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Emergent-angle-dependent charge-state distributions of 2-MeVHe transmitted
through a thin carbon foil
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The emergent-angle-dependent charge-state fractions of 2-#eVtransmitted in a carbon foil of 2.5
uglent in thickness have been measured in the range from 0 to 8 mrad. The angular distribution due to
multiple scattering has been also obtained for each outgoing charge state. Up to the anglm@id, both the
neutral and singly charged fractions increase with increasing the emergent angle. This trend is more remarkable
in the neutral fraction. At the larger angles, these fractions reach saturated values. The observed behavior can
be explained qualitatively by the impact parameter dependence of the charge-exchange probabilities. Although
a Monte Carlo simulation can reproduce the obtained angle-dependent charge-state fractions, it gives a slightly
narrower angular distribution due to multiple scattering for each outgoing charge state.

PACS numbd(s): 34.70+e€, 34.50.Fa

I. INTRODUCTION Il. EXPERIMENTAL PROCEDURE

The experiment was performed using the 1.7-MV Tandem

In order to improve the understanding of atomic collisions ; ) .
of fast ions, the charge state of the projectile is one of thevan de Graaff accelerator at Nara Women's University. The

essential quantities to be investigated. As for a fast proton, easurement was carried out fo_r the incidence of poth dou-
the charge states in solids can be described by electron cal ly and singly charged_ 2-Me¥He ions, separately. Figure 1
ture into and subsequent electron loss from bound states fpresents the experlmenta_l arrangement. The momentum
the proton[1]. Furthermore, the equilibrium and nonequilib- 2halyzed beams were collimated with a couple of dia-
rium H° fractions emerging from carbon foils were found to phragmsS, ands,. They were 0.3 mm in dla_lmeter and 224
be represented with the electron-loss and -capture cross s apart from each other. The angular divergence of the
tions derived by applying an additivity rule to the measure-incident beams was Ie;s than 0.14 mrad. In order to prevent
ment with various carbon containing gas tarddts4]. The ~ the edge-scattered particles at the diaphra§rands, from
measurements of the charge state fractions and their analydiiting the target, a bafflé; of 1.0 mm in diameter was
based on the above-mentioned model have been perform&fced 10 cm behind the diaphragsa. The target carbon

also for He atoms or ions transmitted in thin carbon foils?ll was placed 3 cm behind the baff&.
[5—7]. The thickness of this foil was determined to be 2.5

In contrast to the inclusive measurement of the charge"0-1xg/cn? by the Rutherford backscattering method with
state distributions of the foil-transmitted particles, the mea2-MeV a beams. By this Rutherford backscattering measure-
surement of the angular dependence of the charge state fra@ent, this foil was found to contain the contamination of
tions emerging from a solid can give us further details of the®Xygen atoms. However, the amount of this contamination
charge changing collisions. Although the incident particles¥@S aboti2 % carbon in units of atoms/@_mthe effect of -
experience a number of collisions with the atoms in the tarWhich on the measured charge-state fractions was negligibly
get medium, the charge state and the emergent angle of tisanall. Moreover, the amount of hydrogen atoms in t_he foil
transmitted particles reflect the individual collisions. SinceWas examined by the elastic recoil detection analysis tech-
the charge changing probabilities depend on the impact pdtidue and was found to be about 10 % carbon in units of
rameter, it is meaningful to examine how the impact paramatoms/crﬁ. The errors due to this contaminant are roughly

eter of the charge exchanges in a single collision comes ofStimated in Sec. II. _ _ _
in the angle-dependent charge-state fractions of the foil- The emergent angle of the foil-transmitted particles was

transmitted particles. defined with a couple of slitS,, andSy located about 70 cm
In the present work, the emergent angle-dependent
charge-state fractions have been measured with 2-Kiée/ Ag‘é'gaf
particles transmitted in a thin carbon foil. The angular distri- Magnetic
butions due to multiple scattering are also presented for the psp Analyzer l
individual outgoing charge states. The results are interpretec | I 1 | I | Beam
with the impact parameter dependence of the charge-__—l_| _____ 7 | _I _"_‘l_'—__‘_|<_
exchange probabilities and are also compared with a Monte S4 |
Carlo simulation. (5mm) Sy S3 Sy S
s, (035mm) | (1.0g) (03¢) (0.39)
(0.35mm) Target

