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Besides characteristic target and projectile x rays, x-ray continua and radiative-electron-capture
photons are seen in collisions with relativistic heavy ions ranging in energy from 82 to 422
MeV/amu and in atomic number from Xe to U. The angular distribution, centroid energy, cross
section, and line shape of the broad radiative-electron-capture lines are analyzed. The observed con-
tinua are due to primary- and secondary-electron bremsstrahlung. In the projectile frame, primary
bremsstrahlung is the radiative scattering of incident target electrons from the projectile nucleus.
The continuum cross sections and angular distributions are calculated, and are compared with ex-
periment. Secondary-electron bremsstrahlung, due to the radiative scattering of ionized target elec-
trons from other target nuclei, is target-thickness dependent, and the cross section increases roughly
with the square of the target atomic number. The calculated primary-electron bremsstrahlung cross

sections are lower than experiment.

I. INTRODUCTION

In a previous paper in this series' (henceforth labeled I),
we considered the emission of target K and L x rays in
relativistic heavy-ion—atom collisions. Another paper in
this series considers the relatively weaker projectile K x-
ray production.? However, the measured x-ray spectra
also show a broad peak due to the radiative electron cap-
ture (REC) of target electrons into the projectile K
shell,>~% and an intense two-component continuum spec-
trum. When we began x-ray studies of relativistic ion-
atom collisions using protons® and C ions,” we thought
the continua were due to y-ray production in nuclear reac-
tions, and took little notice of them. With the use of very
heavy ions, however, it became obvious that the continu-
um x-ray production cross sections, of the order of or
greater than 100 b/[keV (47 sr)] at some x-ray energies,
were too large to be due to nuclear reactions. A nuclear
reaction requires a close projectile-target nucleus en-
counter whose geometric cross section rarely exceeds a
few barns, even for the heaviest projectiles. Therefore,
nuclear reactions cannot produce y rays with such large
cross sections. The continua must be due to atomic-
physics phenomena.

Studies of molecular-orbital x rays in low-velocity ion-
atom collisions® have long been concerned with the back-
ground bremsstrahlung continua due to nucleus-nucleus
bremsstrahlung,’ primary bremsstrahlung!® (PB) (also
called radiative ionization!! or quasi-free-electron brems-
strahlung'?), and secondary-electron bremsstrahlung!®
(SEB). In the present collisions where molecular orbitals
are not formed, molecular-orbital x rays are absent.
Furthermore, nucleus-nucleus bremsstrahlung is negligible
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(having a cross section of the order of or smaller than the
nuclear reaction cross section). Therefore, the two con-
tinua most likely to be observed in relativistic heavy-
ion—atom collisions are primary- and secondary-electron
bremsstrahlung.

The study of these continua has a possible bearing on
several issues. First, the cross sections show that in-beam
spectroscopy of discrete low-energy nuclear y rays with
high-Z projectiles at relativistic velocities!® is not possible
unless one removes all background effects due to projectile
and target electrons. Typical y-ray production cross sec-
tions are less than 100 mb,"” compared with a ~ 100
b/keV background. Second, the data were particularly in-
teresting to us because we had been interested in the
mechanism for the production of and the magnitude of
these continua at low projectile energies.® Their relative
unobservability there made detailed examination impossi-
ble. At relativistic energies, somewhat different mecha-
nisms come into play for forming these continua, but they
can be studied under less hindered conditions. Finally,
the possibility of using high-energy heavy ions to spark
D-T fusion reactions'® has brought a concern that the ra-
diative preheating of the inner mechanical shells of high-
gain inertial-fusion targets by projectile, target, and con-
tinuum x rays and the loss of energy from the pellets by
x-ray emission might have deleterious effects on the
energy-production efficiency.

We outlined most of the experimental methods used to
obtain x-ray cross sections in paper I.! Therefore, only
several minor modifications and special considerations ap-
plying to continuum x-ray measurements are discussed in
Sec. II. The following three sections consider radiative
electron capture (Sec. III), primary bremsstrahlung (Sec.

2270 ©1986 The American Physical Society



33 ATOMIC COLLISIONS WITH RELATIVISTIC HEAVY IONS. VL ... 2271

1V), and secondary-electron bremsstrahlung (Sec. V). Sec-
tion VI discusses the Z, dependence of the latter two pro-
cesses, and Sec. VII contains the conclusions.

II. EXPERIMENT

Assuming that an electrical pulse with a relative ampli-
tude of, e.g., 100 keV in the x-ray detector represents a
detected 100-keV photon, one can calculate the double
differential continuum cross section in units of b/[keV
(47 sr)] from the number of counts per channel in the x-
ray spectrum as in Egs. (1)—(3) of I. The only difference
is the inclusion of a factor from the x-ray energy calibra-
tion (obtained using radioactive x-ray and y-ray sources)
converting the number of counts per channel to the num-
ber of counts per keV. In the spectra shown in this paper,
small corrections for x-ray self-absorption in the target
were not made to the measured cross sections, but were
made to the theoretical cross sections. The conversion of
every x-ray spectrum to cross-section spectrum proved
useful to obtain integrated cross sections, especially for
the broad REC peak where the detector efficiency varies
over the physical width of the peak.

