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Fully stripped and hydrogenlike Si and Cl ions, in the energy range 2-5 MeV /amu and channeled
through a 0.17-pm thick Si single crystal, were used to study the radiative electron capture (REC)
into the K shell of the ions. The associated effects due to the solid medium of the target were
also investigated from the energy and the derived cross section of the REC photons. The K-shell
REC cross sections were found to fall on a universal curve when plotted against the adiabaticity
parameter of the collision system. The measured energy shifts in the REC photon energy and the
higher yield of REC photons using crystalline targets, as compared to the available gas-target data,
are indicative of an “ion-solid-state effect” caused by the electron-wake potential. The magnitude
of these effects is shown to increase with Z/v of an ion with charge Z and velocity v, and is in
qualitative agreement with recent calculations. The REC cross sections are, however, observed to
be slightly smaller than the theoretical estimates after taking into account the effects associated
with the solid medium. The widths of the REC peaks are compared with the theoretical models.
The results of the present investigation using Si and Cl ions are presented coherently along with our
earlier data using lighter ions.
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I. INTRODUCTION

Radiative electron capture (REC) is a recombination
process in which a highly ionized moving ion captures a
quasifree electron and emits a stabilizing photon. It was
first observed in fast ion solid collisions by Schnopper
et al. [1]. Over the years it has been the subject of in-
tense experimental and theoretical investigations [2-17].
A detailed account of the REC process is required in the
description of the electron capture in high-energy heavy-
ion collisions, in order to understand the ion—solid-state
effect [15-17] and several other areas related to astro-
physics and accelerators. Very recently, the REC process
has been employed to investigate the atomic structure
of hydrogenic heavy ions [18]. From the variation of the
REC photopeak energy with the velocity of the ions, the
binding energy of the captured electron in the moving ion
has been determined. The binding energy of bound states
of such highly ionized atoms provides stringent tests for
the QED corrections to atomic theories. The REC is the
dominant electron capture process in a very high-velocity
ion-atom collision. A detailed theoretical investigation of
REC in a relativistic atomic collision has been made re-
cently [19, 20].

Within the validity of the impulse approximation, the
cross section for REC into the K shell of a swift bare ion
(atomic number Z and velocity v) per free electron can
be represented in a closed analytical form in terms of a
single parameter x and is given by [21, 22]
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Here k = Za/p is the Sommerfeld parameter, o the fine
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structure constant, and 8 = v/c. This formula, originally
given by Stobbe [21], does not include the quasibound na-
ture of the electrons in a target. The effect of a quasifree
bound electron on the REC cross section has been con-
sidered by Kleber and Jakubassa [3]. They have shown
that the cross section is seen to be approximately the
recombination cross section for a free electron as given
by Eq. (1). This equation suggests that it is possible
to compare all REC cross sections, in a generalized pic-
ture, for different projectile velocities using various ions
in terms of the quantity x. Indeed, Stohlker et al [14]
have shown that most of the available data on K-shell
REC cross sections for a wide variety of ions at various
energies when plotted against nx (nx = x~2) lie on a
smooth curve. For fully stripped ions 7x is the same as
the adiabaticity parameter, i.e., the ratio of the kinetic
energy of the electron in the projectile frame to the bind-
ing energy of the K shell of the atom. For H-like ions ng
was calculated using the screened charge Z,. = (Z —0.3),
i.e., nx = V2/Z2 where V = v /v and vy is the Bohr ve-
locity. This universality in cross section representation
which was shown to hold for ng values between 0.2 and
2.0 [14] has recently been extended to higher values of 7k,
up to 10, from REC studies involving a variety of light
ions as projectiles impinging on crystalline targets [15]
and gas targets [16].

