gency of the United States

rzss or imphed, or assumes any legal hiability or responsi-

athty for the accuracy. compicteness.

process disclosed.

DISCLAIMER

Neither the United States Government nor any agency thereof, nor ansy of their

This report was prepared as an account of work sponsored by an a

Government

employees. makes any warranty, expi

S P B
\ ’

LAUR-99.92918

| - Vv
Title: | EQUILIBRIUM CHARGE STATE DISTRIBUTIONS OF 1-30 KE
l ATOMIC PROJECTILES TRANSITING THIN CARBON FOILS

|
\ LA-UR--92-~2913
DE93 000792

Authors): | H.0. Funsten, B.L. Barraclough, D.J. McComas

|
Submitted to. | £ignth International Conference on lon Beam
Modification of Materials, Heidelberg, Germany
7-11 SEPT 1992

or uscfulness of any information, apparatus, product, or

speaific commercial product. process, of service by trade name, trademark.

or represents that its use would not infringe privately owned rights. Refer
marnufacturer. or otherwise does not necessarily constitute or imply its endorsement, recom-

fmendanion. or favering by ihe United States Government or any agency thereofl. The views

and opimons of authors cxpressed herein do not necessarily state or reflect those of the

United States Government or any agency thereof.

ence herein to zny

Los Alamos

NATIONAL LABORATORY

L os Alamos Ngtonal Laboratory, an atfirmative action/equall opportzmty amployer s sperated by tha Umvaes y of Galdoriua (o tha U S Dapactinent m{(_nmuy
under contract W 7405 FNG 36 By acceptance of thig articis, the pubasher recogrizes that tha U 5 Governmant relans @ norsxclumve, rovaly fres icense o
publiah or raproduce the published form of this contnbution, of to aliow othars to do 80, tor 1S Govermnmaent purporas  Tha Los Alamon National Laboratory

rxuasis that the pubisher identity 1hin mticle as work pertormad under the auspices of the U 5. Depanment ot § nergy <


About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.



For additional information or comments, contact: 



Library Without Walls Project 

Los Alamos National Laboratory Research Library

Los Alamos, NM 87544 

Phone: (505)667-4448 

E-mail: lwwp@lanl.gov
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ABSTRACT

We have investigated the exit charge state distributior: .« 1-:30keV H, He, C. N, O, Ne, and Ar ions
that transit thin carbon foils. In this velocity regime whi h is less than the Bohr velocity. the dominant
charge stawer are ncutrals and singly positive ions. ‘Tacrefore, the charge state distributions are
dependent primarily on electron loss by neutrals with an associated clectror loss cross scetion o and
clectron ¢z ture by singly ionized specics with an associated clectron capture cross section o. Using
cmpirical charge state distributions, the ratio eyo, is shown to have a quadratic dependence on the
projectile ~elocity and is fit o the equation A1) -Ep)/m where By is the exit projectile energy, m s
its mass, and 4 and E - are constants. A pronounced shell effect is observed: the constant A s
dependent on the principle quantum number of the projectile, and F - depends on the number of

projedt le valenee clectrons,



1. INTRODUCTION

Electron capture and loss by projectiles with a velocity less than the Bohr velocity v, is of
considerable interest as a fundamental atomic interac’ion phenomena that can be applied o energy
loss of atomic projectiles transiting solids |1.2] and beam-oil experiments. A considerable amount of
work has been performed on charge state distributions and charge exchange cross sections for
energetic (v >> v,)) projectiles transmitted through gascous and solid targets |3 4§ and slow (v <<
vy) projectiles backscattered from solid surfaces [5-7). A salient reason for investigating charge
cxchange in these velocity regimes is the theoretical simpacity. For projectile velocities s gmiticantly
greater than the velocity of orbiting clectrons, the interaction between the projecti’c and cach
cncountered target atom can be treated independenily and the electrons are assumed 1o be stationar,.
Alternately, the interaction o low velocity piojectiles with target stoms can be treated sdiabatcaliy.

Between the adiabatic and stationary treeaments lies o relatively uninvestigsied realm of velocities
ncar the Fermi velocity of the target clectrons wwhere theoretical aeatmr ent of charg:: exchange is
complicated. In this peper, we present equilib, sem chirge staie disiribotions for a variety of 1-34 keV
ions incident on 0.5 ag/em® cacbor foils.

In the velocity regiine used in this siudy. the fracuon of the swident berin that exits the [oil in the
charge state 42 was unmeasurable (< 0192 exeept ior a wrace fraction (< %)Y in N and He.
Theretore, we gnore the possibilite of ¢ = +2 exit charge siates. Furtheraore, if we exclude the
rassibility of doubie electron less or capture, then the fraction [+ of the bean i the ¢ =+ state
woa function of the populitions of the ¢ = 0 and ¢ = 41 szies only and is independent of the
popaiation of the g = ! chinge state. 'L e variatios of the fraction of the bean in charge state =

+1 with penetiation distance x into the {0if can be deseribed as

Ldfi(x)