Near high-energy accelerators, there is always the
danger that pulses in a photon detector are due to parti-
cles. Proof of the photon origin of the pulses seen in the
x-ray detector was obtained by studying the attenuation of
the continua in some cases, using 2- to 3-g/cm? Be and
0.533-g/cm? Mo absorbers. The Be absorber is sufficient-
ly thick to prevent charged particles such as secondary
electrons, scattered projectiles, and most heavy nuclear re-
action products from reaching the x-ray detector. The Be
absorber attenuates the x-ray photons negligibly, so the
identity between a spectrum with the Be absorber and the
unabsorbed spectrum corrected for Be absorption disqual-
ifies the possibility that the spectrum is due to charged
particles. With the Mo absorber, 50—150-keV x rays are
attenuated by factors of 0.1—0.5. The identity between
the absorbed spectrum and the corrected unabsorbed spec-
trum indicates that single photons of the measured energy
are observed in the x-ray detector.

Figure 1 shows the importance of blocking secondary
electrons using 3-g/cm? Be absorbers in 422-MeV/amu
U + Ni collisions. At these projectile energies, secondary
electrons with energies up to a classical end point
T max =27*B?mc?=1183 keV can be made. Due to elec-
tron multiple scattering in our thick targets, the electron
spectrum at any detector angle should extend up to 1183
keV minus any energy lost by the electron penetrating the
chamber window, 20 cm of air, and 500-um Al and 250-
pm Be windows on the Ge(i) x-ray detector. This energy
loss is about 300 keV for 1183-keV electrons, so the
detected energy spectrum extends up to about T'p,, =900
keV in  422-MeV/amu U + Ni collisions. Quantum-
mechanical considerations governing target electron ioni-
zation allow electron energies larger than T,,,, and the
spectrum indeed extends above T,,,. The Be absorber
blocks these electrons without making too many addition-
al electron bremsstrahlung photons, so the spectrum with
a Be absorber extends only up to ~300 keV, and
represents detected photons. In future nuclear- and
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FIG. 1. Spectrum of pulses in an intrinsic Ge x-ray detector
seen in 422-MeV/amu U + Ni collisions. The spectrum taken
using a 3-g/cm? Be absorber blocking secondary electrons (thin
line) ends near 300 keV, but the spectrum without an absorber

(thick line) ends near the maximum secondary-electron energy
y -

atomic-physics experiments using heavy ions with ener-
gies such as 10 GeV/amu, secondary electrons with ener-
gies greater than 138 MeV can be made, so that keeping
electrons away from photon and baryon detectors can be a
major difficulty.

The real pile-up process discussed in I can give addi-
tional unwanted contributions to the x-ray continuum
spectra. In some of the targets used in this work, a single
projectile can excite as many as 70 x-ray photons, and the
relative probability that two photons simultaneously strike
the x-ray detector giving a single larger pulse can be as
large as several percent.! One normally observes discrete
peaks due to the pile-up of two target Ka photons or a
Ka and a KB photon, but the Ka and Kf photons can
pile up on the continuum spectrum as well, giving a spuri-
ous continuum cross section at high x-ray energies. We
define dP/dE, as the probability per projectile for detect-
ing a photon of energy E, emitted from the target

dp _ _d%
dE, dE,dQ,

TLeQ, , (1)

where n, is the target-atom density, T is the target thick-
ness traversed by the projectile, L is the target x-ray self-
absorption correction factor [Eq. (2) of I], €Q, is the x-ray
detection probability, and d?0/dE,dQ, is the absolute
photon production cross section. For simplicity, we omit
the differential in solid angle on the left-hand side of Eq.
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(1). The pile-up spectrum is given by the product of prob-
abilities:
dP"(E E dP(E,) dP(Er—Ey)
( T) =f TdEx X T X ,
dE, 0 dE, dE,

(2)

and to first order in the pile-up correction, the measured
spectrum is given by
dP' dP  dP"

_ , 3
dE, _ dE, | dE, 3)

Figure 2 shows a calculated pile-up spectrum for 197-
MeV/amu Xe + Ta collisions (see also Fig. 5 of I). Ini-
tially, the probability dP/dE, is not known; only the
measured one, dP’'/dE,, is. We use the measured proba-
bility to calculate the pile-up spectrum. Conceivably, one
can iteratively solve for the absolute probability, but we
have not done this. We have used these calculations to
determine where the pile-up process is negligible, and to
make small corrections where necessary. In general, pile-
up is negligible in the thinnest targets, and in the low-Z
targets where the target K x rays (having the largest cross
sections) are not observed. In the Xe+ Ta spectrum
shown in Fig. 2, the Ka and KB x-ray pile up occurs at
the position expected for the REC peak, making REC
unobservable there.

