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Radiative electron capture by high-energy oxygen ious in hydrogen and helium
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X rays produced in the collisions of 94-222-MeV 0 + ions with H2 and He targets have been mea-

sured. Resulting spectra have been analyzed to determine absolute yields, profile widths, and energies
for x rays emitted in the process of radiative electron capture (REC). These measurements are compared
with predictions based on impulse-approximation calculations, using di6'erential cross sections for radia-
tive recombination (RR) folded with target Compton profiles. Measured absolute peak energy positions
and profiles are found to be in good agreement with these simple theoretical estimates. Cross sections
derived from REC yields are compared with other measurements and with theoretical RR values. A
small systematic discrepancy between experimental and theoretical cross sections is noted.

PACS number(s): 34.70.+e

I. INTRODUCTION

X-ray spectra observed in fast heavy-ion collisions con-
sist of discrete energy, characteristic projectile, and tar-
get x-ray lines superimposed on a continuum background
arising mainly from primary- and secondary-electron
bremsstrahlung. In addition to these features, broad
peaks appear in the spectra which originate from photons
emitted during direct transfer of slow target (8) electrons
to bound states of the moving projectile ion ( A ) in the re-
action

He++8 —+A'~ "+(n)+8++%co(nREc) .

This last process has been called radiative electron cap-
ture (REC) and is further categorized by explicitly identi-
fying the final-state atomic shell (n„Ec ); e.g., E REC cor-
responds to x rays emitted in transfer of electrons to the
ion's E shell, L REC transfer to the L shell, etc.

Radiative electron capture is closely related to the fun-
damental neutralization process of radiative recombina-
tion (RR) [1],in which a free electron is transferred into a
bound state of a positive ion, with simultaneous emission
of a momentum- and energy-conserving photon acting as
the necessary third body. Radiative recombination is the
exact inverse of the photoelectric efFect. REC is dis-
tinguished from RR in that the active electron in REC
initially occupies a bound state in the target.

E REC was first observed by Schnopper et al. [2] in
1972. Since then, many experimental studies of REC
have been reported for a wide variety of conditions, in
gas and solid targets [3—10]. Substantial theoretical in-
terest has also resulted [11—14]. There remain, however,
several unsettled discrepancies between experiments and
theory. In particular, precise absolute measurements of
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(E +E )=—'m U+v p E—
where m, is the electron mass, v is the projectile veloci-
ty, and ET is the positive binding energy of the electron
in its initial state.

When the ion's velocity is significantly greater than the
average orbital speed of the target electron, the impulse
approximation is often applied [17]. Weakly bound elec-
trons are then treated as quasifree, with relative kinetic
energies E„& distributed about —,'m, v, according to the
probability profile of the initial target electron momen-
tum distribution. The REC energy, at the peak of the
distribution, is then given by

&~aEc EJ +ED (3)

where Eo= —,'m, v . Within this approximation, E REC

E REC peak positions for bare ions channeled through
thin single crystals have exhibited small shifts toward
lower energy than predicted by simple energy-
conservation considerations [15]. Measured cross sec-
tions for heavy ions in H2 and He gas targets have also
tended to lie 20—30go lower than expected [16]. Our
motivation for the work reported here was to test wheth-
er or not these discrepancies remained in REC data from
gas targets and for previously unexplored regions of ion
charge and energy.

The REC process is most easily described in the rest
frame of the moving ions. In that frame, the energy of
each REC photon is given (nonrelativistically) by energy
conservation as

—EBE+(EKE+EPE ) (1)

where E is the binding energy of the active electron in
the projectile final state and (E t +ET ) is the electron's
initial total energy, relative to the projectile. The relative
energy for a given (unperturbed) target electron momen-
tum pT is (nonrelativistically)
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observed in ion-induced x-ray spectra then corresponds,
within this model, to a fold of the RR process with the
momentum distribution of the electrons being captured.
The 5 function in Eq. (4) ensures energy conservation as
specified in Eqs. (1) and (2). For narrow target distribu-
tions, where "narrow" means that [do Ra/d Q] varies lit-
tle over the relevant momentum width, [do RR/dQ] may
be replaced with its central value at Eo and removed
from the integral:

d OREC doRR
2

dQd~. dQ

X5(RcoREc—E„i Ep +Er )—

The remaining integral is just the target Compton profile
[18],divided by U . The shape of the E REC peak should
therefore mimic the Compton profile for a given target,
with some minor distortion due to variation of the cap-
ture probability over the profile width. The peak energy
is given in Eq. (3), since the Compton profile normally
maximizes sharply at vp pT=0.