O’I'O('t) "r"-'(‘) ( | )
n dx

where noas the atomic density ol ihe toil, 1 is the fzaction of neotrals, oy is the clectron loss cross
secion tor the srvration = 010 g = v, d ol i the electton capture cross section for the
TSI s g b = (). However ihe v “ths canati N X! rated si o 1t ||ﬂ
transthion o = i to g o= 0 However, ihe simplicity of this equation is exaggerated sinee 17 ang
cach inctude a Pige number of exeitaon leveds, Insolids these excited states play a significant role
ocharge oxehingc: excitation atetimes that are Jonger than the time between collisions and multiple

projectile escitetions reulc inca higher mean charge of the exiting beam [4),

-



Charge state cquilibrium is rapidly obtained: in fact, studies have shown that cquilibrium occurs
within a penetration distance of 3 A [3.7]. It the foil thickness is greater than the penetration distance
to reach charge equilibrium. then df* (x)«dx = 0 at the exit surface of the foil. Therefore, Tor charge

state equilibrium eq. 1 simplifics 1o
% (2)
o

Equation 2 provides direcet insight into fundamental physical constants governing charge exchange
using empirical charge state distribution results.

For hydrogen, a possible concern with this approach is the prevention of bound clectron states in
a metal due to clectron screening of the proton [8Y] and invalidates ¢q. 1. However, if we assume
carbon i graphite, then tise conduction electron concentration is four orders o magnitude less than
a metal and screening is negligible [ 10). In addition to theoretical arguments that question the validity
of this type ot sereening [11,12], empirical evidenee of neutralization within the solid has been
observed for H and other projectiles backscattered {rom metals | 13,14]. Consequently, in this study

we assume the existence ol neutral projectiles with hound cleereen states in the joil.

2. EXPERIMENTAL APPARATUS

Fig. U depicts the experimental apparatus used 1oy obtain the exit charge stiate distributions and is
similar 1o the apparatus used by Burgi eral. [15]. Positive ions were generated using a duoplasmatron
ion source, aceelerated to an energy of 1-30 keV, and magnetically mass enalvzed. The ions were
incident on a 1 mm round aperture located direetly in front of the foil. Located 30 mm behind the
foil was a 0.35x25 mm slit. Projectiles that passed through the it were charge-separated using
clecirostatic deflection plates. ‘The separated charge state distributions were detected and imaged
using an amaging microchannel plate (IMCP) detector and position computer. Charge state Iractions
were derived by summing all counts in cach charge state distribution and dividing by the total numbey
of counts in all distributions. The pressure of the target chamber was typicat™ 3x10® torr,

The detection efficieney is dependent on the incident species and encrgy. Since only one incident
on species and energy were examined at actime and the exit charge state is independent of the
energy loss of the proectde in the foil, charge state distributions: could be ditectly: compared.
Pypically, the counting rate ol the detector was 23 Kz and the ol collection time was Tive

minutes,



Carbon foils with a nominal thickness of (.5 p.gJ'cmz were obtained trom Arizona Carbon Foil and
were mounted on 333 line-per-inch nickel grid. The foil surfaces likely are composed of various
chemisorbed species due to their prolonged exposure to air, so the charge state distributions derived
using these foils are characteristic of "practical” foils whose surfaces have been contaminated by
chemisorbed species [10]. The foil thickness is approximately 44 A based on comparison of the
scattering halfwidth of hydrogen with the Meyer theory of small-angle scattering [16]. Since the foil
thickness is much greater than the penetration depth characteristic of charge state equilibrium, the
esit beam s in charge state equilibration.

Ultra-thin foils used in this study can have pinholes that allow the incident ion beam to pass
without charge moditication | 17]. This results in a localized high-flux region on the IMCP detector
in the charge state distribution equal in charge to the incident ion beam. Sinee this high-{lux region
is readily observed using the imaging capabilitics of the IMCP detector, it can be avoided during

subscquent data analysis.

3. RESULTS

Fig. 2 depicts the equilibrium fraction of an incident beam that exits the foil in charge state =
+1 as a tunction of the incident energy B, for incident jon species of (a) H and He and (b) C N,
O, Ne, and Ar. Only positive and neutral exit stsecies were observed from He, NoNe, and Ar so the
neutral fraction is simply 1 - 1% where 1 s the positive ion fraction. Negative ions were observed
i the exit charge state distributions for the electronegative species H, Cand O, Sinee we assume
multiple ¢lectron capture or loss is negligible for the derivation of ¢q. 2, we focus only on the positive
aind neatral charge state fractions. Except for hvdrogen, the projectile veloeities spanned by the data
are all pelow the Bohr velocity which corresponds to an energy ol 25 keVamu.