The second possible unwanted background comes from
x-ray Compton scattering. A ~ 100-keV photon emerging
from the target may Compton scatter and deposit a
lower-energy pulse in the x-ray detector by (a) backscatter-
ing from other target atoms, (b) scattering from the
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FIG. 2. X-ray spectrum in 197-MeV/amu Xe + Ta collisions
using a thin Ta target. The lower curve shows the calculated
pile-up spectrum dP" /dE,.
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chamber walls, (c) forward scattering on the absorber or
collimator on the front face of the x-ray detector, (d)
backscattering from the cold finger behind the detector,
(e) scattering and escaping from the Ge detector material
itself, or (f) scattering from anywhere else in the experi-
mental area. A typical Compton scattering spectrum for
the 81-keV y-ray line in '*3Ba placed at the target position
is seen in Fig. 3. The Compton spectrum is far less in-
tense than the sharp y-ray line. Nevertheless, this scatter-
ing is important below the K-REC lines in the present
spectra. The REC lines are much broader than the 81-
keV line, but the Compton continuum spectrum below the
REC lines is not broadened, so the REC peak height to
Compton ratio is lower. The direct measurement of the
Compton scattering intensity is difficult. Where separat-
ed y-ray lines are available (e.g., 81 keV in **Ba and 122
keV in 3’Co), spectra taken with the radioactive sources
measure processes (b)—(f) above; they cannot measure
backscattering from the target material, and irrelevant
backscattering from the source material is present. At
low photon energies where photoelectric absorption dom-
inates over Compton scattering, the Compton continuum
is negligible.

Finally, there are small contributions from room y-ray
background and beam-induced nuclear y-ray background
from the Si particle detectors, which are dominant at high
photon energies. This background was observed in mea-
surements with no target, and prevents the use of targets
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FIG. 3. y-ray calibration spectrum showing the Compton
scattering of ¢ rays below the 81-keV y ray (cross-hatched area).
The relatively flat background in this spectrum is due to the
Compton scattering of high-energy y rays and electron-capture
bremsstrahlung.
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FIG. 4. Double-differential x-ray production cross sections
seen in 82-MeV/amu Xe + Be collisions at a laboratory angle
6'=90°. Short-dashed line, secondary-electron bremsstrahlung;
long-dashed line, radiative electron capture; dot-dashed curve,
primary bremsstrahlung; dotted curves, estimated Compton
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FIG. 5. Same as Fig. 4 for 197-MeV/amu Xe + Be at 90°.
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FIG. 6. Same as Fig. 4 for 197-MeV/amu Xe + Be at 45°.
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FIG. 7. Same as Fig. 4 for 197-MeV/amu Xe + Ni at 90°.
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FIG. 8. Same as Fig. 4 for 422-MeV/amu U + Be at 90°.

thinner than ~1 mg/cm? We subtracted a no-target

background spectrum from most of the data.

Figures 4—9 show spectra from several different col-
lisions. In order of decreasing prominence, the spectra
show target K x rays, projectile K x rays, REC, PB, and
SEB. Target K x rays are seen in U + U collisions, but
not in the Ge detector in the lighter-Z targets. The pro-
jectile Ka and K x rays are seen in most spectra. They
are Doppler shifted (compare 197-MeV/amu Xe + Be at
45° and 90°; Figs. 5 and 6), and are Doppler broadened,
which is clearly seen in the U projectile Ka linein U + U
collisions (Fig. 9). The K-REC peak varies in x-ray ener-
gy with the beam energy (from ~80 keV in 82-MeV/amu
Xe + Be collisions to ~260 keV in 422-MeV/amu
U + Be collisions at 90°), and is Doppler shifted with the
detection angle (compare 197-MeV/amu Xe + Be at 45°
and 90°). The REC peak is relatively less intense than the
continua in the high-Z, Xe + Ni collisions than in the
low-Z, Xe + Be collisions, but the absolute intensity is
greater. A smaller peak due to L REC (capture of target
electrons into the projectile L shell) is weakly seen in all
spectra, but is most intense in 82-MeV/amu Xe + Be col-
lisions (Fig. 4). The continuum spectrum ending below
the L-REC line is due to PB, and is most easily seen in
the Be target spectra. The PB end-point energy Doppler
shifts like the REC centroid energy, as seen at 45° and 90°
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FIG. 9. Same as Fig. 4 for 422-MeV/amu U + U at 90°.

in 197-MeV/amu Xe + Be collisions. REC and PB disap-
pear in the high-Z, targets, and a continuum due to SEB
having no apparent end point (over these ranges of photon
energies) is present. The intensity of this continuum in-
creases faster with Z, than the PB or REC intensities.

These qualitative remarks summarize the angular, Z,,
and x-ray-energy dependences of REC, PB, and SEB.
The following sections discuss the quantitative analysis of
these spectra.