In the laboratory frame, x rays emitted from the pro-
jectile are energy shifted according to the relativistic
Doppler equation as

fico(,b =fico/y(1 —P cosol ), (6)

where y=(1 —P )
'~ . The REC peak is shifted in ener-

gy and slightly distorted by this effect. The observed
REC peak is also shifted and distorted by effects of the
underlying continuum x rays, which arise from two main
bremsstrahlung contributions. Up to a photon energy of
—

—,'m, u, the dominant source of background is from
bremsstrahlung radiation produced in direct Coulomb
scattering of target electrons from the massive projectile
ions. This process is termed primary bremsstrahlung
(PB) and extends up to an endpoint energy given by the
relative energy of the target electrons measured with
respect to the ion. Alternatively, PB may be viewed as

by a bare ion from a target with electron momentum
wave function Vr(pT) may be expressed in terms of the
RR cross section [doR„/dQ] at laboratory angle 01
given by Bethe and Salpeter [1]as

2
«ORETC 2 «RR
dQdh'co I 1Q rel

X5(AcoREc E«, E~—+ET ),

radiative capture into continuum states of the projectile.
The PB spectrum has been calculated in the plane-wave
Born approximation by Heitler [19] and is treated by
Bethe and Salpeter [1],and has the forin

=6.28X10 (cm /eVsr)
—23 2
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where E„~ and AcopB are given in units of eV. The last
term in Eq. (7) is a linear approximation polarization fac-
tor. Like REC, the shape of the PB spectrum near its
end point reflects the momentum distribution of the tar-
get electrons.

Significantly above —
—,'m, u, another process, called

secondary electron bremsstrahlung (SEB), dominates. In
SEB target electrons scattered up to energies -4( —,'m, vz )

may subsequently radiatively rescatter from target atoms
or from atoms in the walls of the gas cell. From previous
measurements and calculations [19], SEB intensities are
expected to be weak for H2 and He targets and to de-
crease slowly and smoothly with photon energy. SEB
backgrounds then have little effect on REC peak shapes
and positions, while PB intensities, which vary rapidly
near the low-energy wing of the REC peak for light ions,
have significantly greater effect.

The relative and absolute yields of PB, SEB, and REC
x rays depend strongly on the angle of observation. For
nonrelativistic energies P«1, dcr„a/dQ from Eq. (4)
varies as -sin HL . PB yields have a similar angular dis-

tribution, while SEB x rays are expected to be distributed
nearly uniformly [19]. Accurate ineasurements of REC
yields require proper accounting for the PB and SEB
backgrounds.

In this work, we report measurements made of K REC
x rays produced in collisions of 100—225-MeV 0 + ions
with H2 and He in a closed target cell. Centroid energies
of the REC peaks observed are compared with theory in-

corporating corrections for a number of substantial ener-

gy shifting mechanisms. The E-she11 binding energy for
0 + (ls) is extracted from these corrected peak energies
and compared with calculations. Measured REC peak
profile widths are compared with widths calculated using
Hartree-Fock Compton profiles for H and He [20]. Fi-
nally, K REC cross sections are extracted from measured
x-ray yields and compared with other recent high-energy
measurements [16],and with estimates based on calculat-
ed RR cross sections. Except for a general unexplained
20—30% lower than expected cross section, our measure-
ments of REC energies, profile widths, and yields agree
we11 with theory.
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II. EXPERIMENTAL METHODS

Fully stripped 100—225-MeV 0 ions from the Holifield
Heavy Ion Research Facility 25-MV Tandem accelerator
located at Oak Ridge National Laboratory were passed
through a closed cell containing H2 and He target gases.
X rays emitted were measured using a Si(Li) detector.
Transmitted ions were collected in a biased Faraday cup
and charge was accumulated, digitized, and converted to
the total number of collected ions for normalization of
detected x rays. A schematic of the apparatus is shown
in Fig. 1.

Oxygen ions were accelerated, stripped of their elec-
trons, and magnetically selected using a 90' analyzing
magnet with an absolute energy resolution of (0.1%
[21]. The resulting beams were collimated to less than
2-mrad divergence by a pair of 3-mm-diam apertures
separated by 2 m, the last located 0.5 m upstream of the
target cell. The ions were collected in a deep, secondary
electron suppressed Faraday cup located 0.7 m down-
stream of the gas cell. Typical beam currents used were
5 —20 nA.