REC processes can also be used as a sensitive probe to
investigate effects associated with the quasifree electrons
of the solid medium which are captured by the moving
ion. Spindler et al. [6] have shown that the intensity
profile in the peak region of REC distributions can be
accounted for quantitatively on the basis of proper mo-
mentum distributions of target electrons. Additionally,
REC should also be sensitive to electron density fluctua-
tions, of the quasifree electrons, created by the passage of
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a swift charged particle through the solid medium. These
electron density fluctuations dynamically screen the mov-
ing ion and the effects associated with it have been known
for quite some time [23-27]. Our earlier studies on REC
using crystalline targets [15] in fact suggest a definite
increase in the derived values of the REC cross sections
when compared with the existing gas-target data [14] cor-
responding to the same value of the adiabaticity param-
eter nx of the collision system. Furthermore, it has been
recently reported [17] and also observed by us [15] that
the REC photopeak energy is slightly lower than the ex-
pected value from simple considerations of the transition
from the valence band of the solid to the hydrogenic state
of the moving ion (see also Ref. [16]). Both these obser-
vations, originating from the differences in the physical
nature of the target, are attributed to the ion solid in-
teraction mediated by the quasibound electrons of the
medium. Recent calculations [28,29] predict the increase
in the electron density in the vicinity of the moving ion,
as well as the REC photon energy shifts, to be propor-
tional to Z/v. More measurements using a variety of
ion beams at various energies are, therefore, desirable
to test the predictions of these calculations. We have,
therefore, measured these quantities from REC studies
using Si and Cl beams at different energies and presented
these results coherently along with our earlier data using
C, O, F, and S ions. We have made use of the heavy-
ion channeling technique for these measurements as it
offers two main advantages [7, 12, 30, 31]: (i) the inhibi-
tion of close collisions between the ion and the crystal
atoms makes the REC process relatively more dominant
as the target-inner-shell x-ray production is highly sup-
pressed, and (ii) consequently, the incident charge state
of the ion is nearly preserved. In a channeling environ-
ment, therefore, ions of well-defined charge states move
in a sea of dense quasifree electrons, conditions that are
ideal for REC studies themselves as well as to probe the
associated ion—solid-state effect.

II. EXPERIMENTAL DETAILS

The details of the experimental setup have been de-
scribed elsewhere [15] and hence only necessary details
will be provided. Ion beams of 28Si and 3°Cl in the en-
ergy range between 2 and 5 MeV/amu were obtained be-
fore the BARC-TIFR Pelletron accelerator at Bombay.
A post accelerator carbon foil stripper was used to ob-
tain hydrogenic and fully stripped ions from the primary
beam [32]. The charge selected beam from the switching
magnet was collimated using two adjustable beam defin-
ing slits kept 1 m apart and at a distance of nearly 1 m
before the scattering chamber. Both slits were kept at
an opening of 0.5x0.5 mm? to obtain a nearly parallel
beam. The well collimated beam was then directed onto
a 0.17-pm-thick Si single crystal mounted on a double-
axis goniometer. The same crystal was used in the ear-
lier experiment also. The entire target chamber along
with the beam dump was used as a Faraday cup and
the charge collected was used for the beam normaliza-
tion. In addition, the scattered particles from a thin
self-supporting Au foil, kept 15 cm downstream from the

target, were registered in a Si surface barrier detector
kept at 90° to the beam direction. This provided an
independent beam normalization. Both of these proce-
dures gave the same results to within about 5%. Two
Si(Li) detectors placed outside the scattering chamber
at 55° and 135° with respect to the beam direction de-
tected the x-ray photons emitted from the collision sys-
tem. Both detectors had 165-eV energy resolution at 5.9
keV. The detectors had a 25-um-thick Be window and
were isolated from the chamber vacuum using a 24-pym
Mylar window. The efficiency of the Si(Li) detector, in
the range of 1-20 keV, was measured using the proton-
induced x-ray emission technique as well as the standard
radioactive sources [33]. It was again measured in the
present geometry using a well calibrated 24*Am source
and was found to be in good agreement with the earlier
measured value [33]. Suitable absorbers made of Mylar
foils of accurately known thickness were kept in front of
the detector to cut down the target and the projectile
x rays. For Si beams having energy lower than 77 MeV
(i.e., for REC photon energy less than ~ 4 keV) no exter-
nal absorbers were used. The total transmission through
the absorbers and the Be window was 53-83% for REC
photons from Si beams at different energies and about
75-85 % for Cl REC photons. At a few energies the data
were collected with and without the external absorber in
order to estimate the errors due to the absorption cor-
rection. The maximum error was estimated to be about
10%. Total counting rates on the x-ray detector did not
exceed 30 counts/sec for Si beams while collecting data
for REC photons in the aligned position of the crystal.
In the case of Cl beams these rates were about 50-60
counts/sec.

