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Bremsstrahlung induced by proton and *He-ion bombardments in the 1-4-MeV/amu energy
range
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Continuous x rays from a thin aluminum target produced by proton and *He-ion bombardments have been
measured with a Si(Li) detector over the impact-energy ranges 1-4 MeV and 3-9 MeV, respectively. The
experimental results obtained were compared with theoretical predictions based on the binary-encounter
approximation. Agreements are obtained both in the shape of spectra and absolute cross sections without any
adjustable parameter over the entire energy range measured, but generally the theoretical calculation predicts
smaller cross sections than the experimental results as the photon energy becomes higher and the bombarding
energy gets lower. Energy-dependent directional anisotropy of the bremsstrahlung was theoretically estimated
and compared with the experimental results measured at directions 45°, 90°, and 135° with respect to the

incident beam, showing qualitative agreement.

I. INTRODUCTION

Recently it has been found that the continuous
X rays induced by heavy-charged-particle bom-
bardment of solid targets play an important role
as the background for the detection of characteris-
tic X rays in element analyses, resulting in a
severe limit on the concentration which can be
measured,’*? and also for the identification of the
quasimolecular orbital (MO) x rays produced in
heavy-ion-atom collisions, since the continuous
MO x rays overlap the high-energy tail of the con-
tinuous bremsstrahlung.?-%

These continuous radiations are mainly com-
posed of (i) bremsstrahlung from secondary elec-
trons ejected by the projectile, (ii) bremsstrahlung
which occurs during close collisions between the
projectile and the target nucleus, and (iii) low-en-
ergy photons from the Compton scattering of y
rays from nuclear excited states. The first type
of radiation is generally most predominant. The
second type becomes of interest at higher radia-
tion energies. The third type is strongly depen-
dent on the target nucleus and experimental ar-
rangement, and can sometimes be of similar im-
portance as the second type or become predomi-
nant as the projectile energy gets higher. Intensity
of the first type of radiation is very strong at low
radiation energies, but decreases rapidly when the
photon energy becomes larger than 7, =4mE,/M,,
which represents the maximum energy that can be
transferred from a projectile of mass M, and en-
ergy E, to a free electron of mass m,. The con-
tinuous radiation in the region above 7,, is produced
by the energetic secondary electrons ejected from
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target atoms. These electrons come from the
strongly bound orbits, where before the impact
they already have high velocities.

From the point of view of element analysis,
Folkmann et al.! have measured the continuous
x rays in the region above 2 keV with proton bom-
bardments at 2 and 3 MeV on carbon and aluminum
targets and compared the results with their theo-
retical calculations.

Our aim here is to measure the continuous radia-
tion with proton and 3He-ion bombardments on an
aluminum target over the energy ranges 1.0-4.0
MeV and 3-9 MeV, respectively, and to compare
the results with the calculation of improved ap-
proximations. Not only the shape of spectra, in
which Folkmann et al. are mainly interested, but
also the absolute cross sections for bremsstrah-
lung production are compared with the experimen-
tal results. The angular dependence of the spec-
trum will also be estimated and compared with the
experimental results.

II. EXPERIMENT AND RESULTS

A self-supporting 110-pg/cm? Al target was
bombarded with proton and *He-ion beams from
the 5-MV Van de Graaff accelerator of Tohoku
University. The thickness of the target was meas-
ured by the Rutherford scattering of 1.0-MeV pro-
tons and by weighing with a microbalance. An
Ortec Si(Li) detector had a resolution of 205 eV at
6 keV, an effective area of 12.5 mm?®, and a
0.001-in.-thick Be window. The x rays passed
through a Mylar vacuum-chamber window of
10 pm and air paths of 26.2 and 26.0 mm for pro-
ton and 3He-ion experiments, respectively, before
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FIG. 1. X-ray spectra, measured at the direction of
90°, from an Al target bombarded by proton and ‘He
beams. Corrections for absorption of x rays in the My-
lar window and the air path and for the detection effi-
ciency have not been made. The x-ray intensity is scaled
by the nuclear charge Z, of the incident particle.

entering the detector. In order to monitor possible
target deterioration during the bombardment,
elastically scattered particles were simultaneously
measured with a solid-state detector. The count-
ing rate had been kept below 100 cps to avoid
piling-up effect.

Typical spectra obtained at bombarding energies
of 1 and 3 MeV/amu and at an angle of 90° with
respect ot the incident beam are presented in Fig.
1, where the background, which was measured
without the target, has been subtracted but the cor-
rections for absorption of x rays and for the de-
tector efficiency have not been done. The ordinate
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Here 2 is the laboratory solid angle subtended
by the detector, o™ is the bremsstrahlung-produc-
tion cross section for an electron of energy E/, and
0 .(E., 6,) is the electron-ejection cross section
for the projectile. The indices br and e refer to
bremsstrahlung and electron, respectively, and
—dE! /N dx is the energy loss of the electron divi-

dﬂbr
= dee fdQe deg[m(E'e,ﬁw, 6.,
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FIG. 2. An incident particle ejects an electron of
energy E, at point A to the direction 6, with respect
to the incident beam, and the electron loses its energy
down to E] at point B, where it produces bremsstrah-
lung of energy %w to the direction 6 ; with respect to
the direction of the electron and to the direction 6;, with
respect to the incident beam. The thickness of the tar-
get is D/V2.

of Fig. 1 shows b/keV sr Z3, where Z, is the pro-
jectile charge. As seen in this figure, the contin-
uous x-ray spectrum can be well scaled by the
projectile velocity E/amu and the intensity is pro-
portional to Z3. The small peak appearing at 2.3
keV might be due to S Ka (2.307 keV) x rays from
sulfur impurity in the target.

