eI. Close to the foil sn_JrfaEQ,and
Also shown in Fig. 2 is the exit fraction ofHe™ for  Ees a_r6225|gn|f|cantly shifted due to the image-charge

helium transmitted through a carbon foil over the energyPotential™ The level shift is approximatefy

range 60—250 keV measured by Kestelman, Alonso, and e2

Baragiolal’ These data generally agree with the data derived E(s)=E(x©)*—, (2

in this study at 0.76¢ but is ~25% higher at 1.0,. Within S

experimental error, Fig. 2 shows that the exit fractions ofwhere s is approximately the distance from the ion to the

3He and*He are the same at equal velocities, indicating thédmage plane and the sign depends on the ion chdEgs)

absence of an isotope effect in the exit charge state distribishifts level upward + in Eq. (2)] for the case of a positive

tion. This agrees with other studies that found no isotopédon, andE(s) shifts downward — in Eq. (2)] for a negative

difference in the exit charge state distributions of H and Dion. Figure 3 qualitatively illustrates the level shifts of the

(Ref. 18 and ?Ne and®Ne (Ref. 14 transmitted through (filled) affinity level E(s) of (1s2s2p *P°)He™ and the

carbon foils. (empty energy levelE,g(s) of the excited 2 3S state of
To interpret our results, we ignore short-lived negative-He" in the vicinity of a conductor. Equatio(®) is generally

ion resonances of Hesuch as $2s 2S(~10 *s) (Ref. 19 accurate fors greater than several Angstroms from the image
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s (A) f(He )=fg(He")P, _Pg. 3)

We now examine these parameters and their contributions to
0 A—+—A——————+—+—+—+—+—+1 the observations of(He").
The observed exit fractioh(He™) can be different from
E,\ (5) the bulk fractionfg(He+) if He™ emerging from the bulk is
A efficiently neutralized at the exit surface. This might occur
through resonant neutralization to the[2vel of He", which
may be followed by Auger deexcitation; resonant neutraliza-
tion between core levels of the carbon foil and tlsesiate of
He; or direct Auger neutralization into the ground state of He
accompanied by excitation of a second valence electron in
the foil. The first two processes are unlikely: resonant trans-
fer to the % level of He" near the surface is prevented by the
shift of E,g far from resonance with the valence levels in the
foil, and resonant transfer to thes Btate of Hé requires a
Ep5(s) close collisiort® which is an infrequent event as indicated by
S e S - the small angular scattering of He emerging from the foil.
W% CFoil: Ep=-4.6 eV — The third process, direct Auger neutralizatiohN), might
occur. In this case, the observed exit fraction of‘Hbat
FIG. 3. The shifts of the affinity leveE(s) of He™ and the 2  survives direct AN is f(He")=fg(He")exp(~van/v),
level E,s(s) of He™ due to the image potential are shown in the wherewv 5y is the AN transition rate integrated over the tra-
vicinity of a conductor. Except foE,g(s) at large distances from jectory of the ion beyond the surface ands the ion velocity
the foil, these levels are never in resonance with the filled valencgerpendicular to the surfaéé.
band of the carbon foil, which likely has a work function similarto  Resonant neutralizatiofRN) of He™ can occur via reso-
that of graphitic carbor{—4.6 eV) (Ref. 25. This figure qualita- nant tunneling of the electron in the affinity level to unfilled
tively illustrates that formation of He several angstroms beyond states in the conduction band. The survival probability of
the image plane is prohibited due to the absence of resonance of th¢a~ against this process Bs=exp(—uvgy/v), Wherevgy is
Ea andEys levels with filled valence states in the foil. the integrated RN transition rate over the ion’s trajectory
beyond the surfac#.
plane and corresponds to the region in which resonant charge Including both direct AN of Hé and RN of He, the
exchange and Auger processes occur. In addition to thi@.tio of the observed exit fraction of Hao the observed exit
shift, the atomic levels widefnot shown in Fig. 3due to  fraction of He" is
Heisenberg broadening, enabling broader overlap between
the atomic levels of the exiting He beam and filled or unfilled f(He™) UAN—URN
levels in the foil®* m:exl{ —) Pi_.
We assume that the work function of the carbon foil is
equal to that of graphitic carborEf~ — 4.6 eV) 2 which is

shown in Fig. 3. In the vicinity of the surface where Chargeand “He and exhibits a clear exponential dependence on the