The thin self-supporting Si single crystal of 0.17-ym
thickness was prepared by chemical etching [34] of a 300-
pm-thick Si single crystal [(100), n-type, device grade].
Its thickness was measured accurately from the energy
loss of o particles emitted from the 24! Am source. The
(100) axis of the crystal was aligned by monitoring the
target x rays. The movement of the goniometer was con-
trolled remotely by stepper motors with the help of a PC
based control system [35]. The beam spot on the crys-
tal was changed from time to time to minimize effects
due to radiation damage. The alignment of the crystal
was checked every time either the beam or its energy was
changed. The yield of Si K x rays under well aligned con-
ditions was observed to be about 10% of that in random
directions.

III. RESULTS
A. K-shell REC cross sections

The x-ray spectra obtained using Si and Cl ions in the
region of the REC peak are shown in Fig. 1 for some
projectile energies. The K-shell REC photon peak is
well pronounced and stands out quite well above the gen-
eral background which is very essential to determine the
area under the peak reliably and accurately. Several pro-
cedures for estimating the background under the REC
peak were tried in order to minimize systematic errors in
the area determination. The uncertainties in the back-
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ground subtraction contributed mostly to the error in the
area determination, the statistical error being small. In
the case of Cl ions the REC spectra were found to be
very clean and free from any impurity contribution [see
Figs. 1(a) and 1(b)]. A small Ca contaminant was seen
in the x-ray spectra using Si ions (see Fig. 1) which did
not interfere significantly in determining the area under
the REC photopeak. However, at 112 and 99 MeV bom-
barding energy of Si ions the x rays from Ca were inside
the REC peak. Its contribution was estimated from the
spectra obtained at lower as well as higher bombarding
energies of the Si beam and accordingly corrected. This
introduces an additional error in the area determination
of the Si REC peaks, amounting to a maximum of 15%.
The errors in the REC peak determination are estimated
to be about 10% for other cases. The total K-shell REC
cross section was deduced from the measured differential
cross sections assuming sin26y,;, angular distribution for
the K-shell REC photons [36],
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FIG. 1. Typical x-ray spectra showing the REC photo-
peak using Cl and Si ions. The spectra for bare (solid lines)
and H-like (dashed lines) ions are not normalized to the same
number of incident ions.

where
do N, (3)
dQ ~ ep,N.N,’

Here 0}, is the laboratory angle at which the REC pho-
ton is detected, N, the number of counts under the REC
photopeak, ¢, the number of incident particles, and €
the total efficiency of the x-ray detector, at a given pho-
ton energy, and includes the solid angle subtended by
the target on the detector and the transmission factor
of the external absorbers used. The quantity N, is the
total number of electrons sampled by the ions moving
along the (100) axis of the Si crystal and N, the number
of K-shell vacancies carried by the incident ions. Since
all the cross-section data were collected using channeled
ions the value of N, was obtained from the respective
incident K-shell vacancies assuming them to be frozen.
Indeed the K-shell vacancies were found to be mostly
frozen as was inferred from the relative intensities of the
normal and hypersatellite components of the projectile
x rays from hydrogenic and bare incident ions that have
captured one electron [37].

To deduce the value of REC cross sections it is nec-
essary to know the average electron density distribution
along the (100) axis. For Si the bulk electron density is
7 x 102 cm~3. Assuming only loosely bound electrons
to contribute, one obtains 32 electrons per unit cell of
Si to contribute to REC (Si has eight atoms per unit
cell and four electrons in the M shell). Andriamonje et
al. [12, 38] have calculated self-consistently the electron
density distribution in a Si crystal along the (110) axis
to be 1.4 x 102® cm™3 which corresponds to 22.4 elec-
trons per unit cell. Datz et al. [39] have used a value
of 1.44x10?% cm~3 for calculating atomic cross sections
using channeled ions along the (110) axis of a Si single
crystal. We have earlier calculated [15] the electron den-
sity distribution along the (100) axis of Si using the self-
consistent field local density functional formalism and
employing the embedded molecular cluster approach to
simulate the bulk [40]. The electron density p(7) was
calculated [15, 41] using single-electron wave functions
for solid silicon and the potential (U) was deduced from
the electron density p(r). Having obtained the electronic
charge density p(7) throughout the unit cell, the aver-
aged electron density (p,) along the (100) axis per unit
cell was obtained as