*Author to whom correspondence should be addressed. FAX:
+81 742 20 3380. Electronic address: ogawa@phys.nara-wu.ac.jp FIG. 1. Experimental arrangement.
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behind the target foil. Each of these slits was 0.35 mm irthe angular distribution due to multiple scattering was also
width. The slitsS,; and Sy were movable horizontally and determined for each outgoing charge state.
vertically, respectively, in the plane perpendicular to the in-
cident beam axis. A magnetic analyzer separated horizon- lIl. RESULTS AND DISCUSSION
tally the particles passing through these slits into three
charge components, namely, the neutral, singly charged, and Figures 2a)and 2b) represent the measured emergent
doubly charged ones. Finally, they were detected with @ngle dependence of the singly chargeduares and the
position-sensitive Si detector which was movable horizon-neutral (circles fractions for the incidence of Hé and
tally in accordance with the emergent angle. At the beginHe?", respectively. The positive and negative signs of the
ning of the measurement, the slBg and Sy were adjusted emergent angle correspond to the left and right side around
to the position of the incident beam by monitoring the beanthe incident beam axis in the horizontal plane, respectively.
spot at the detector position without the target foil and no As mentioned in Sec. Il, the carbon foil contained the
magnetic field. In the measurement, the Slitwas fixed at hydrogen contaminant, the amount of which was about 10%
the position of the incident beams and the emergent anglearbon atoms in units of atoms/énthat is to say, about 0.02
was defined by the sl . In order to diminish the effect of ug/cn? in thickness. According to the theory of the multiple
the residual magnetization in the vacuum chamber and thecattering by Sigmund and Winterb¢8], the ratio of the
vacuum duct, and of the geomagnetism, the beam line bescattering yield of 2-MeV H& ions at an anglé to the zero
tween the target and the angle-defining slit was covered witkmergent anglef,(9)/f(0), transmitted a hydrogen target of
a cylinder of . metal. The measured angular range was fronD.02 ug/cnt is two or three orders of magnitude smaller than
0 to 8 mrad. that transmitted in a carbon foil of 2.5ug/cn? at 6
Throughout the measurement the counting rate of the de=1 mrad. Therefore the broadening of the angular distribu-
tector was kept less thar300 counts/s in order to avoid tion due to multiple scattering by this contaminant is very
possible peak broadening of the charge-state distribution dugmall. As for the electron loss of e and the electron cap-
to the pileup effect. For 2-MeVfHe, the doubly charged ture of HE™, the total cross sections for hydrogen are more
fraction was more than 90%, but on the other hand, the neuthan one order of magnitude smaller than the corresponding
tral fraction was less than 0.1% in the equilibrium charge-ones for carboii9,10]. With respect to the charge exchange
state distribution. Therefore the simultaneous detection obetween HE" and Hé&, the electron-loss and -capture cross
the three charge components takes a lot of time to obtaisections for hydrogen are about 20% and 40% of those for
good counting statistics for the neutral fraction. In order tocarbon, respectivel{9,10]. Considering these ratios and the
improve this situation, another measurement was carried o@mount of the hydrogen atoms, the error of the neutral frac-
with the intensified beam, where the detector position wagion at each emergent angle due to the contaminant is evalu-
adjusted at each emergent angle to detect only the singkted to be about 4%. Those of the singly and doubly charged
charged and neutral components. ones are estimated to be less than 1%. The associated errors
The measurement was carried out at both the left and righaf the fractions in Fig. 2 are just the statistical ones and do
side around the incident beam axis in the horizontal plane imot contain the ambiguity due to the hydrogen contaminant.
order to examine that the zero emergent angle was accurately As is clear from these figures, both the singly charged and
determined by the above-mentioned procedure. The amountkutral fractions at each emergent angle are almost indepen-
of the incident beams was monitored by an annular-type silident of the incident charge state. This seems to suggest that
con detector placed about 10 cm behind the target foil, anthe charge state of 2-Me¥He is equilibrated in the carbon
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TABLE I. Electron loss and electron capture cross sections. T T T T

Theory 1.x10° 6.0x10° ¢ 85x10°4d 4.7x10

10" E 3

Electron loss Electron capture ; (a) 7

(units of 7ra3) (units of 7ra3) ol L AT -

001 012 010 021 ? """""""""""""""""" ?