exchange might occue.g.,s<10), theE,g level shifts out A . . .
of resor?ancegwith thg fil?ed valei)wce statzess of the foil &nd br Oljde ctile velocity. A least-square fit to the data of this study
yields

shifts toward, but is never in resonance with, the filled va-
lence states. While Heisenberg broadening may contribute to B
degeneracy oE, and formation of He very close to the f(He)
surface, broadening of tHe,g level decreases exponentially f(He™)
with increasing distance Overlap of theE,g level with the
filled valence states in the foil will occur only at a large which is shown as the solid line in Fig. 4. The open triangles
distances at whichE, is far from the Fermi level. Therefore, in the figure were derived using the measured exit fractions
the formation of the He via Eq. (1) must occur in the bulk of He™ from Kestelman, Alonso, and Baragibfaand ex-
foil or in the immediate vicinity(within a few angstromsof  trapolated values of the exit fractions of Héom Funsten,
the image plane. McComas, and Barracloudh. These values of the ratio
Using the sequential electron capture processes describgdHe )/f(He") slightly deviate from the exponential depen-
by Eq. (1), the probability of forming He is the product of dence at the highest velocities. Errors in these values might
the equilibrium fractionfg(He™) of He projectiles in the be expected since they were derived using different foils and
bulk foil that are singly ionized, the probabilitf, - of  different experimental apparatus and techniques.
forming He™ from the seed population of Henear the im- If either RN of He or AN of He" was a dominant pro-
age plane, and the survival probabilRy, of He™ as it moves  cess, then the ratib(He )/f(He") would appear nonlinear
away from the image plane. Therefore, the observed fractioin the semilogarithmic plot of Fig. 4, which is not observed.
of He exiting the foil as He is Furthermore, if RN of HE was dominant, then the ratio

(=1
w
—_
<
—
W
8

E (eV)
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4

The ratio f(He™)/f(He") is shown in Fig. 4 for both*He

1%
—0.0194 ex(;—s.alv—) , (5)
0
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E/m [keV/amu] differences in the magnitudes of the charge state fractions
1 2 5 10 20 and by imposing some restrictions on charge-exchange pro-
102 - NI T T T ] cesses.
i Q ]

(1) f(He*?)<f(He"): Since the H&? component is so
small and does not contribute to formation of Hewe ig-
. ° i noref(He"?).

£ (2) f(He")>f(He"): Since Hé is the seed population
T I ) for the triplet state $2s S He, thenf(He") is likely larger
A i g | than the fraction of Hin the triplet state. Thereforé(He")
o \)Q is populated primarily by neutrals in the ground state rather
% than in the triplet state, anidHe™) is governed primarily by
e Qo\ | charge exchange with these ground-state neutrals. This two-
- \A . component system results ifi(He")=f(He”)os, /o5,
i ] whereo;; is the charge exchange cross section from charge

statei to charge statg¢, and the subscrip refers to singlet

4 He®.

= (3) We assume double-electron capture or loss cannot oc-
cur within a single interaction. Also, according to E4)
Velocity, vivy ground-state Hecannot form triplet H& or He™ in a single
charge exchange event.

—|||I|||l|||I|||I|||\Q

0.0 0.2 0.4 0.6 0.8 1.0 1.2

\ &
|

FIG. 4. The ratio of the observed exit fractions of Hand He"
(filled gray circle$ is shown as a function of the incident projectile ~ The result, which also follows directly from E¢l), is a
velocity for He exiting a carbon foil. The ratio, which is propor- three-component system that leads to formation of Hem
tional to P.._ based on Eq(3) and the subsequent analysis, de- 3 source population of Hethat itself is governed by the

creases exponentially with increasing velocity. The solid line is a fitfraction of singlet H& The probability of forming He from
to the data and corresponds th(He )/f(He")=0.0194 exp He' is therefore

(—3.6w/vy). The open triangles are based on a combination of
He data from Kestelman, Alonso, and BaragidRef. 17 and
He" data from Funsten, McComas, and Barracloggkf. 11).
f(He") 0410

f(He") (o +o_+owo_g

:P+71 (6)

would increase with increasing velocity as more Heirvive
RN, which is the opposite of the trend observed in Fig. 4. 10!
Consequently, both AN of Heand RN of He are either
insignificant over the velocity range of this study or are sig-
nificant but cancel each othére., vay=~vgy) SO that their
individual effects cannot be observed. We expect the former
to be true since AN is generally a process that is observed at
slow velocities; for example, calculations indicate thaf,
~0.0%, for He" exiting AI?® which is considerably less
than the lowest projectile speed in this study. We therefore
conclude that the measured fractibfHe") mirrors that of
the bulk foil [i.e., f(He")~fg(He")] and that P, _
xcexp(—3.6w/vy).