ITII. RADIATIVE ELECTRON CAPTURE

A. The centroid energy

In the laboratory (primed coordinates), the K-REC cen-
troid energy is given by

Eirec=7 " '[(y = 1)mc?+EgJ(1—Bcos®’ )=, (4

where B is ion velocity relative to the speed of light c,
y~2=1—p and Eg is the projectile K-shell binding en-
ergy. The binding energy of the captured target electron
is neglected in this formula. The projectile K binding en-
ergy is uncertain because the projectile initially has be-
tween O and 1 X electron, so one should use either the H-
like or He-like binding energy. The Dirac H-like binding
energy is given by!’
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Ex(H)=[1-(1—a’Z})"*Imc? , (5)

where a~!=137.037. The difference between nonrela-
tivistic H-like and He-like K-shell binding energies is
given by

Ex(He)—Ex(H)=0.315—$Z, Ry, (6)

which is approximately 0.9 keV for Xe and 1.8 keV for U.

The most uncertain quantity in Eq. (4) is the beam velo-
city, which is not known after passing through several
materials to within ~10 MeV/amu for very heavy ions.
Instead of comparing the measured REC centroids with
calculations, we fitted the centroids to Eq. (4), and solved
for the beam velocity or energy, as shown in Table I. The
uncertainty in the centroid energy gives an uncertainty in
the beam energy of approximately 1—2 %, which is ap-
proximately equal to the difference between calculations
using the H-like and He-like Ex values. We do not
understand the difference between the quoted BEVALAC
energy (in which allowance has been made for known en-
ergy degradation upstream of the target), and the ones ob-
tained from the REC peak. Averages of the H-like and
He-like REC values were adopted.

B. The REC angular distribution

We discussed the K-REC photon angular distribution
in a previous paper,” where we showed, using a simplified
formula for the photoelectron angular distribution for the
inverse process, that there is a cancellation of the electron
retardation factor and the Lorentz transformation factor
when the photoelectric angular distribution is transformed
from the projectile to the laboratory frame. As a conse-
quence, the photon angular distribution varies approxi-
mately as sin®@’, where @’ is the laboratory angle between
the beam and photon directions.* Corrections to this dis-
tribution, obtained when the Sauter formula'®!® or Dirac
electronic wave function?® are used to calculate the pho-
toelectric angular distribution, are smaller than +15%,
and are difficult to measure.

Measurements of the angular distribution of L REC
(capture into the projectile L shells) would be interesting
since the component due to 2p capture has a different
photoelectric angular distribution than the 1s and 2s cap-
ture components.!” Unfortunately, separating the L REC
intensity from the PB and SEB backgrounds is not possi-
ble presently. We measured the K-REC angular distribu-
tion for several angles in 175-MeV/amu La -+ Be, 82-
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MeV/amu Xe + Be, and 422-MeV/amu U + Be collisions
and found results approximately consistent with sin’6’ in
all cases.

C. REC cross sections

For a sin’@’ laboratory angular distribution, the total
K-REC cross section is given by

d*o(6'=90"E.)

, 7
dE, dQ, 7

OKkREC=T f dE,
where the cross section has the units of b/[keV (47 sr)],
and the integration extends over the K-REC peak area.
The integrated K-REC cross sections were given in previ-
ous papers,>> where they were applied to the determina-
tion of the number of projectile K vacancies inside solid
targets.

In Ref. 5 the K-REC cross sections were calculated
from the K-shell Dirac photoelectric cross sections.
Several other calculations of the K-shell photoelectric
cross section could be used: (1) the Bethe-Salpeter formu-
la [Eq. (7.7) of Ref. 17] valid for nonrelativistic, one-
electron 1s and continuum wave functions, (2) the Sauter
formula,'® or (3) the many-electron values, calculated us-
ing relativistic Hartree-Slater wave functions.?! For the
zero- to two-electron high-Z, projectiles used, Dirac wave
functions are most appropriate,”’ but the Dirac and
Hartree-Slater K-shell photoelectric cross sections differ
by less than 4% in relevant region of photon energy and
Z,. As Table II shows, all theories predict similar REC
cross sections for 200-MeV/amu collisions with fully
stripped projectiles. At lower beam velocities, the Sauter
formula underestimates the cross section. For high-
Z, and high-velocity projectiles, the Bethe-Salpeter for-
mula'” seems to be inferior.

D. The REC line shape

For stationary target electrons, the REC line shape is
very sharp at the x-ray energy (y — 1)mc?+ Ey in the pro-
jectile frame. In fact, the electrons in each shell s have a
binding energy E; and a momentum p, which adds vec-
torially to the projectile momentum p=yBmec so that the
x-ray energy in the projectile frame (unprimed coordi-
nates) is given by*

Ex=(7_1)mc2+EK'—Es+7/BcPsz ’ (®)

TABLE 1. K-shell binding and projectile energies from REC centroids.

