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The yield of 3He'+ ions produced by a He2+ beam in C, Al, Ni, Ag, and Au foils was mea-

sured at 68, 99, and 130 MeV in order to determine the electron-capture cross sections ~, .

Measurements were performed using targets thicker than 60 p.g/cm2, ~here charge equilibrium

was found. The results are compared with electron-stripping and -capture theories, which are

found to explain fairly well the yield of He +.

The charge distribution of high-energy ions passing
through solids is the result of multiple collisions con-
sisting of single electron-capture and single electron-
stripping processes. ' Electron capture at high ener-
gies is of current interest in atomic physics. First-
order Born-approximation calculations of the
electron-capture cross sections o-, predicting a projec-
tile velocity dependence of V& "do not reproduce the
measured cross sections in magnitude and velocity
dependence. The overestimation of the measured cr,
by the first-order calculation can be improved consid-
erably by second-order calculations. ' On the other
hand, electron-stripping cross sections o, are well ex-
plained by first-order Born-approximation calcula-
tions. Therefore the electron-capture cross section
cr, can be deduced from measurements of the equi-
librium charge yield given by 1Vcr, /o „where /V is the
beam intensity. The o., and O.„respectively, corre-
spond to cr2~ and 0.

~2 in Ref. 5, where o.,y shows col-
lision cross sections with i and f being the ionic
charge state of the projectile before and after the col-
lision. The expression a.,/o. , is derived under the as-
sumptions that cr t2 » 0-2~ and ciao~ && o. ~o, which is

experimentally justified from the 6—24-MeV data
and the neglect of double capture o-20 and the double
loss o.o2 contributions. These assumptions are used
in the analysis of the 0.2—6.5-MeV data of Ref. 7 and
of the 68—130-MeV data of Ref. 8. Direct experi-
mental justification is only known from the investiga-
tion of Allison' at 150—450 keV.

The target thickness dependence of the 'He'+ yield
of 'He + ions passing through carbon foils has been
measured recently at 68, 99, and 130 MeV, which
allo~s to extract a., and o., of He in carbon. Elec-
tron capture by s~ift 'He ions becomes an object of
current interest as a probe of fusion plasma because
of easy identification of 3He from 'He of fusion prod-

uct. In the present article, we report on equilibrium
'He'+ charge fractions for C, Al, Ni, Ag, and Au tar-
gets at the same energies. Details of the experimen-
tal arrangement of beam line and magnetic spectrom-
eter are described elsewhere. Only the main features
are repeated here. The 'He'+ beam from the isochro-
nous cyclotron JULIC'0 was focused onto the target
in the scattering chamber of the magnetic spectrome-
ter BIG KARL" which was set to an angle of
H~,b=0'. The He + beam was bent onto the isolated
aluminum plate at the inner wall of the first dipole
magnet Dl which was used as Faraday cup for beam
integration. Independently the beam intensity was
monitored by a surface-barrier detector in the scatter-
ing chamber. Beam line and spectrometer were care-
fully adjusted in order to detect the total 'He' yield
from the target. All targets were self-supporting foils
of several thicknesses: C (85, 18S, 540 p, g/cm'), Al

(63, 115, 244, 604 p, g/cm'), Ni (114, 235, 614, 993
p, g/cm'), Ag (68, 137, 272, 586 p, g/cm'), and Au
(100, 179, 428, 505, 1037 p.g/cm ). These targets
were found to be thick enough to assure charge
equilibrium so that the uncertainty of the target
thickness of +10% did not affect the measured
charge fractions. The experimental results are sum-
marized in Table I. The overall errors of the mea-
surement mainly due to charge integration uncertain-
ties are estimated to be, +10'k.

In Fig. 1 the measured equilibrium charge fractions
o.,/o, of the 'He'+ at 68 and 130 MeV together with

theoretical results are displayed as functions of the
atomic number Z, of the target. The theoretical
values for a.,/o. , have been obtained in the following
way. For the calculation of the capture cross section
a., we used Nikolaev's model including screening ef-
fects." This model achieves agreement between data
and calculations by means of a semiempirical normal-
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TABLE I. Equilibrium charge fractions a,/0. , of 3He'+ in solid targets at 68, 99, and 130 MeV.
Errors are + 10'!o, which are from uncertainties of charge collection. Incident energies are accurate
within + 0.35%.
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ization factor (about 0.25 in all our calculations). We
used Eqs. (10) and (17) of Ref. 12 to calculate the
capture cross section which we call o.,„. The dom-
inant contribution in o,„comes from the E shell for
C and Al, from the E+I. shell for Ni, and from the
I. +M shell for Ag and Au. The arrows in Fig. 1 in-
dicate the positions where the classical-E orbit veloci-
ty becomes equal to ihe projectile velocity V~. For
the calculation of the stripping cross section 0., we
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FIG. 1. Fractions cr, /cr, of He'+ ions in thick targets
with equilibrium conditions at the lowest and highest mea-
sured energies (a) 68 MeV, and (b) 130 MeV, as function
of the atomic number Z, . The data points are connected by

solid lines to guide the eye. The curves i =1,2, 3 represent
calculations of o-Qpf/cjoy( according to Nilolaev (Ref. 12) and