a
po=3 [ o2l (4)
a Jo

where a is the lattice constant (a = 5.432 A) and the z
direction is taken along the (100) axis. Figures 2(a) and
2(b) show the contour plots of p,, and the continuum po-
tential U. The Si crystal has a diamond structure and
the channel along the (100) axis is constructed by the
closest four atomic strings parallel to the (100) direction
and passing through the four corners of a square having
dimension ﬁa where a is the lattice constant of Si. For
ions moving in the center of the channel the electron den-
sity was calculated to be 1.68x1022 cm™3 [denoted by x
in Fig. 2(b)] corresponding to 26.5 electrons per unit cell.
Taking into account the divergence of beam (estimated
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to be better than 1 mrad) in the present case, it was seen
that all the channeled particles will be confined within
the contour 2 [Fig. 2(a)] which is situated 0.33 A away
from the center of the channel or 1 A away from the near-
est atomic string. The maximum electron density sam-
pled by the ions was estimated to be 1.8 x 1023 cm™3,
i.e., 29 electrons per unit cell. We have used the aver-
age electron density of 27.7 £ 1.3 electrons per unit cell
for calculating the REC cross sections. As a check on
the present calculations, we were also able to reproduce
the continuum electron density along the (110} axis in Si
as calculated in Ref. [42]. It is worth mentioning here
that the channeled ions, considering their maximum di-
vergence, lie within contour 2 [Fig. 2(b)] which is well
outside the atomic L shell of Si. The L-shell electrons
of the target are, therefore, not expected to contribute
to the REC. This shows that the contribution to REC
in the case of channeled ions comes essentially from the
quasifree outer-shell conduction electrons.

The derived values for the K-shell REC cross section
per electron and per K-shell vacancy in the projectile are
shown in Fig. 3(a) as a function of beam energy. The er-
rors in the cross sections are estimated to be about 20%
for Cl and about 25% for Si data. These errors include
the uncertainties in the area determination, detector effi-
ciency including absorption corrections, crystal thickness
and in determining the electron density distribution. The
values obtained from fully stripped (open symbols) as
well as H-like ions (filled symbols) are shown in this fig-
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FIG. 2. (a) The map of the continuum potential averaged
along the (100) direction of Si. The contours indicated by
1 to 13 correspond to 0.27, 1.36, 2.45, 3.54, 4.62, 5.71, 6.80,
7.89, 8.98, 10.06, 11.15, 12.24, and 13.32 eV. (b) The contour
plots of the average electron density in a Si crystal averaged
along the (100) direction. The contours indicated by 1 to 10
correspond to 0.168, 0.180, 0.193, 0.205, 0.218, 0.230, 0.243,
0.255, 0.268, and 0.280 e/A%.

ure. The agreement between the values obtained using
bare and H-like projectiles is quite good. The lines in the
figure represent the calculations using Eq. (1).

The ratio (R) of REC yields (normalized to per ion and
per electron) for fully stripped and H-like ions at the same
ion velocity are also shown in Figs. 3(b) and 3(c). On a
purely statistical basis one expects a value of 2 for this
ratio since fully stripped ions have 2 K-shell vacancies.
However, small deviations are expected for several rea-
sons. (i) The small difference in the binding energies for
the fully stripped and H-like ions and hence in their ng
values, at the same ion velocity, would imply difference
in the REC cross sections. This would result in a slightly
higher value of the ratio (i.e., R >2). Using Eq. (1) the
value of R was found to be ~ 2.1 for Si, S, and Cl; ~ 2.3
for O and F, and ~ 2.4 for C ions. They were found to
be constant within ~ 3% in the present energy range.
(ii) Preservation of charge states may not be to the same
extent in both cases. (iii) Furthermore, the electron den-
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FIG.3. (a) The total K-shell REC cross sections per elec-