Entrance and exit to the gas cell were sealed by rolled
0.2-mg/cm aluminum foils. The foil thickness was
determined by direct weighting and by conversion from
measured energy loss of 5.8-MeV Cm a particles
through use of the tabulated stopping power [22). Gas
pressures were varied between 0 and 30 Torr and mea-
sured using a calibrated %allace and Tiernan Bourdon
gauge. Ion energy losses in the gas cell entrance window
varied from 6.3 MeV at 100 MeV to 3.5 MeU at 225
MeV, as calculated using sTopx [23], a computer pro-
gram which incorporates Ref. [22] stopping powers in
numerical integration calculations of total energy loss.
The calculated losses are expected to be accurate to
better than +10% [22]. Mean energy loss in the gas tar-
gets never exceeded 0.2 MeV.

Contamination of the bare 0 + beam by one-electron
ions formed in the window and gas by electron capture
was calculated at each energy using tabulated equilibrium
charge state fractions from Wittkower and Betz [24].
The expected 0 + fraction at the center of the cell varied
from 85% to 100 MeV to more than 98% at 225 MeV.

A slotted aluminum and lead x-ray collimator assembly
located at right angles to the beam limited detection of

HHIRF
25 MV

TANDEM

ANALYZING
MAGNET

do REc
NREc= nxN;,„bQ(HL )pr. lTn, D,ir(ficoaEc) .

dQ
(8)

Here nz is the number of K vacancies per ion, n, is the
number of target electrons in each target atom or mole-
cule, and D, (ifruo~ s)cis the detection efficiency. Invert-

ing Eq. (8), we derive the REC cross section at HI from
the yield per ion ( Naa/ c„N„,) and other measured quan-

tities as

x rays to those originating from the central 3.8 mm of
ion-target gas interaction volume and to emission angles
of 89.1 +2.5 . The source volume and range of included
angles were measured using a laser beam aligned through
the ion collimators and reflecting from a front surface
mirror mounted on a translatable goniometer at the
center of the gas cell. The solid angle accepted by the
collimator and subtended by the detector was 3.75 X 10
sr.

X rays were detected in a liquid-nitrogen-cooled Si(Li)
detector with an active detector area of 12.5 mm . sig-
nals were processed employing standard nuclear electron-
ic techniques and stored using a multichannel analyzer.
Energy calibration (to an accuracy of +5 eV) was per-
formed using Fe and 'Am radioactive sources and Al
K x rays from fluorescence by Mn x rays. Total ion in-

duced x-ray count rates were maintained at less than
200/sec to avoid pulse pileup spectral distortion effects

and to minimize acquisition dead time. Energy positions
of background characteristic x rays from Al, Fe, Ni, and
Pb, arising from scattered particles striking the stainless-
steel walls of the target cell and the x-ray collimator were
monitored during data acquisition to ensure stability of
the energy calibration. The system energy resolution was
measured to be 165 eV, full width at half maximum
(FWHM), at 5.9 keV.

Low-energy x rays (e.g., oxygen K x rays) were ab-
sorbed in the Si(Li) detector entrance window (7.6-pm-
thick Be) and in the detector 500-A-thick front-surface

0

gold contact and a 3000-A-thick silicon dead layer.
Correcting for these absorption effects using tabulated
mass-absorption cross sections [25], the detection
efficiency was calculated to vary from 25% for 1.0-keV x
rays to )98% for 10.0-keV x rays. Peak energies of E
REC x rays of interest here varied from -4 to 8 keV, a
region in which Si(Li) efficiency remains fairly constant
and high (88—94%).

The number of K REC photons Nzzc, detected in solid
angle EQ(HL ) centered at angle HL for N;,„0+ ions
passing through a target atomic density pT and length lT
is given by

100- 225 MeV
08+ IONS

APERTURES

GAS CELL FARADAY
CUP

I,
I

I

X-RAY
0LLIMATOR

d~REC NREC /Nions

d Q(HI ) EQ(HL )prlrn, D,s(Picots ac)nx
(9)

According to Eq. (4), the total K REC cross section is re-
lated to the differential cross section at 90' by

FIG. 1. Schematic of experimental apparatus.