Bohr (Ref. 13). For details, see text.

FIG. 2. Energy dependence of the equilibrium He'+ frac-
tions of C and Au (results for Al, Ni, and Ag, see Table I).
The data for 1—10, 6—24, and 90—180 MeV (3He: 68—130
MeV) are from Ref. 7, Ref. 6, and the present study,
respectively. Solid lines are to guide the eye. For theoreti-
cal curves 1, 2, 3, 4, and 5, see text.
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used Bohr's expressions" which are valid for dif-
ferent regions of atomic numbers Z, : (I)
a„=4mZ~ '(Z, '+Z, ) Vt 'a02 for small Z„(2)
o,2= wZ(~3Z~ V~ 'ao for intermediate Z„and (3)
a 3 7r 0 0 for large Z, . Here, Z~ is the atomic
number of the projectile, Vt the projectile velocity in
units of Vo = 2.18 & 10 cm/sec, and a 0 the Bohr ra-
dius. The curves marked i = 1, 2, 3 represent the cal-
culated yields a,„/o „. The general shape of our data
curve is in agreement with curve 2 representing
o,„/o.,2. There are, however, two discrepancies to be
noticed: (I) The calculated value for carbon is too
small, and (2) the measured Z, dependence is almost
linear (in contrast to the Z, dependence at 12-MeV o.

energies ), while the calculations show a maximum at
around Z, = 60 for 68 MeV and around Z, = 70 for
130 MeV. It should be mentioned that, by use of a
different empirical normalization factor, good agree-
ment of curve 3 and the data can be achieved for
large Z, . A constant value of a. ,/o. , for different Z,
was observed for the 6-MeV data which, according to
the authors, is due to the surface contaminations of
the target.

In Fig. 2 the energy dependence of the measured
equilibrium charge fractions for He'+ in C and Au is
shown together with results from previous He'+

measurements at lower energies. For a better com-
parison of the present data with the previous results,
the energy is given in corresponding a energies.
These are the energies E =E3 m /m3„of a parti-

He He

cles having the same velocity as 'He particles of 68,
99, and 130 MeV. The curves 1, 4, and 5 show the
calculations of a.,„/o.,2 for Au and C and o,„/o., t for
C, respectively. The empirical normalization factor
of about 0.25 for a,„ is adequate to explain low-

energy C data and the present Au data, but the

present C data are not reproduced by either cr,„/a „
or o,„/o.,q. Gillespie has performed Born-approx-
imation calculations of a, for projectiles with a single
electron in He, N2, and Ar targets. ' From
the interpolation of his result, we obtained
o-, =2.15X10 ' and 1.15&10 ' cm'/atom for He'+
in C at 68 and 130 MeV, respectively, which agree
well with our experimental results of (2.7 +0.2)
x 10 "and (1.5 +0.3) x 10 "cm'/atom correspond-
ingly. The comparison of the theories and measure-
ments of cr, of He in carbon has been discussed
elsewhere. ' Curve number 2 in Fig. 2 shows o,/o,
for He in carbon, where a-, is calculated within the
second-order Born theory and a, is the interpolated
Gillespie's calculation. The difference between the
theory and the present experimental data is signifi-
cantly reduced in curve 3, where the a, is calculated
with the strong potential method by McGuire. '

In this paper we have presented measurements of
equilibrium charge state fractions for atomic numbers
from Z, =6 to 79. From these measurements
electron-capture cross sections cr, can be determined
by using stripping cross sections which are well repro-
duced by first-order Born-approximation calculations.
It has been shown that o.,/o. , calculated from
Nilolaev's and Bohr's theory including screening ef-
fects reproduce fairly well the measured Z, depen-
dence for all Z„which allows us to use the theory to
estimate the charge equilibrium fraction in practical
use. The energy dependence of a., for C is also fairly
well reproduced by the calculations of the recent
electron-capture theory.
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