tron per K vacancy as a function of energy per nucleon of the
ions. The open (filled) symbols correspond to bare (H-like)
ions. The solid and dashed lines correspond to the calculated
values for Si and Cl ions, respectively, based on Eq. (1). The
apparent good agreement with the theoretical calculations is
because of the solid-state effect (see text for details, Sec. III).
(b) The ratio R of the yields for bare to H-like ions of Si, S,
and Cl as a function of energy of the ions. The dashed lines
represent the expected ratio after correcting for the binding
energy difference (see text). (c) The quantity R for C, O, and
F ions. The solid line represents the expected values for O
and F ions whereas the dotted line is for C ions.
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sity sampled by the two types of ions may be slightly
different. Though it is difficult to disentangle these ef-
fects, the overall agreement between the measured data
and the calculated ratio for Si and Cl as well as S ions is
very good, and thus signifying near preservation of ini-
tial charge states [see Fig. 3(b)]. We have also included
in this figure [Fig. 3(c)] the ratio R for C, O, and F ions
from our earlier measurements [15]. The agreement for
O and F ions between the measured and the expected
value is reasonably good. However, it can be seen that
significantly large deviation is observed in the case of C
ions [square in Fig. 3(c)]. This is attributed to a much
larger fraction of fully stripped ions when H-like C ions
are channeled. This observation is consistent with the
recent results of Krause et al. [43] who have shown that
in channeled conditions, depending on the ion energy, a
majority of the H-like C ions come out as fully stripped.

B. Electron density enhancement

The universality of the REC cross sections would allow
one to compare the data obtained for different projectiles
having the same value of nx. We have shown in Fig. 4 all
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FIG. 4. The total K-shell REC cross section per electron
per K vacancy as a function of the adiabaticity parameter 7.
The data for Si and Cl ions are from the present work. We
have also included our earlier data for C, O, F, and S ions [15].
For clarity, we have included data using fully stripped ions
only. The data of Ge on H; (open diamond), and Xe on Si
(channeling; filled diamond) and O on He-H; (filled triangles)
are taken from Refs. [14], [12], and [16], respectively. Errors
are not shown on all points for better visualization. The solid
lines represent the calculations using Eq. (1) and the dashed
line is 35% below these calculations.

the recently available data on K-shell REC cross sections
including the present work. The earlier data are taken
from Refs. [12,14-16]. We have included our earlier data
for only fully stripped ions in order to avoid too much
clustering of data points. The solid line represents the
curve obtained using Eq. (1). Most of the data points
corresponding to gas targets lie systematically below the
theoretical curve, an observation made by earlier work-
ers [14-16]. In the case of cross-section values derived
using crystalline targets the data points corresponding
to heavy ions (Z > 14) fall directly on the curve while
most data points using lighter ions (Z < 9) fall below
this curve. In fact, all the gas-target data and light-ion
channeling data fall on the dashed line (Fig. 4) which
is drawn 35% below the theoretical curve (solid line in
Fig. 4). For a better visualization, at similar nx val-
ues for the different collision systems we have shown in
Fig. 5(a) the REC cross sections for heavy ions Z > 14
derived using crystal channeling [12,15] and gas [14] tar-
gets including our present measurements with Si and Cl
ions. Although the deviations, considering the errors on
the data points, are statistically not very significant, the
systematic difference between the gas-target data and the
crystalline-target data is very obvious. In fact, the cross-
section values derived using solid targets are about 50—
100 % larger than those derived from gas targets at the
corresponding values of nx. This difference would further
increase if one corrects for about 10-15 % of the incident
ions which do not preserve their incident charge state in
the channeled conditions. The present data lend further
support to our earlier observation that there exists a dif-
ference in the derived values for the REC cross sections
depending on the physical state of the target. This is in
qualitative agreement with the expected increase in the
electron density in the vicinity of the projectile in a solid
medium [28, 29].