8m REc
REC

90
(10)
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III. RESULTS AND DISCUSSION

Typical x-ray spectra obtained for 0 + + H2 are
shown in Fig. 2 for ion energies at the gas cell center of
93.7, 135, 186, and 213 MeV. These data have been
corrected for small backgrounds observed at zero gas
pressure, generated by scattering of the ions from the Al
gas cell window. The remaining Al K and Pb M lines ap-
pearing near 1.5 and 2.3—3.1 keV, respectively, arise
mainly from recoiling target atoms which strike the Al
and Pb collimator located directly in front of the Si(Li)
detector. Oxygen K REC peaks for all four beam ener-
gies are also indicated in the figure. Measurements were
made at several gas pressures from 0 to 30 Torr to estab-
lish linearity of x-ray yields. Similar spectra were ob-
tained for He targets at energies of 93.7, 135, 186, 212,
and 222 MeV.

Spectral data were first corrected for detector eSciency
variation as a function of x-ray energy. The spectra were
then least-squares fitted with Gaussian line shapes to ac-
count for the Al and Pb lines, with a continuum Pb
theoretical component according to Eq. (7), and with an
exponentially decreasing background chosen to simulate
continuum SEB contributions. K REC peaks were simul-
taneously fitted, assuming peaks shapes given by asym-
metric Gaussians with exponential tails. The K REC
peak positions, low- and high-energy half widths at half
maximum, and areas above background were output
from the fits. We note that significant continua back-
ground appear to extend in the data, all the way up to the
low energy tails of the REC peaks. This is at first surpris-
ing, as the major backgrounds, PB, should have end
points lying E below the E REC peaks (e.g. , -870 eV
below the E REC peak). The dashed curve in Fig. 2
shows the PB spectrum expected from Eq. (7) for 93.7-
MeV ions. SEB backgrounds are expected to be weak
and smoothly varying and cannot account for the deficit
in the regions just below the REC peaks.

As Andersson and Burgdorfer [26] have recently point-
ed out, contributions of REC to excited states (i.e., L

REC, M REC, etc.) up to the continuum limit can ac-
count for a significant fraction of the total radiative cap-
ture. For energetic light ions, the projectile binding-
energy contributions Ez (n) to n REC energies are rela-
tively small and separations between x rays from capture
to various n levels are unresolved because of larger intrin-
sic target Compton widths. X-ray contributions for all n

REC therefore "pile up" in the region between the K
REC peak and the expected PB shoulder.

As noted above, K REC shapes should mimic the tar-
get Compton profile, so that REC peaks from He are ex-
pected to be broader than for H2. A direct comparison of
measured spectra for 100-MeV incident ions (93.7 MeV
at the gas cell center) is given in Fig. 3. Data shown
there have been corrected for energy-dependent detector
eSciency and for gas-out backgrounds. Results of a
simulation of the H2 spectrum are indicated by the solid
curve. The calculated spectrum was generated by folding
the H2 Compton profile [20] with doita/dQ from Eq. (4)
and adding contributions for PB and SEB. Effects of n

REC were included by adding 1/n -intensity scaled REC
profiles, shifted down in energy from the K REC peak ac-
cording to n E (Is). Figure 4 shows FWHM widths
taken from fits to the measured K REC peak data as a
function of ion energy, after corrections for broadening
due to detector resolution and for minor Doppler
broadening (e.g., (75 eV at 135 MeV) from the finite
opening angle subtended by the detector and the extend-
ed source. The solid curves display widths extracted
from similar fits of REC profiles calculated using
Hartree-Fock Compton profiles for H2 and He [20]. Un-
like previous measurements by Tawara, Richard, and
Kawatsura [6] for 15—40-MeV F +' + + He, we find ex-
cellent agreement with calculated values over this energy
range. We note that widths obtained using simple 1s hy-
drogenic Compton profiles calculated using the He ion-
ization energy (24.6 eV) lead to significantly narrower
peak widths than those observed here.
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FIG. 2. X-ray spectra uncorrected for detector efficiency
variations, for incident 100-, 140-, 190-, and 216-MeV 0 + ions
and H2 target gas. The background continuum of PB and SEB x
rays calculated from Eq. {7)is displayed by the smooth curve for
100-MeV ions.