Some insight intd® . _ might be obtained by developing
charge-exchange equations to represent(EqFor simplic-
ity and for comparison with results of He incident on a Cs I
vapor target, we assume equilibrium charge state distribu- 10'200 0.2 0.4
tions for these charge-exchange equations. While the ob- ’ ' ) '
served He may result from modification of equilibrated Velocity, v/,
bulk charge state distributions near the exit surface of the
foil, the.r.eS.UItS of th_IS analy_SIS are.’ _Interestlngly, similar tOf(HeJr) for He transiting a Cs vapor target decreases exponentially
the equilibrium fraction Qf He trgnsmng a Cs vapor. with increasing velocity, similar to the case of He transiting a solid

The He system consists of five charge-state componentgron foil shown in Fig. 4. The equilibrium charge fractions were
[doubly positive(+2), singly positive(+), neutral singlet calculated using measured charge exchange cross se@@ehs.

(s), neutral triplet 52s 3S(t), and negative-)], although  The solid line is a fit to the data and corresponds to
we can greatly simplify the system by considering the largef(He™)/f(He ) =28.4 exp-13.Q/v).
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FIG. 5. The ratio of the equilibrium charge fractiof{¢de™) and
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where the subscript 0 includes both the singlst and ing velocity is driven primarily by the increase in the cross
triplet (t) states of H& This equation relateB, _ directly to  sectiona, for formation of He from He®, which increased
equilibrium charge exchange cross sections. We note that tHey a factor of~20 from 0.12 to 0.49,, while botho
numerator consists of cross sections leading to the formatiodAndo,_ decreased by a factor ef4 over the same velocity
of He™, and the denominator contains cross sections thai@nge ¢ - remained approximately constanEach of these
represent destruction of states that result in the formation o§ross sections reflect the tendency to drive the charge-state
He . distribution more positive, collectively resulting in an expo-
Comparison of the interactions of He in solid and gaseou§ential decrease in the rati(He™)/f(He"). This is also
targets can be quite perilous due to the pronounced differikely the case for He transmission through a carbon foil.
ences in the interaction kinetics of the two types of targets, " Summary, we have measured the exit fraction of He

including a shorter path length between sequential interaccMerging from a thin carbon foil. The fraction emerging

tions in a solid(the density effegt? and substantial screen- 7™M th?4f°'| as negative ions reaches a maximum value of
ing of the projectile within a solid®*°Nevertheless, we note 2-6<10 " at~0.7o, which is at least twice the velocity of
that the fraction of He emerging from alkali vapor targets the_ma_X|mum hegative-ion frgct_lon observed_ for Bnd C°

has been studied extensivéljand Schiachteet al® derived projectiles emerging from a _S|m|Iar carbon foil. Based on the
charge-exchange cross sections for He transiting a Cs va pgreqt absence of a net influence on the exit charge state
target. Using the change in the three-comporignto, —)  distribution by Auger and resonant charge exchange pro-
charge-state distribution for different target thicknesses, the§esses at the exit surface, the probability of forming” He

inferred cross sections for the four-component system havino™M the seed population of Heis found to decrease expo-
neutral singlet and neutral triplet states. entially with increasing velocity. This exponential depen-

Figure 5 shows the ratio f(He )/f(He") derjce _is also observed in He trf_:msiting a Cs vapor tar_get,
= .00 log. 0 as a function of He velocity based on which is governed by cross sections that colle_x_:tlvely_ dn_ve
the cross sections derived using the three-component systeztll?1e mean charge state distribution more positive with in-
and assuming an equilibrium charge state distribution. Th&"€asing velocity.
data clearly exhibit an exponential decrease of the ratio
f(He)/f(He") with increasing velocity, which is the same
dependence as that found in this study using a carbon foil This work was performed under the auspices of the
target and shown in Fig. 4. The solid line in Fig. 5 is a fit to United States Department of Energy. The authors gratefully
the data and corresponds tb(He )/f(He")=28.4exp acknowledge the laboratory assistance provided by J. Bal-
(—13.@/v,). The decrease if(He™)/f(He") with increas- donado and D. Everett.
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