Ex(H) Ex(He) E,(H-like) E,(He-like) Adopted
Beam (keV) (keV) (MeV/amu) (MeV/amu) (MeV/amu)
“180-MeV/amu Xe” 41.3 40.4 196+3 19813 197
“80-MeV/amu Xe” 41.3 404 81+1.6 83+1.2 82
“170-MeV/amu La” 46.3 45.1 173+4 176+4 175
“400-MeV/amu U” 132.2 130.6 422+8 429+8 422
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TABLE II. Radiative-electron-capture cross sections into the
K shell (barns).

Sauter Bethe® HS® Dirac
82-MeV/amu Xe 36 80 80 83
197-MeV/amu Xe 22 19 20 21
175-MeV/amu La 28 28 29 30
422-MeV/amu U 44 28 37 38

*Reference 17.
"Hartree-Slater (Ref. 21).

where p; is the component of the electron momen-
tum along B. To obtain the cross section for emission of
REC photons with energy E,, the total REC cross section
is weighted by the probability for the electron to have the
momentum p., which is the Compton distribution J; for
shell s:*

d%0(6,E,) _ 1
dOdE, ‘?' #yBe

dUREC
dQ

Js(pg) - )
P +Pg

We made calculations using the individual-shell Compton
distributions?? for Xe + Au, Zr, and Be collisions, and
found that after folding in Doppler broadening, one can
neglect the electron binding energy E; in Eq. (8) for the
observable part of the REC spectrum. Hence, one can use
the total Compton distribution J(p,) in Eq. (9):

d’c 1 |dorec
dQdE,  #yBc | dQ

The observed REC lines are much broader than the
impulse-approximation predictions, due to the Doppler-
shift spread of the REC photons over the angles subtend-
ed by the x-ray detector. Our 1000-mm? Ge(i) x-ray
detector located 24 cm away from the target subtended
approximately 8° in the laboratory, giving a Doppler
width

AE,=E.B sinf'(1—Bcosd’)~'A0', (11)

equal to 8 keV for 197-MeV/amu ions at §'=90°. In fact,
the spread is larger than this, since the beam spot on the
target seen from the center of the x-ray detector subtended
~5°, giving a total range of angles approximately equal to
13°. To obtain the Doppler-broadened line shape, we aver-
aged over all angles subtended by the x-ray detector,
weighted by the geometrical probability for each angle.
Also included in calculations of the REC line shape are
contributions from capture into the projectile L shell and
outer shells. The relative capture cross sections were tak-
en from relativistic Hartree-Slater photoelectric cross sec-
tions.2! According to the bound-state normalization
theory of Pratt,” the many-electron L and outer-shell
photoelectric cross sections are reduced by screening fac-
tors, which are the ratio of the many-electron electronic
density at the origin to the Dirac value. As we require
Dirac photoelectric cross sections, for which tabulations
are not as easy to obtain as many-electron ones, we divid-
ed the Hartree-Slater L and outer-shell cross sections by

J(p,) . (10)
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screening factors calculated by Schmickley.”* This should
give Dirac photoelectric and therefore REC cross sections
accurate to about +5%. Capture into the projectile L
shell goes mostly into the 2s orbital so we used the Dirac
2s binding energy to calculate the L-REC line centroid.
For all other shells, we used one-half of the 2s binding en-
ergy.

Figures 4—9 compare measured and calculated REC
line shapes, normalized to the total measured peak K-
REC cross section. The observed linewidths are due
mostly to Doppler broadening; little can be learned about
Compton distributions from these measurements. One
could reduce the Doppler broadening by using Soller slits
on the x-ray detector, but we emphasized cross-section
determinations in this work, which are more difficult to
obtain when Soller slits are used. Slightly wider calculat-
ed REC line shapes in the high-Z, targets are obtained,
due to the larger width of the Compton distribution, but
these line shapes are more difficult to observe experimen-
tally because of the high SEB background. We did not
find it possible to explain the entire intensity just below
the K-REC line in the Be-target spectra where SEB and
PB play an insignificant role. At 82 MeV/amu, most of
this intensity is due to Compton scattering of the K-REC
photons (as determined using the 81-keV y-ray line), but
at 197 MeV/amu at 90°, a less significant part is due to
Compton scattering (calibrated with the 122-keV y-ray
line in 3’Co). The Compton scattering contribution can-
not be ascertained in the U + Be and Xe + Be (45°) spec-
tra.

The 197-MeV/amu Xe + Be spectrum at 90° (Fig. 5)
differs from one published earlier® in the relative K to
outer-shell REC ratios. Part of this is due to the applica-
tion of screening factors to the outer-shell REC cross sec-
tions. In addition, the outer-shell REC is enhanced over
the K REC because the presence of projectile K electrons
blocks K REC, but not outer-shell REC. This is especial-
ly seen in U + Be collisions, where 1.4 projectile X elec-
trons are present on the average.’” This reduces the K-
REC cross section by a factor of 0.3, so the relative
outer-shell to K-REC cross section ratio is closer to unity
than to 0.4, the ratio for bare projectiles.