FIG. 3. X-ray spectra corrected for detector efficiency varia-
tion for incident 100-MeV 0'+ ions and H2 and He targets. The
ion energy at the gas cell center is 93.7 MeV. The solid curve
shows simulation results, with additional contributions from n

REC included as indicated in the text.
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TABLE I. Corrections to apparent 0'++H2 E REC peak
energy position as described in the text. E~ (1s) is the 0 +(1s)
binding energy derived from the corrected measured REC peak
energy fuoRsc

' through Eq. (11). Unless indicated, energies
are in units of eV.
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FIG. 4. Measured FWHM widths of E REC peaks for H2
and He targets corrected for finite detector resolution broaden-
ing. Smooth curves display results of widths calculated from
Hartree-Fock Compton profiles.

E~ loss
Doppler
d CTRR/d %CO

n REC
0 + contamination
D,N

wcorrected
rc&REC

~REC

E, (1s)

—222
—18
—22
—2
—4
+3

4288
4285

874

—176
—37
—22
—5
—4
+3

5652
5651

872

—139
—70
—21
—6
—3

0

7373
7370

875

—125
—92
—18
—12
—3

0

8267
8262

876

The REC peak-energy position varies nearly linearly
with ion energy as expected from Eq. (3}. However, the
precise absolute peak energy observed is shifted from the
simple value one might expect by a number of different
mechanisms, most of which lead to a reduction in the
measured value. We have calculated the magnitudes for
each of these effects at each beam energy for both targets
and tabulate the results in Tables I and II. The individu-
al shifts are described below for 135-MeV 0 + + H2.

The most important REC peak shift and uncertainty
occurs because of ion energy loss in the gas cell entrance
window. At an incident ion energy E of 140 MeV and
30 Torr gas pressure, the ion energy loss at the center of
the cell is calculated to be 5. 1+0.7 MeV. This results in
a decrease of 176+24 eV in the mean relative energy of
electrons as viewed by the ion, and, therefore in the ener-

gy of each REC photon. The next most significant effect
is the relativistic Doppler shift. At a mean observation
angle of 89.1, REC x rays emitted from 135-MeV projec-
tiles are shifted downward in the laboratory frame by—0.7%, or —37 eV. Variation of this shift over the ob-
servation opening angle is small. The third most impor-
tant peak shifting mechanism is distortion arising from
variation of the RR differential cross section across the
target momentum distribution. We have estimated these
shifts from results of fits to simulated spectra generated
by convoluting the theoretical RR differential cross sec-
tion [Eq. (2)] with Gaussian peaks having the measured
REC profile widths at each energy. At 135 MeV, the RR
variation shifts the REC peak position by —22 eV.

As noted previously, REC to excited states (n REC)
produces x rays lying below the K REC peak energy.
These x rays merge with the PB and SEB backgrounds in
the low-energy tail of the K REC distribution creating an
apparent shift and distortion in the K REC peak. We
have investigated effects of REC to higher-n shells by
determining shifts in fit results for K REC positions in

TABLE II. Corrections to apparent 0'++He E REC peak
energy position as described in the text. E~ (1s) is the 0'+(1s)
binding energy derived from the corrected measured REC peak
energy fuufsc"'d through Eq. (11). Unless indicated, energies
are in units of eV.

E~ (MeV)

~meas
REC

100 140 190 215 225

3987 5430 7104 7990 8283

REC peak energy shifts

E~ loss
Doppler
d CARR/dflCO

n REC
0 + contamination
D,N

—222
—18
—40
—6
—9
+3

—176
—37
—42
—13
—7
+3

—139
—70
—44
—24

0
0

—125
—92
—48
—24

0
0

—122
—99
—42
—31

0
0

~ .corrected
GREC

~REC
4278 5703 7381
4276 5642 7361

8278 8577
8253 8572

EBEc(1$) 873 932 891 896 876

the simulated spectra produced by adding a second set of
broad Gaussian peaks, each shifted down in energy from
the E REC peak according to E (n}=871 eV/n and
with relative areas scaled as 1/n, as predicted for RR
[1]. The E REC apparent shift due to n REC is small,
—5 eV at 135 MeV, but increases with E because of in-

creased broadening of the overlapping K REC and n

REC components.
Contamination of the primary 0 + beam by hydrogen-

like 0 +(ls) formed in the gas and the cell entrance win-

dow leads to contaminate E REC x rays shifted from the
bare ion peak by —132 eV, the difference in ionization
energies of the 0 +(ls} and 0 +(ls2). However, the
fraction of 0 + ions at 100 MeV is small (( 15%) and de-
creases with increasing ion energy. Also, the RR cross
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section for single-E-vacancy ions is approximately half
that for bare ions, so that the number of REC x rays from
0 + ions should be less than 7.5% of the 0 + yield. We
have estimated the e6'ects of a small portion of 0 + ions
in the beam by applying our fitting procedures to spectra
simulated by adding two identical profile peaks, with in-
tensities given by expected RR cross sections and
separated by 132 eV. At 135 MeV, the K REC peak posi-
tion is found to shift by only —4 eV in response to an 8%
component of one-electron ions.