Experiment 1.410°% 6.4x10°% 95x10°% 35x10 2 s i
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8Sataka, Yagishita, and Nakai, RE12].

PCalculated from the electron-loss cross sections by Sataka, Yag-
ishita, and Nakai12] and the equilibrium charge-state fractions
estimated from the present data.

‘Calculated with the Bohr mod¢l3,14].

dCalculated with the OBK approximatidi.6].
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foil of 2.5 ug/cn?. In order to ascertain this, the charge-state
distributions were calculated as a function of the foil thick-
ness using the three component moddl]. In this calcula- 10
tion, the charge changing cross sections employed are as
follows. At first, the double electron capture of Heand the
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double electron loss of Havere neglected because they are 10 3
expected to be sufficiently small compared to the competing JRES i -
single electron transfer cross sectiof%10,14. For the ot £ I L L L
electron-loss cross sections, the experimental data by Sataka, / 1 2 3 4 5
Yagishita, and Naka{12] are available. When only the FOIL THICKNESS [ug/cmz]
single electron transfer is considered, we can get the follow-
ing relation FIG. 3. The calculated charge-state distribution of 2-Mite
as a function of the carbon foil thickness for the incidence of'He
Y F. (@ and Hé" (b). The solid, dashed, and dash-dotted curves repre-
Tiitt = |:i+1(' =0.,1), D sent the fraction of doubly charged, singly charged, and neutral

components, respectively. The vertical lines denote the thickness of

Whereaij denotes the charge changing cross section from the carbon foil employed in the present measurement.

to j+ andF; is the equilibrium charge state fraction iof .

From the present results of the emergent-angle-dependehie'” and Hé" incidence, respectively. The distributions are
charge-state fractions and the angular distribution due t®ormalized by the yields at 0 mrad. The measured distribu-
multiple scatteringF; andF, for 2-MeV “He in carbon are tion for He'™ becomes slightly broader compared with that
evaluated to be 53210 2 and 3.5<10 “, respectively. for He?* and this broadening is further enhanced fo°He
These values are the means of those fot'Hand He&™ This behavior reflects exactly the same nature as the emer-
incidence and agree with each other within the accuracy ofent angle dependence of the charge-state fractions.

3% both forF; andF,. With these values and; ;,’s by In order to look into further details, we have calculated
Sataka, Yagishita, and Nakfi2], we have determined the the impact parameter dependence of the electron-loss and
electron-capture cross sections. The numerical values ofapture probabilities. The electron-loss probabilities of
oj;’s used in the calculation are listed in Table I. Figurés 3 He™" and He were estimated with the classical model by
and 3b) show the calculated charge state distributions forBohr[13,14], where the contribution from the target nucleus
He'* and Hé" incidence, respectively. The vertical lines in and its bound electrons are taken into account independently.
the figures denote the foil thickness employed in this meaFigure 5 represents the schematics of the coordinate system

surement. The charge-state equilibrium is realized almod© calculate the electron-loss probabilities. The coordinates
completely at this thickness. are those projected on the plane perpendicular to the incident

As is clear from Figs. @) and 2b), not only the singly beam. At first, we consider the collision of a bound electron
charged but also the neutral fractions increase with increado the projectile nucleus with a screened target nucleus,
ing the emergent angle from O to4 mrad. This trend is Whose screened potential is written by
more remarkable in the neutral fraction. At the larger angle,
these fractions appear to reach saturated values. The ob-
served angle dependence is expected to reflect the impact
parameter dependence of the electron-loss and electron-
capture probabilities of 2-MeV He colliding with a carbon whereZ; and ag denote the target atomic number and the
atom. Bohr radius. According to the theory by BoHr3], when the

Figures 4a) and 4b) represent the angular distribution electron bound to the projectile is regarded as a free electron,
due to multiple scattering of each outgoing charge state fothe relation of the impact parameter between the projectile

: 2
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FIG. 4. The angular distributions due to multiple scattering of
2-MeV “He transmitted in a carbon foil of 2,Gg/cn? for the inci-

PHYSICAL REVIEW A61 032717

whereV andm are the projectile velocity and the rest mass
of an electron, respectivelyy denotes the base of natural
logarithm. When the transferred energy to the electron ex-
ceeds its binding energy, the electron is released from the
projectile nucleus. The maximum impact parameter between
the electron and the target nuclels,, for the projectile
ionization is expressed by

b,~agZ¥%g(Vo,) 12, (4)

wherevg andv, are the Bohr velocity and the orbital veloc-
ity of the electron in the ground state of He. For’He, was
obtained from the Dirac-Fock orbital energy by Desclaux
[15]. At a given impact parameteb, between the projectile
and target nuclei, the electron-loss probability by the target
nucleusP|'(b) is given by

b, 2
Pln(b):jO errTfo dapP(rP)! (5)

wherepp(r) is the probability density of the electron of He
projected on the plane perpendicular to the incident axis and
was calculated from the ground-state hydrogenic wave func-
tion with the eigenvalue of the Dirac-Fock orbital energy
[15].