The tinal charge stae distribution of the beam of projectiles is established near the exit surface of
the toil at the exit velocity of the projectiles. Due to encergy loss in the toil, the exit energy F is less
than the incident energy & and theretore was caleulated using the following method. The stopping
powets ol projectiles transiting carbon were obtained using the TRIM9O code [1R]. To derive the
energy loss of projectles in the foil, the stopping power was integrated over the 44 A toil thickness.
Since the stopping powen is slow varving over the energy tange investigated in this study, the energy
loss increases inearlv with increasing inerdent enetey F o Based ondincar least squates it ol the
energy loss 1o ] tora kb A catbon toil, an expression for the exit energy Fyoas a lunction ol F ) was

denived and s listed an Table |,



Fig. » depicts the ratio oya. (which equals 112 according 10 ¢q. 2) as a tunction of E;ym where
t P e £ q |

m is the projectile mass in amu. The data clearly shows a lincar dependence of ofo, on E/m or,
cquivalently, the square ol the projectile exit velocity, vi. A lincar least-squares fit to the equation

9 Al - E) (3)

g, m

<

was performed on the data, and the results are tabulated in Table 2. The factor .t reflects the
magnitude of the enhancement of gy relative to o due to the exit velocity.

The threshold energy E - is the extrapolated minimum encrgy required for the existence of positive
exit charge states. Qualitatively, Ey describes the energy-independent enhancement ol oy relative o
o, and should depend on the projectile and foil properties. Since once foil was used throughout the
entire experiment. variations in E | can be attributed to ditferent projectile properties. For a positive
E,. positive ions exiting the toil will be observed only it Ey; is greater than Ey. A negative value of
L2y infers that positive ions will be observed exiting the foil at any energy.

The derived values for A and E - exhibit a striking correlation with the projectile shell structure.
The constant . can be separated into three distinet groups that correspond closcly to the principle
quantum number 1 of the projectile: for n = 1 (H and He), A = 0.021: forn = 2 (C, N. O, and Ne)
A = Q085 and tor n = 3 (Ar), .1 = 0.4, Apparently, clectron loss is facilitated by increased electron
screening associated with larger quantum numbers.

A more subtle effect is epparent within a principle quantum level: .4 deereases (i.e., oy is enhanced
relative o o with increasing atomic number. The exeeption is carbon, which involves symmetricai
resonance reactions with carbon atoms in the foil that may lead to enhanced clectron capture.

Within a principle quantum number, @ more negative value of Eopindicates an enhancement of
clectron loss relative to eleetron capture. This effect is clearly observed in both Fig. 3 and Tuable 2
which show that the opo. enhancement is larger o7 projectiles with fewer valenee clectrons. A
general anti-correlation between By and the ionization potential is noted. although this we uld predict
a larger value of Iy for oxveen relative to nittogen which is not observed in the data.

AU higher energies, the veloeity dependence of ayor, sharply increases. The relationship between
UH 1 and ap o deseribed ineq. 2 has been previously performed using hydrogen at energics greater
than 20 keV on a vanety of loils [12.20] Their resalts show that g, varies wath the exit veloity as
approximately \'|-“ at 25 heV oo "l” at 00 LeV, These vadues are consistent with theoretical
predict os by Bohr [ 1.

In g, 3 the chinge stte distibutions lor Hoand He ditfer by i factor of 20 Previous results of

hachscartered Hoand Fle that penetrate the solid show nearly idenoeal charge state distributions at



velocitics higher [14] and lower {13 than those used in this study. This apparently results for
sereening of He i metal targets resulting in at least one continuously bound clectron so that He
behaves identically to H. The large variation between H and He observed in this study show that He*
cannot be treated as a proton. If we ignore the possibility of He™ 2 in the foil {(based on the minute
fraction (< 1€2) of Het? observed in the exit charge state distribution), then He always then has at
lcast one bound clectron while in the foil. Therelore, the variation in oyo,. between H and He must

result from multiple excitations ol He during charge exchange interactions.

SUMMARY

Bascd on the exit charge state distributions of various atomic projectiles over an energy range of
1-30 ke V. the ratio of the clectron loss to capture cross sections show a quadratic dependence on the
exit projectile velocity. The variation of this ratio with energy is dependent on the projectile principle
quantum number. Velocity-dependent enhancement of o relative to o, due to projectile shell effects
is observed for both larger principle quantum numbers and, for a given quantum number, a smaller
atomic number. Velocity-independent enhancement of o) relative to o is obscrved for projectiles
with fewer outer-shell electrons,

Based on the small fraction of exiting He*? observed in this study, He likely carrics at least one
bound electron in the i+, Theretore, the difference in oo, between Hoand He projectiles suggests
that multiple excited states are involved in e charge exchange interactions and He cannot be treated

as A proton.
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FIGURE CAPTIONS
Fig. 1. Experimental apparatus.

Fig. 2. The fraction of atomic beams exiting as ions with charge state ¢ = +1 is depicted as a function

of incident ion energy E

Fig. 3. The fraction {*/{, which equals oo, according o cquation 2, is plotted as a function of the
caleulated exit energy ot the projectiles for (a) H and He and (b) C, N, Q, and Ar. The data clearly

shows a lincar dependence of oo, on the square of the projectile’s exit velocity.



Table 1. Final projectile cnergy Ej: calculated using
tabulated stopping powers [TRIMY0].

0.310

1.461

1.756

1.974

2.403

4.018

0.0264

0.0169

0.0864 -71.61

~
9

N 2 0.0817 -5.13
0 2 0.0840 232

9
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