IV. PRIMARY BREMSSTRAHLUNG

A. Cross sections

Radiative electron capture is the capture of target elec-
trons into bound states of the projectile. An analogous
process is the capture into continuum states of the projec-
tile, called primary bremsstrahlung. Viewed differently:
in the projectile frame, the projectile nucleus is bombard-
ed by target electrons with mean Kkinetic energy
(y —1)mc?% These may emit bremsstrahlung photons with
energy E, as large as the electron kinetic energy in the
projectile frame. In the laboratory frame, the end-point
X-ray energy is given by

E.=(y—mc*y~(1—Bcosd’)" !, (12)

which varies in 197-MeV/amu Xe + Be collisions from
approximately 88 keV at 90° (Fig. 5) to 147 keV at 45°
(Fig. 6).



33 ATOMIC COLLISIONS WITH RELATIVISTIC HEAVY IONS. VI ...

As a first approximation, the PB cross section is just
the bremsstrahlung cross section for Z, electrons with ki-
netic energy T =(y — 1)mc? bombarding the projectile nu-
cleus, Lorentz transformed into the laboratory frame:* 2

d’opp(E},0') d*Ovem(Ex,6,Z,,T) dE, 4Q
dEdQ ' dE,dQ dE, dQ' "’
(13)
where
_ B—cos®’ do  1-p
080 = 1 Beost * dO ~ (1—Beosd’) ’
and
dE, 1— :
— 1=Boosh (14

dE,.  (1-p)\2°

Here the unprimed quantities are projectile-frame
(center-of-mass for projectile-electron collisions) quanti-
ties, and the primed ones are laboratory-frame ones. For
the bremsstrahlung cross section we used the Bethe-
Heitler formula including the Elwert correction factor
[Eq. (2BN) of Ref. 25].

Equations (12)—(14) assume the target electrons are free
and have no intrinsic momentum, and therefore give a
sharp cutoff where the x-ray center-of-mass energy is
equal to the electron kinetic energy. When one adds the
Fermi momentum of the target electrons p; to the transla-
tional momentum p=yBmc, larger electron kinetic ener-
gies and end-point energies are obtainable. The continu-
um shape can be calculated in the impulse approximation
using!!

2 2 Y
d OpB — f+wdsz(pz) d UPB(T,EX,G )
dE,dQ'’ —® dE: dQY

where the PB cross section on the right-hand side is given
by Eq. (13), J(p,) is the Compton profile,?> the binding
energy of the target electrons in each shell is neglected as
for REC, and the electron kinetic energy is given by

T={[(yB+p,/mc)’+11"2—1}mc? . (16)

Finally, we average over the laboratory angles subtend-
ed by the x-ray detector. These folding procedures have
no effect on the PB cross section for x-ray energies well
below the end point. The electron momentum folding
causes the spectrum to drop off more slowly above the
end point; the Doppler folding shifts the position of the
end point to slightly higher energies, due to the inclusion
of smaller laboratory angles, and rounds off the continu-
um shape near the end point.

The calculated PB cross sections are generally lower
than experiment, as discussed in more detail below. How-
ever, the shape of the continua agree well with experi-
ment, at least where PB is not obscured by SEB, as seen in
the Be-target spectra.

) (15)

B. The angular distribution of PB

The bremsstrahlung cross section has an approximate
angular distribution in the center-of-mass frame of the
form?¢
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d%0yen  Sin?0+ 5 —[3B/(1+4B%)]cosd an

dEdQ (1—PBcosh)*

where 0 here is the angle between the electron direction
and photon direction, so the angular distribution is peaked
backwards in the laboratory. If we neglect all but the
sin%0 term in this expression, we get a bremsstrahlung an-
gular distribution that is identical in form to the pho-
toelectron angular distribution determining REC, hence,
almost like REC, the angular distribution of PB in the
laboratory is of the form

d?opp(E;,0')
dE.dQY

Unlike for REC, the PB cross section is differential in a
laboratory x-ray energy, so instead of obtaining an angu-
lar distribution proportional to sin%@’, an additional term
1—PBcos@’ is present. The angular distribution is deter-
mined keeping the center-of-mass x-ray energy E, con-
stant. As an example, for E, =45 keV in 197-MeV/amu
Xe + Be collisions, the continuum cross sections must be
measured at E; =62 keV at 45°, 37 keV at 90°, 27 keV at
135° etc. Figure 10 shows that the measured angular dis-
tributions are indeed peaked at backward angles, as sug-
gested by Eq. (18). The solid lines were calculated with
the Bethe-Heitler formula for the bremsstrahlung angular
distribution, normalized to the data near 8'=90°. Some
pieces of data are missing because the laboratory energy is
below the detector threshold. Where needed, we have ex-
trapolated the continuum cross section beneath the Xe
Ka lines. The agreement between the measured and cal-
culated PB angular distribution shapes is very good.