Figure 5(b) also shows a comparison of our crystalline-
target data on lighter ions corresponding to higher values
of nx with that of a very recent measurement of Vane et
al. [16] who have reported the REC cross-section data for
oxygen ions using hydrogen and helium gas targets. The
agreement between these two sets of data is quite good,
suggesting the gas-solid state differences to be small for
light ions (see also Fig. 4) in agreement with the theo-
retical expectations [28, 29]. It is desirable to have REC
cross-section data using gas targets for nx values varying
between ~ 0.8 and 4. Such measurements are in progress
using very heavy ions such as Pb and Au. Preliminary
results of Stohlker et al. [44] are consistent with the above
observations.

C. Energy shifts of REC photons

Small energy shifts in the REC photopeak energy, as
compared to theoretical estimates, have been reported
recently [15,17]. These shifts, observed only in solid
medium [15, 17], are attributed to the ion—solid-state ef-
fect. We have also observed in the present studies, in-
volving Si and Cl ions, that the REC peak lies below
the theoretically expected values. These shifts were ob-
tained reliably from the carefully recorded spectra with
low count rates and calibrating the detector several times
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before, during, and after the measurement using radioac-
tive sources of 24! Am, 55Fe, 57Co, and Al K fluorescence
x rays. There was no noticeable change in the calibration
of the detectors. Typical values for the Doppler shifts of
REC photons vary between 130 eV and 350 eV for 49-
133-MeV Si beams. The uncertainties in the energy shifts
were between 20-30 eV and arose mainly from peak fit-
ting procedures. The expected energy for the REC pho-
tons was calculated using the following expression:

Ergc = Ep + mc?(y — 1), (5)

where m is the electron mass, and Ep is the binding
energy of the K-shell electrons of the fully stripped or
H-like ions. The REC photopeak energy in the projectile
frame Ergc gets Doppler shifted in the laboratory frame
according to

Eg8c = Erecy ' (1 — Bcosbiap) - (6)
The binding energy for the H-like ions was taken to be
Ep =13.627, ()

and that for the He-like ions was obtained from the rela-
tion [11]

Ep(He) — Eg(H) = 0.315 — 3ZR, (8)
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FIG. 5. The total K-shell REC cross sections for ions with
(a) Z > 14 and (b) Z < 9 as a function of the adiabaticity
parameter k. The solid lines represent calculations based on
Eq. (1) and the dashed line is 35% below these calculations.
The open diamonds in both panels represent the existing gas-
target data which correspond to Ge®'* — H, [14] in (a) and
0%t — Hz/He [16] in (b). The filled diamond is taken from
Ref. [12].

where R = 1 Ry. The shifts are found to vary between 40
and 80 eV [see Fig. 6(a)] and are well beyond the mea-
suring accuracy. The agreement between the Doppler
corrected photopeak energies measured in the two detec-
tors, mounted at widely different angles of 55° and 135°
is quite good, signifying that systematic errors are small.

D. REC x-ray width

The width of the REC x-ray peak originates from the
initial momentum distribution of the target electrons
that are captured. In the present case, the electrons
contributing to the REC process are the loosely bound
outer-shell electrons of Si. The widths of the REC pho-
topeaks deduced from the Gaussian fits to the data, after
correcting for the detector resolution, are shown in Fig. 7.
In this figure the widths of Cl, S, and Si REC peaks are
plotted as a function of the ion velocity. For Si ions the
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FIG. 6. (a) The energy shift in the REC photopeak AE
as a function of Z/V of the ion for Si and Cl ions. We have
also included the data of C, O, F, and S ions from our earlier
measurements [15]. The solid line is based on the calcula-
tions by Pitarke et al. [29] which include the wake potential
contribution to the energy shifts. (b) The ratio (Rsg) of the
REC cross sections obtained using crystalline targets to those
obtained by using gas targets [14,16] as a function of Z/V of
the ions. For gas-target data the dashed line of Fig. 4 is used
(see text for details). The filled diamond was deduced using
the data for Xe ions from Ref. [12]. The data of C, O, F,
and S ions are taken from our earlier work [15]. For lighter
projectiles (Z < 17) the REC cross sections are used only for
the fully stripped ions to deduce R,,.
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widths are shown at those velocities for which the REC
peak is free from the Ca contamination.

