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Abstract. Interaction of radiation with helium atoms and/or ions is of interest in various astrophysical
applications. The reverse reactions of fast 150 MeV /amu 3He*™ ions with solid C targets have been studied
at the isochronous cyclotron of the RCNP in Osaka. The singly ionized helium ions resulting from capture
of the target electrons to the projectile were observed with the use of large magnetic spectrograph, Grand
Raiden, set at & = 0° with respect to the beam. The yield ratios of singly-to-doubly ionized helium
ions emerging from thin carbon foils, He* /He* ™", have been measured as a function of the foil thickness.
Extrapolating the results to zero target thickness permits to determine the cross section values separately
for electron stripping from 3He™ ions and for electron capture to *He'™ ions. The radiative and non-
radiative contributions to the capture cross section were determined in a separate experiment in which
the 84 keV (C.M.) photons were observed in coincidence with the He™ ejectiles. The results are compared
with theoretical predictions. Need for improved calculations is noted for all the three processes involved,
i.e. for the radiative and non radiative electron capture as well as for the electron stripping.

PACS. 25.40.Lw Radiative capture — 34.70.4-e Charge transfer

1 Introduction predicts:

ZZ
TQT? : (1)

DU
where ogrrrp is the stripping cross section, v is the pro-
jectile velocity.

The ionization cross section for fast ions interacting

with multi electron target atoms requires more precise the-
ory. The quantum description of the stripping process was

given by Gillespie [3,4]:

. . . . OSTRIP X
The main processes occurring during the passage of ions

through matter are the electron capture from the target to
the vacant states of the projectile and the ionization (strip-
ping) of the bound electrons from the passing ion (see [1]
for a general review). Cross sections for these processes
depend sharply on the velocity of the projectile as well as
on the atomic number of the projectile and of the target.
There seems to be no satisfactory theoretical description
of the ionization process for fast projectiles. Rather crude I
approximations are used, applicable in limited energy and OSTRIP X W2
Zr, Zp ranges, where Zr, Zp are the atomic numbers of

(2)

the target atom and of the projectile, respectively. The
classical Bohr theory [2] for low Z7 and not very fast ions
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where [ is the collision strength. A phenomenological ex-
pression for I(Zr) can be found in [5].

Two very different mechanisms contribute to the elec-
tron capture: the radiative one, in which the excess energy
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is carried away by a photon, and the non-radiative one,
NREC. Because of the conservation laws the latter process
can occur only for the capture of electrons bound in the
target atom. The competing radiative transfer of bound
atomic electrons is referred to as the Radiative Recombi-
nation, RR, while the capture of free electrons is called the
Radiative Electron Capture, REC. The REC process can
be considered as the time-reversed photoelectric effect on
the partly ionized projectile atom. The REC cross section,
ORrREC, grows quickly with Zp and decreases rapidly with
v. For high but non-relativistic projectile energy:

7 Z4.5
OREC X TU5P : (3)

In contrast, the NREC process occurs mainly at the ve-

locity matching condition v ~ v., where v, is the velocity

of the captured electron, bound in the target atom. For
V > Vel s
VAYA

ONREC X lT}HP . (4)

A simple approach to describe the non-radiative electron
capture cross section is the Oppenheimer-Brinkmann-
Kramer (OBK) theory [1]. The screening corrections are
included in [6, 7], while the relativistic effects are described
in [1]. Because of the sharp dependence of electron capture
cross section on velocity as well as on Zp the measure-
ments for fast light ions are difficult and require very re-
fined techniques. Recent experimental information on in-
teraction of fast helium ions with various gaseous and solid
targets can be found in [8,9]. The authors have measured
the stripping and the capture cross section for *He ions
with energies up to 43.4MeV /amu. The occap/osTrIP
ratios were measured for a number of thick targets in [5].
The present work extends this information to much higher
3He energy, 150 MeV /amu, for Z7 = 6. This is the first
measurement for such high-energy light projectile. Pre-
liminary results were published in [10,11]. Similar mea-
surements for Zp = 79 are described in [12]. The present
results are compared with theoretical capture and strip-
ping cross sections.