As for the contribution from the target electrons, the bi-
nary encounter of electrons is considered. The criterion for
the projectile ionization is the same as considered in the col-
lision with the target nucleus. The upper limit of the impact
parameterb., between the electrons is given by

be=2ag(ve/V)?[(V/v))?~1]"2 (6)

dence of H&" (a) and Hé" (b). The circles, squares, and triangles The electron loss probability by the target electr@gb) is
denote the outgoing fractions of the neutral, singly, and doublygiven by
charged components, respectively. The open and solid symbols rep-

resent the results of the measurement and the computer simulation

respectively.

bound electron and the screened target nuclbgs,, and
the scattering angle of the electrofg),, in the center of

mass frame is given by

, m 2Z.€% agZ;
M72ey mV? b2

3

0 2m be 2m
Pf(b)=fo errTfO dHPT(rT)fO redrefo de pp(rp),
(7)

where p1(r) is the total probability density of thes] 2s,

and 2 electrons of a carbon atom projected on the plane
perpendicular to the incident axis and was also calculated
from the hydrogenic wave function with the eigenvalue of
the Dirac-Fock orbital energy{15]. Finally, the total
electron-loss probability is given by the sum Bf(b) and
P(b).

The electron-capture probabilities of Heand Hé" ions
were calculated with the well-known Oppenheimer-
Brinkman-KramergOBK) approximation{ 16]. The electron
capture from %, 2s, and 2o subshells of a carbon atom to
the ground state of He was considered. The hydrogenic wave
functions with the eigenvalue of the Dirac-Fock orbital en-
ergy[15] was also employed for the initial and final states of
the electron to be captured. Figure 6 represents the impact
parameter dependence of the calculated electron-loss and
-capture probabilities. The total cross sections are also listed

FIG. 5. The schematics of the coordinate system to calculate thé Table 1. '
electron-loss probability. The coordinates are those projected on the From the calculated impact parameter dependence of the

plane perpendicular to the incident beam.

charge exchange, the following explanation can be made

032717-4



EMERGENT-ANGLE-DEPENDENT CHARGE-STAE . . . PHYSICAL REVIEW A 61032717

10° == where Zp and Z; denote the atomic numbers of projectile
and target atoms, respectively. The parametgrand 8; are
given by (lel,a’z,ag):(0.35,0.55,0.10) andﬂl,ﬂ2,B3)
=(0.3,1.2,6.0). For the interaction between the neutral at-
oms, the Thomas-Fermi screening radias;, is given by
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z 10 J— P,(b) of He? For a projectile with no bound electron, the denominator of

£ 10°F  ----Pyb) of He™* 4 the right-hand side of Eq(3) is replaced byzZ{®. In the

3 E P,(b) of He'* 3 present calculatiorZ, was taken to be unity for Hé. For a

A 107 3 P° o) of He?* E charge changing collision, the scattering angle at that colli-
oF C )I | o 3 sion was regarded as the mean of those for the elastic colli-

10 ] > 3 4+ sions with the initial and final charge states.