~sin?6'(1—Bcos@’) . (18)

25

20+ 25

de/dE,da (b/ [keV (47 sr)])

ol . . .

1 1
45 60 75 90 105 120 135
B1ab
FIG. 10. Angular distribution of radiation in 197-MeV/amu
Xe + Be collisions compared with the Bethe-Heitler calculations
of primary bremsstrahlung, normalized at '=90°. The num-
bers give the center-of-mass photon energy in keV.
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V. SECONDARY-ELECTRON BREMSSTRAHLUNG

In a binary collision between a 197-MeV/amu heavy
ion and a nearly free electron, electrons with kinetic ener-
gies up to 450 keV can be produced. These electrons can
collide with other nearby target nuclei in solid targets, em-
itting SEB photons with energies up to ~450 keV. To
calculate the cross section for SEB, we assume (i) that Z,
target electrons are free and scatter elastically from the
projectile nucleus, and (ii) the ionized electrons follow a
tortuous path inside the solid target so electrons never
leave the target material, and the angle between the
bremsstrahlung photon direction and the projectile direc-
tion is random. The latter assumption follows from a cal-
culation?’’” of the mean multiple-scattering angle for
50—200-keV electrons in the 5—50-mg/cm? targets used.
The mean multiple-scattering angle is of the order of
several radians, so one cannot assume the electrons travel
in a straight line after being emitted. With these assump-
tions, the cross section is given by

dO'SEB(E;)
dE.,

Emax dU 8 0eclas dE, dOprem(Ey)
=27 ’
'fs; f ETS(EDY dE,

(19)

where the elastic electron scattering cross section is given
by the McKinley-Feshbach equation?®

daelas (Zpe2)2 1
=21 -
dE, mc’B* E;
172
BZEe e Ee
X {l1— +7Z,af3 — ,
max P Emax Emax

(20)

E pax =27*B’mc?, S(E,) is the electron stopping power in
the target material given by

4me’n, viBimc? )
S(E¢)=—'TB‘5-Z, | 7P (21)
(I) is the average, ionization potential,?® y,=1

+E}/mc?, Bi=1—y7% and doyem/dE, is the angle-
integrated bremsstrahlung cross section calculated using
the Bethe-Heitler-Elwert formula [Ref. 25, Eq. (3BN)].

SEB is dominant for high-Z, targets where the agree-
ment between theory and experiment is very good (Fig. 9
for U 4 U collisions). In earlier calculations® where we
assumed the ionized electron travels in a straight line, and
can leave the target, the theoretical calculations fell fac-
tors of 0.2—0.5 below experiment. We attempted to verify
the assumed isotropic angular distribution, but for techni-
cal reasons, the measurement failed.

VI. DISCUSSION

For SEB, the bremsstrahlung cross section in Eq. (19)
varies as Z2, the stopping power S(E) as Z,/A,, where
A, is the target mass number, n, varies as 4, !, the elas-
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tic cross section varies as Z2, and Z, electrons can partici-
pate in SEB, so the SEB cross section for infinite target
thickness varies as Z?Z}. For PB, the bremsstrahlung
cross section varies as Z; 2 and Z, electrons participate, so
the PB cross section vanm as ZpZ

Figure 11 shows the Z, dependence of continuum x-ray
production in 82-, 197-, and 422-MeV/amu Xe and U col-
lisions. The laboratory x-ray energy chosen falls within
the region where both PB and SEB are present. Given the
good agreement between the shape of the calculated and
measured x-ray spectra, identical qualitative results are
expected at other x-ray energies. The x-ray energies were
chosen to avoid as much as possible interference with
characteristic x rays and REC (though cross sections for
continua falling beneath target x-ray lines could not be ob-
tained at some Z, values).

The fully logarithmic plot in Fig. 11 demonstrates that
PB increases linearly with Z, and SEB increases quadrati-
cally with Z,. Good agreement between the SEB calcula-
tions and experiment is found at high Z,, but there is a
systematic discrepancy at low Z, where PB dominates. If
one subtracts the calculated SEB contribution from the
measured cross sections, the resulting cross sections in-
crease linearly with Z,, as predicted by the PB theory, but
are factors of 1.7 (197-MeV/amu Xe) to 2.9 (422-
MeV/amu U) too high.

T T T TT7T1
105+ 82Mev/amu .
Xe 40 keV
2 e
x 10 /
5104 -
k
A\
3 .
=
3 10%
197 MeV/amu
= Xe 60 keVe
©
G 02
10¢ —
& .
[7p}
[72]
o
1
o | .
10 s 7~ —
77" 422 Mev/omu
g U 140 keV
Lz 7
/
|0011A!ll| ] Lo 1l
5 10 20 50 100
Z7

FIG. 11. Cross sections for continuum x-ray emission in 82-
MeV/amu Xe collisions at laboratory x-ray energies of 40 keV,
197-MeV/amu Xe collisions at 60 keV, and 422-MeV/amu col-
lisions at 140 keV against target atomic number. The short-
dashed line shows the calculated secondary-electron bremsstrah-
lung yield, the dot-dashed curve shows primary bremsstrahlung,
and the solid line shows the total bremsstrahlung intensity.
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We have double checked every assumption made to
determine PB and believe the calculated cross sections are
accurate to within +30% (see also the Appendix). Tseng
et al.?® and Lee et al.*® compared double- and single-
differential electron bremsstrahlung cross sections calcu-
lated with the Bethe-Heitler-Elwert formula, fully
screened atomic electronic wave functions, and Dirac
wave functions. For the present nearly bare projectiles,
Dirac electronic wave functions should be used, but gen-
erally there is less than a +30% difference between all
three calculations in the relevant electron energy, ZI,, and
angular range.