2 Experiment
2.1 Total capture and stripping cross sections

There is a huge difference in the magnitude of stripping
and capture cross sections for a fast light ion traversing
a solid. As a result, the electron captured by the ion in
one collision is very quickly lost in the subsequent one. In
effect, the charge state of the ion reaches the equilibrium
conditions in very thin layers of the solid. In order to de-
termine the interaction cross sections the target thickness
used has to be significantly smaller than the equilibrium
thickness. This is of the order of 100 ug/cm? for solid car-
bon. A method to determine the total capture as well as
the stripping cross section is to carry out an extrapolation
experiment in which the yield ratio, Y/ (*He™)/Y (*He*),
of the singly-to-doubly ionized He ions emerging from the
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Fig. 1. The measured Y (®He™)/Y (*He™ ™) yield ratio as a
function of target thickness for C target. The errors are statis-
tical only. The curve is a fit of eq. (6) to the data.

target is measured as a function of the target thickness.
For thicknesses larger than the saturation value, x 5.+, this
ratio is equal to the cross section ratio [5]:

Y (3He™)
Y(3He++)

Extrapolating the yield ratio to zero target thickness per-
mits to separately determine the respective cross section
values.

The 3Hett beam has been accelerated to
150MeV/amu in the AVP cyclotron at the Research
Center for Nuclear Physics (RCNP) in Osaka. The
experimental set-up was identical to that used to study
the (®He, t) nuclear charge exchange reactions [13]. The
singly ionized 3Het ions were detected together with
tritons in the focal plane of the magnetic spectrometer
Grand Raiden, set at 0° with respect to the beam. The
3Hett beam was fully intercepted by a Faraday cup
placed in the first dipole magnet of the spectrometer. The
intensity ratio of singly-to-doubly ionized helium ions
leaving the carbon target was measured as a function of
the target thickness (fig. 1). Carbon targets: 3, 5.6, 13,
13.1, 21, 65, 102, 2000, 3000 ug/cm? thick were used.
The errors in thicknesses were estimated to be between 5
and 10%. Two sets of data were obtained under largely
changed spectrograph settings used in the singles and
coincidence experiments. A very satisfactory matching
of these sets is observed. This builds up confidence in
the proper reduction of possible systematic errors. The
capture and stripping cross sections can be determined
by fitting the simple function to the measured yield ratio
versus target thickness:

OCAP
(x> Tgqr) = ————. (5)
OSTRIP

Y (3Het)
m =a [1 — exp(—bx)] 5 (6)
where a = gCcAP ~ ZCAP_ cross section ratio,
OSTRIP+0CAP OSTRIP

b=osrriP +0cap ~ 0sTrIP, and x denotes the target
thickness in ug/ cm? multiplied by the number density of
the target atoms. The implicit assumption for egs. (5)
and (6) is that the change in the 3Het™ intensity after

penetrating the target foil is negligible.
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Fig. 2. The coincidence REC photon spectra.

2.2 Coincidence experiment

The extrapolation experiment measures the total electron
capture cross section which is the sum of the non-radiative
and radiative components

OCAP = OREC + ONREC-

(7)

The relative contributions of these components can be de-
termined in a coincidence experiment in which the He™
ejectiles are registered in coincidence with the REC pho-
tons. Neglecting the electron binding energy in helium ion
the energy of these photons corresponds to the energy
of electrons in the centre-of-mass system of the projec-
tile. The REC photons were measured in coincidence with
3He* ions by the Ge detectors set at # = 80° and 6 = 130°
with respect to the beam. The centre-of-mass energy is
Erpc = 84keV. Figure 2 shows the measured spectra.
The REC photons are strongly anisotropic [14,15]. In or-
der to correct for this effect the coincidence yields were
analysed according to the formula:

OREC _ N(REC) (8)

Otot (3/2)e sin? ON (3Het+)
where Y(REC) is the coincidence photon yield, Y (3He ™)
is the beam intensity, # is the angle between the direction

of observation and the direction of the beam and ¢ is the
efficiency of the photon detection.

3 Results and discussion

The measured values for the three cross sections are:
OSTRIP — (821 + 60) ]c(b7
orpc = (64 £ 12) ub,
ONREC — (47 + 8) ,U,b
These values are compared below with the respective
theoretical predictions.
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Fig. 3. The experimental (points) and calculated electron
stripping cross section (a) and collision strength (b) as a func-
tion of ion velocity, in units of vy = 2.19 - 10® cm/s. The solid
line is Gillespie, the dotted and dashed lines are Bohr, approx-
imations for medium- and low-Z targets, respectively.

3.1 Electron stripping from Het ions

The existing data on the stripping cross section in the en-
ergy range 17.3-43.3 MeV /amu together with the present
value at 150 MeV /amu are collected in fig. 3a. The theo-
retical values calculated according to Bohr and Gillespie
approximations are included for comparison. Figure 3b
shows the same data in the collision strength representa-
tion. None of the theories used reproduces the data in a
satisfactory way; the deviation of the Gillespie approxi-
mation, though suggestive, is not very significant for this
light target.