In a simple picture the REC peak width can be viewed
as the Doppler broadening [3], i.e., the energy of the pho-
ton emitted depends on the z component (parallel to v)
of the electronic momentum in the initial state. Then
the full width at half maximum (FWHM) of the REC
photopeak §E, can be written as (3, 9]

8E = 2up;, = 2[4(m/M)Eye;]"'?, (9)

where ¢; is the average binding energy of the M-shell
electrons of the Si atom, m and M are the mass of elec-
tron and the projectile, respectively. The factor 2 is due
to the two directions of p;,. The widths derived using
this formula are shown in Fig. 7 by a dashed line which
reproduced the data quite well. It can be mentioned here
that using the Fermi energy of Si solid for €; one obtains
the widths that are slightly (~4%) less compared to the
dashed line.

Since the energy distribution of REC photons depends
on the momentum distribution of the target electrons to
be captured, the REC peak shape should depend on the
Compton profile I(p;.) of these electrons. This quantity
represents the probability of finding the electron with
momentum p;,. For a H-like atom it can be written as [3]

8a?
Lipiz) = =53 > 10
(Piz) 37(p2, + a2)° (10)

where o; = Z5*m?/hn and Z§° is the screened nuclear
charge of the Si atom as seen by the outermost electrons.
The FWHM (W) of such a profile can be written to a
very good approximation [3] as W = va;. This quan-
tity is shown by a solid line in Fig. 7. The agreement
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FIG. 7. The width of the REC photopeak as a function
of the velocity of the ion. The dashed line is obtained using
Eq. (9) and the solid line using Eq. (10). For details see text.

between the calculated values and the observed data is
reasonably good. This was also observed by Tawara et
al. [9] for F ions on a He target, and recently by Vane
et al. [16] using oxygen ions on Hy and He targets. The
widths measured for the same velocity Si, S, and Cl ions
as well as those for the H-like and bare ions are found
to be the same within the measuring accuracy. These
are consistent with the fact that the REC widths at a
given ion velocity will only depend on the momentum
distribution of the target electrons, not on the atomic
number or the charge states of these ions. As discussed
before, the bare and H-like ions having different screened
charge and hence with slightly different transverse ener-
gies may sample the quasifree electrons with slightly dif-
ferent Compton profiles. This effect may provide a slight
difference in the corresponding REC widths which are,
however, within the uncertainties shown in the figure.

IV. DISCUSSIONS

A. Solid-state effect

It is known that when a fast charged particle moves
through a solid, polarization of the medium occurs which
leads to dynamical screening by the electron gas through
a wake potential. The electrons bound to the ion are af-
fected by this screening. The enhancement of the mean
electron density of the polarized medium, which occurs
in the vicinity of the projectile, induces a potential at the
site of the projectile and is given in the linear approxi-
mation by [28, 29]

. VA wZwy

lim [d)(") - 7] = > (11)
where ¢(r) is the total wake potential of the projectile
moving in the medium and w, is the plasma frequency.
Consequently, the energy eigenvalue for the lowest state
of the hydrogenlike moving ion E¢ should be

mZwy

. (12)

1
Ef = - -2—RZ2 +
Furthermore, using the appropriate form for the dielec-
tric function, it has been shown [28, 29] that the electron
density (p) is enhanced at the ion by the amount

) :%pﬂ ) (13)

where V is in atomic units. It may be noted that the
energy shift and the density enhancement in a given
medium are proportional to Z/v.