The SEB calculations are less certain that the PB ones,
but we have not discovered a realistic assumption that
would increase the SEB yield enough to explain the
discrepancy between theory and experiment for the Be tar-
gets. In particular, one assumption is that a significant
number of electrons escape from the Be target and collide
with the Al (Z,;=13) or Mylar (Z,; ~6.6) chamber
walls. The relative contribution from the chamber wall
increases with Z,,;, not as Z 3,,,", because if the electron
stops in the wall, one power of Z is canceled. We made a
few calculations for low-Z, targets assuming that the elec-
trons travel in a straight line, then upon leaving the target
collide with an Al wall and make SEB along the remain-
ing part of their range. This upper limit to the wall con-
tribution increases the 197-MeV/amu Xe + Be and
U + Be SEB contributions by less than factors of 2, which
cannot explain the discrepancy between theory and experi-
ment in those cases.

VII. CONCLUSIONS

We conclude that the disagreement between the theory
of PB and experiment is fundamental. The shape of the
PB spectrum and the angular distribution of the radiation
agree with theory, but the magnitude of the measured
cross sections differ by factors of 1.7—2.9. Given the
reasonably good agreement between measurements of
atomic-electron bremsstrahlung cross sections®! for simi-
lar electron energy and Z ranges and calculations of
Kissel et al.®?, it is unlikely that the origin of the
disagreement between the PB calculations and experiment
lies in the electron bremsstrahlung cross sections. It
should be emphasized, however, that electron bremsstrah-
lung cross sections have never been measured on bare,
high-Z ions, but all Dirac—many-electron bremsstrahlung
cross-section comparisons suggest that little difference
should exist. The discrepancy may indicate a failure of
the impulse approximation to describe electron brems-
strahlung for incident projectiles on bound target elec-
trons, but the good agreement between experiment and
REC cross sections calculated with the same theory limits
the options one has for modifying the impulse approxima-
tion. Possibly, high-Z projectiles polarize the target
atoms to such an extent that the density of target elec-
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trons increases near the projectile nucleus, but this should
affect the PB and REC cross sections equally. Wake or
bound electrons traveling with the projectile bombard tar-
get nuclei giving bremsstrahlung up to the PB end point,
but given the lower bremsstrahlung cross sections on tar-
get nuclei such as Be, it is unlikely that wake-electron
bremsstrahlung can compete with target-electron—
projectile-nucleus bremsstrahlung.

The present measurements are not sufficient to ascer-
tain whether the discrepancy between theory and experi-
ment is a Z,-dependent or velocity-dependent effect. The
two measurements for Xe ions at 82- and 197-MeV/amu,
where the ratio of experiment to theory varies from
1.71+0.2 to 1.8+0.2, are not sufficient to tell. Measure-
ments with Xe and U ions up to 1000 MeV/amu or U
ions down to 100 MeV/amu would be useful.
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APPENDIX: CALCULATION
OF PRIMARY BREMSSTRAHLUNG

As a check on the PB calculations using the Bethe-
Heitler formula, one can also calculate PB using Egs. (13)
and (14) and tables of electron bremsstrahlung cross sec-
tions for neutral atoms given by Kissel et al.>* Consider
197-MeV/amu Xe + Be collisions at 90°. The electron en-
ergy in the projectile frame is T =107 keV, so we use
Kissel’s tables for 100-keV electrons. The center-of-mass
angle, 8=cos™'[(B—co0s6')/(1—Bcos@')], is 55°. For a
center-of-mass x-ray energy of 0.5X 107 keV (laboratory
energy 44 keV), the bremsstralung cross section is

d 2‘fbrem z?
deda =47S X (spectrum) X BZ;

X

=1.9 b/[keV (47 s1)],

where S =0.1388 is the shape function and (spectrum)
=6.426 mb is the reduced angular integrated cross section
defined by Kissel e al.3? Using Eq. (13), we get

dzobrem (1_32)1/2
'dE.dQ 1—Bcost’

dZUPB
dE.dQY

=6.3 b/[keV (47 sr)] .

The Bethe-Heitler result is 5.9 b/[keV (47 sr)] and the
measured continuum cross section minus the SEB contri-
bution is 9.0 b/[keV (47 sr)].
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