3.2 Non-radiative electron capture

The earlier experiments determining the total capture
cross sections for Het™ jons have been done [8,9] in the en-
ergy range 17.3-43.3 MeV /amu. At these low energies the
capture is strongly dominated by the non-radiative pro-
cess and the radiative electron capture can be neglected.
Figure 4 presents these data together with the present
value for oyrpc at 150MeV /amu as a function of the
projectile velocity. The data are compared with theoret-
ical calculations. The predictions of Nikolaev underesti-
mate the effect dramatically. The discrepancy increases
with velocity. The second order Oppenheimer-Brinkmann-
Krammer (B2) approximation [1] yields values close to
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Fig. 4. The experimental (points) and calculated electron cap-
ture cross section as a function of projectile velocity. The solid
line is from eikonal theory, dotted line is from OBK and dash-
dot line from B2 approximations, dashed line refers to Nikolaev
formula.

the experiment though it slightly underestimates the ef-
fect at high velocity, while the refined eikonal theory devi-
ates from the data in opposite direction with the velocity
increasing.

3.3 Radiative electron capture

The radiative electron capture has never been measured
for as light a projectile as helium. The present value can be
compared with theoretical one calculated relativistically
for all the shells: orpc = 130 ub.

The non-relativistic analytical expression of Eichler [1]
gives a lower value of 111 ub. The implicit assumption is
that the electron in the carbon target can be considered as
free and uncorrelated. The assumption seems to be plau-
sible at the high helium velocity. It remains to be seen
whether the rather large difference between the calculated
and the experimental value can be related to the difference
between the radiative recombination effect for Het* - C
and the REC effect for free electrons.

4 Radiative electron capture by fast
projectiles vs. the adiabaticity parameter

The available systematics [15] of REC cross section for
projectiles ranging from light ones up to as heavy as the
hydrogen-like uranium shown in fig. 5 can be presented in
the form of a universal curve as a function of the adia-

baticity parameter:
v\ 2
=(—), 9
0=(2) 0

where v, denotes the captured electron velocity in the pro-
jectile. The earlier data, obtained mainly for very heavy
projectiles, correspond to n < 10 and to orgc > 1 b.
The present experiment extends this picture till » = 1500
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Fig. 5. The REC electron capture cross section per target
electron measured for bare ions in collisions with light target
atoms. The results are plotted as a function of the adiabaticity
parameter and compared with the result of the Dipole Approx-
imation (DA) theory.

and to the cross section several orders of magnitude lower,
orec = (644 12) ub. The theoretical value is about twice
larger.

5 Summary and conclusions

Cross sections for the three main processes occurring for
He ions traversing solid carbon have been determined at
150 MeV /amu bombarding energy. The processes in ques-
tion are the stripping of electron from singly charged He
ions, He™, and the radiative and non-radiative capture of
electrons from the target to the vacant states in the He™™"
ions. This measurement, done at the highest bombarding
energy ever used for such light ions, was feasible thanks
to the use of advanced techniques of the modern nuclear
physics. The results significantly extend the systematics
of cross section versus energy data for all the three pro-
cesses and permit to test the theoretical predictions in a
sensitive region. Analysis of this systematics results in the
following statements:

— There is no theory available to satisfactorily describe
the energy dependence of the stripping cross section.

— The non-radiative electron capture from carbon to
Het™ ions is more closely described by the relatively
simple second order Oppenheimer-Brinkmann-Kramer ap-
proximation than by the more sophisticated eikonal the-
ory. The latter seems to fail at high projectile velocities.

— The measured cross section for radiative transfer of
the bound electron from the carbon target to the helium
projectile is factor of two smaller than that calculated un-
der the assumption of the REC process i.e. of the free
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electrons being captured in the time-reversed photoelec-
tric effect. This is the first and the only measurement
for radiative process, be it the Radiative Recombination
or the Radiative Electron Capture, for such a light pro-
jectile at high adiabaticity parameter. Naively, the two
processes should be practically identical at high energies.
There might, however, be some constraints due to, e.g.,
the angular momentum coupling, which change the ra-
diative recombination probability in comparison with the
probability of free electron capture. The similarity of the
binding energies in carbon atoms and in He™ ions should
also be noted. Clearly, there is a need for more studies of
this difficult to measure, yet highly interesting effect.

The interaction of helium ions with free electrons is
of primary astrophysical interest [10,16]. The REC pho-
tons due to radiative electron capture by bare He™™ ions
may provide an observable for detecting these ions in the
intergalactic space [17]. The fully ionized matter is oth-
erwise unobservable by the usual optical methods. The
present experiment yields the cross section value for this
process in the observationally most interesting region of
E(electron) < 100keV.
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