We have shown in Fig. 6(a) the energy shifts observed
for the REC x rays for Si and Cl ions as a function of
Z|V of the ion along with our earlier results [15]. For
light ions, the results of which are taken from our earlier
published work [15], most data points fall below the zero
line indicating a small systematic error arising mostly
due to the shape of the bremsstrahlung background spec-
tra under the REC peak. For heavier ions, because
of larger REC cross sections and smaller contributions
due to bremsstrahlung this systematic error is negligible.
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Even though the energy shifts observed using lighter ions
are small and consistent with zero within the measuring
accuracy, nevertheless, they have also been included to
establish the increasing trends in the Z/v dependence of
these shifts. The data points span a region of 0.4 to 1.7
in Z/V. It is apparent that the shifts tend to increase
with Z/v of the ion. Pitarke et al. [29] have calculated
the shift in the REC peak for bare S ions in the energy
range 100-200 MeV channeled in a Si single crystal us-
ing a statistical local density approach. The calculations
have been made when the minimum impact parameter is
taken to be 0.1 A. The contribution to REC peak shift,
coming from the wake correction to the binding energy
of the captured electron [see Eq. (8)] in the case of S
ions is shown in the figure by a solid line (see Ref. [29]).
The calculated values lie systematically below the data
points for Si, S, and Cl ions. The calculation can explain
a shift of about 40-50 eV for S ions invoking the wake
effect. According to Pitarke et al. [29] the rest of the shift
(~ 30-40 eV) could be explained by assuming a substan-
tial amount of electrons being captured from the L shell
in a low impact parameter (~ 0.1 A) collision which is
not a valid assumption in the present case as discussed
in Sec. IITA.

The differences in the REC cross-section values be-
tween gas and solid targets are larger for heavier ions
(Z > 14) as compared to light ions Z < 9 (see Fig. 5).
This is more apparent from Fig. 6(b) in which we have
plotted, as a function of Z/V of the ion, the ratio of the
derived value of the REC cross sections using solid tar-
gets with that using gas targets. Since the corresponding
gas data are not available for all the solid target data,
we have used a value which is 35% smaller than the the-
oretical value for the gas data. This is fully justified as
most gas-target data for Ge and O ions for 7k values
varying from 0.3 to 10 lie on this curve (see Fig. 4). The
errors shown in the ratio reflect the errors in the solid
target data. The scaling of the cross sections with Z/v
of the ion is in agreement with Eq. (13). As seen from
Fig. 6(b) the data points are clustered around two values
of Z/V, 0.6 and 1.3, corresponding to the light and heavy
ions, respectively. The average value of the ratio is close
to unity for light ions while significant deviations are ob-
served for heavy ions. On an average the enhancement in
the REC cross section values observed is about 70% over
that of gas targets. The maximum enhancement is shown
to be a factor of 2 which is considerably smaller than
the expected electron density enhancement as predicted
by the theoretical consideration [see Eq. (13)]. The ob-
served enhancement demonstrates the sensitivity of the
REC process for probing such solid-state effects on the
moving ions.

B. REC cross section

As has been discussed earlier, the K-shell REC cross
sections using the gas-target data and the data using light
channel ions, where one does not expect a significant
ion-solid-state effect, fall on a universal curve (Fig. 4)
that lies about 35% below the theoretical calculations
[Eq. (1)]. Such deviations from theory were also sug-
gested by us from our earlier studies [15] using C, O, and
F ions and more recently by Vane et al. [16] using oxygen-
ion data and by Stohlker et al. [14] for Ge ions. These
deviations may be attributed to the quasifree nature of
the electrons captured. Detailed calculations are required
to ascertain its validity for quasibound electrons.

It should be mentioned here that one also expects to
see in the present measurements a REC photon peak cor-
responding to the capture in the L shell of the projectile.
We did, however, see a small peak at the expected energy
corresponding to the L-shell REC x ray for 133-MeV Si
ions, which merged into the projectile x-ray peak at lower
bombarding energies (see Fig. 1). The intensity of this
peak was, however, below the expected intensity taking
into account the loss of intensity due to absorption in
external absorbers.

V. CONCLUSION

We have measured the cross sections for REC into the
K shell of several bare and H-like projectiles at different
energies using the channeling technique. All the REC
cross sections are presented for comparison as a univer-
sal function of a scaled variable ng. The cross-section
values obtained in the present work using channeled ions
when compared with the existing gas-target data suggest
a solid-state effect that manifests itself as a dynamical
screening of the ions due to the enhancement of electron
density at the projectile site. The resulting wake po-
tential acting on the ions could explain qualitatively the
Z /v dependent shifts in the REC photopeak energies al-
though the electron density enhancements are shown to
be considerably smaller compared to the theoretical pre-
dictions [29]. The K-shell REC cross sections are found
to be slightly smaller than the theoretical estimates [21,
22]. The REC x-ray widths can be understood in terms
of the existing models.
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