Impact Parmeter [a.u.] As for the charge-exchange probabilities, we have used
the impact parameter dependence given in Fig. 6. Here, the
FIG. 6. The impact parameter dependence of charge-exchangghsolute values of the probabilities used in the simulation
probabilities in the collision of a 2-MeVHe particle with a carbon  were normalized so that the theoretical total cross sections
atom. The dashed and dotted curves represent the single electrofgree with those used in the calculation of the foil thickness
loss probabilities of He and H*, respectively, calculated with the dependence of the charge-state distributions.
classical model by Bohi13,14. The solid and dash-dotted curves  Tpe procedure of the computer simulation is as follows.
denote the single electron-capture probabilities of Hand Hé™", Target atoms were assumed to be spheres of ra&larg to
respectively, calculated with the OBK approximatidré]. be distributed randomly. If a projectile traverses these
spheres, it is scattered by the target atoms and at the same
with respect to the qualitative nature of the observed angléime its charge state may be changed. At first, the depth
dependence of the charge-state fractions. Although the emefihere the first collision occurred was determined by a pseu-
gent angle is determined by the accumulation of successiv@orandom number produced in the computer and then the
collisions, the particles emerging at the small angle are sulimpact parameter on this collision and the direction of the
ject, on the average, to the collisions of large impact paramscattering were also determined with two other pseudoran-
eter and vice versa. As seen in Fig. 6, at the large impadiom numbers. Here, the polar and azimuthal angles of the
parameter region dh=1.5a5 the electron-capture probabil- scattering with respect to the incident direction were re-
ity increases more rapidly with decreasing the impact parameorded. With the impact-parameter-dependent charge-
eter compared with the electron-loss probability. This factexchange probabilities described above, the charge state of
will cause the increase of He and Hé fractions up to~4  the projectile after the collision was also determined. Next,
mrad. On the other hand, in the small impact parameter rethe path length to the subsequent collision, the resultant scat-
gion of b=0.0%g, the charge-exchange probabilities ap-tering angle and the charge state were determined in the
proach gradually the maximum values at the zero impacsame manner and the results were recorded. These proce-
parameter. In this connection, a deflection angle of 4 mradiures were repeated until the projectile reached the outside
corresponds to a single collision bf=0.04a5 for 2-MeV  of the target foil and then the final charge state was regis-
He?* scattered from a carbon atom. Furthermore, in this retered. The total deflection angle was calculated from the po-
gion a small decrease of the impact parameter gives rise tolar and azimuthal angles in the individual collisions using the
large increase of the scattering angle. Therefore it is reasompproximation described in RefL7].
able that the Heand Hé" fractions are expected to saturate  Here, the target radilR is expected to be a key parameter
at the larger emergent angles. Since thé Blemponent is  of the simulation because it corresponds to the upper limit of
mainly produced by the single electron capture of Hghe the impact parameter within which the deflection and the
angle dependence of Plis strongly affected by that of Hé charge exchange of the projectile should be considered. It
in addition to the impact parameter dependence of thalso determined the mean free path of the projectile in the
charge-exchange probability. Therefore the fitaction ex-  foil. In the present simulatiorR was taken to be dg , where
hibits more prominent emergent angle dependence. the electron-loss probability falls below 1%. In this connec-
Finally, the emergent-angle-dependent charge-state distriion, it was ascertained that the preliminary simulation with
butions were examined by a Monte Carlo simulation with theR=2ag presented about the same result as that Wdth
following procedure. The relation between the impact pa-=4ag. In order to obtain tolerable statistics for the He
rameter and the scattering angle was determined with thgields at the large emergent angle ? Harticles were simu-
Moliére potential lated both for H&" and Hé" incidence.
The solid symbols in Figs. 2 and 4 represent the results of
7 7 023 the simulation. The associated errors are statistical ones. The
V(r)= psTe S ex;{ _ ﬂ) (8) simulation can reproduce well the measured emergent angle
roois arg/’ dependence both for Hie and Hé fractions. As for the an-
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gular distribution due to multiple scattering, however, thedependence is more remarkable in the neutral fraction. At the
simulation gives a slightly narrower distribution than the larger emergent angle these fractions reach the saturated val-
measured one for each charge state. The partial disagreemergs. This behavior can be qualitatively explained by the im-
with the experimental results might be originating from thepact parameter dependence of the electron-loss and -capture
imperfection of the charge exchange probabilities or the reprobabilities calculated with the Bohr model and the OBK
lation between the impact parameter and the scattering angépproximation, respectively. Although a Monte Carlo simu-

employed in the simulation. lation can reproduce well the angle-dependent charge-state
fractions, it gives slightly narrower distribution than the mea-
IV. SUMMARY sured one for each charge state. This kind of experiment is

_ . very important to investigate the impact parameter depen-
The emergent-angle-dependent charge-state distributioience of charge changing probabilities.

of 2-MeV “He particles transmitted a carbon foil of 2.5

uglcn? were measured both for Fe and Hé™ incidence. ACKNOWLEDGMENTS
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