The Si(Li) detection efficiency is relatively high and
slowly varying in the region of interest, and the systemat-
ic change across the broad REC peaks causes only minor
spectral distortions. These have been removed prior to
fitting by dividing the raw data by efficiency as a func-
tion of x-ray energy. In tests of the impact of this pro-
cedure on peak position, we found that REC peaks would
have been shifted by less than 0.2%%uo (or 3 eV at 93.7 MeV)
without this correction.

Having made all the above corrections to the measured
REC peak positions at each ion energy, we compare, in
Tables I and II, the corrected experimental values with
calculations based on Eq. (1). Stohlker et al. [16] have
suggested using a similar method based on extrapolation
of measured K REC peak energies to zero projectile ve-
locity as a method for determining binding energies, espe-
cially for much heavier ions. We would like to point out
that precise measurements using this method at high en-
ergies will require accurate evaluations of many of the
shifting mechanisms that have been examined here, while
measurements at low beam energies minimize some shifts
(e.g. , Doppler), but may enhance eff'ects of others (e.g. ,
d tr ttRld 0 variation and charge-state contamination).

We have treated the projectile binding energy as un-

known, and calculate it from the measurements by
demanding equality of the corrected measured REC peak
energy (trudge'g"' ) and the theoretical one, as

gBEC(1&) gcorrected t ~ U2+g&E
p REC 2 e p T

The average of these values for H2 and He at each energy
is 885+30 eV, compared with the accepted Hartree-Fock
calculated value of 871.4 eV [27]. The major components
of the estimated error are due to uncertainties in projec-
tile energy loss shifts and in errors in fitted peak positions
from effects of background variations (both from PB plus
SEB, and from REC to L and higher shells).

Areas of E REC peaks taken from fits of the efficiency
corrected spectra have been converted to cross sections
through Eq. (9) using ntt corrected for contaminate 0 +

ion fractions. It has been noted by Stohlker et al. [16]
that K REC cross sections for gas targets over a wide
range of projectiles and energies can be compared
effectively when plotted against an "adiabaticity parame-
ter" g, defined as the ratio of the central electron relative
energy to the final-state binding energy of the active elec-
tron, as

g=-'m v'/E~E . (12)
2 & p p

In Fig 5, we display our measured K REC cross sections
for bare 0 + ions along with other published REC mea-
surements with Hz and He targets as a function of g. RR
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FIG. 5. Measured O'+ K REC cross sections per projectile E
vacancy per target electron plotted versus adiabaticity parame-
ter g as defined in the text, compared with Bethe-Salpeter re-
sults for radiative recombination. Other data are for H2 and He
targets and from references as indicated in the legend.

We have measured REC x rays from energetic oxygen

ions colliding with H2 and He gases. The positions of K
REC peaks agree well with calculated energies based on

energy conservation, but only after correction for a num-

ber of significant shifting e8'ects. The widths of the K
REC peak profiles are well reproduced by estimations

based on the impulse approximation using target
Hartree-Fock Compton profiles. Areas of Ii REC peaks
have been converted to cross sections which lie 20—30%%uo

below calculated K REC values based on cross sections

for RR. Published K REC cross section data from several

other measurements exhibit the same tendency.
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cross sections calculated from Eqs. (4) and (10) are also
indicated by the smooth curve. Although most of the
measurements lie within their individual estimated abso-
lute errors from the RR curve, there is an obvious
disagreement with theory for the data set taken as a
whole. The bulk of the measurements lie consistently
20—30% lower than the Bethe-Salpeter RR results for g
from 0.2 to 8.0. This discrepancy has been previously not-
ed for gas targets by Stohlker et al. [16]and by Tribedi et
al. [28] for narrower ranges of rl. Our data significantly
expand the tested region and support their conclusions.
We note that the data presented in Fig. 5 represent mea-
surements for Z from 8 to 32 and for velocities from 5.6
to 23.6 a.u. The 20—30%%uo discrepancy therefore appears
to be a general feature of the process, independent of pro-
jectile charge and energy.

IV. CONCLUSION
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