III. THEORETICAL

A. Bremsstrahlung from secondary electrons

Secondary electrons are produced in the target
by collisions of a projectile with free electrons or
by ionization of bound electrons in the target atom.
Referring to Fig. 2, the production cross section
of bremsstrahlung ¢5%® by secondary electrons is
expressed by

<—Ndx dO‘(Ee,Ge)} )
ag’ ) dE, ds, -

—

ded by the number of target atoms per unit volume
N, and is given by Bethe as®*’

dE] 4me 1.16
= 2
TNdx mgv 2Zl< T Ee)’ @)

where m,, e and v are the mass, charge, and
velocity of a secondary electron, respectively,
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and Z and I are the atomic number and the mean
excitation energy of the target atom, respectively;
here, we took 7 =163 eV."

The bremsstrahlung-production cross section
given by Heitler® is applicable for the case of
Ze*/mv< 1, whereas in the present case Ze?/fiv=1.
The semiclassical calculation by Jackson® gives
the cross section for our case, at the high-energy
limit E, =fiw, as

do" 226 & \(e¥ 1l (EL\
dfiw)dQ, © Tic \mec2><v>‘ﬁ51“ (%;;)Sm O -

(3)

In the integrand of Eq. (1), the main contribu-
tion to the integral comes from the region where
the photon energy 7Zw is comparable to the electron
energy E.. Thus Eq. (3) can approximately be as-
sumed for the bremsstrahlung production. In
order to examine the validity of this approxima-
tion, values of the maximum differential and total
cross sections for a case E, =5 keV and Zw =4 keV
in Al target, given by Eq. (3), were compared
with those given by the formula of Tseng and
Pratt,’® which is derived from the HFS calculation
and has been proven to give excellent agreement
with experimental results obtained in the region
E[>10 keV: It was found that both results are in
agreement within an accuracy of about 10%. It
must be noted, however, that the angle correspond-
ing to the maximum differential cross section
given by Tseng and Pratt is about 75°, in contrast
to 90° given by Eq. (3), because of the retardation
effect, which has been neglected in Eq. (3).

The ejection cross section of an electron of en-
ergy E, from a target atom by the projectile,
do,(£,, 6.)/dE, dQ., can be estimated from the
BEA' or PWBA'? theories, and the cross section
calculated from the BEA by Bonsen and Vriens!?
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The second term of the above equation shows the
effect of escape of electrons from the target; it
amounts to only several percent in the region
7w<10 keV. But in the region of several tens of
keV, where the contribution from MO x rays be-
comes important, the second term becomes com-
parable to the first. By using the relation sin®6,,
=1~ (cos, cosd, +sin, sinf; cosy,)* (see Fig. 2)
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FIG. 3. At point A, which is a distance x from the tar-
get surface, the projectile ejects an electron of energy
E. to the forward direction, where the differential
cross section for electron ejection has a pronounced
maximum, and loses its energy down to %Zw at point B.

R is the range of the electron in the target as a function
of energy. In the case where point B is outside of the
target, i.e., x =R (E,) —R (iw), the effect of escape of
electrons from the target is to be taken into account.

was used here.

Referring to Fig. 3, which shows the case of
electron ejection to the forward direction, where
the differential cross section is maximum, the
integration limits for E, and E/ in Eq. (1) were
taken as follows: (a) For the case of x>R(E,)
-R(iw), i.e., iw<E,<EY™,

E%nax Fe
f dE, f dE}. . .,
hw hw

where R(E,) =2.138E2 pg/cm? (E, in keV)* is the
range of electrons of energy E, in aluminum, and
R(E™)=R(w)+x and ET* =[(x/2.138) + (i w)*]* /2
(xin pg/cm?); (b) For the case of x<R(£,)
-R{fiw), i.e., ET™<E, <,

o Ee
dEef " dEL. ..,
E

max min
Ee €

where R(ET") =R(E,) — x, and ETin=(E? - x/2.138)"/2,
Therefore, by taking into account the effect of
escape of electrons from the target, we obtain

)

Ein(x)
dE, f dE,... .

9% (x) hw

(4)

r

and the isotropy'® of do,/dE,dS, with respect to
Pes o being the azimuthal angle for 6,, Eq. (1)
leads to

dOSEB
mﬁ (3C2—Cl)sin29L +2(CL—C2), (5)

with
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Thus the angular distribution of ejected electrons
was taken into account.

In estimating the cross section given by Bonsen
and Vriens,'? the velocity distribution of the bound
electrons was taken from the hydrogenic wave
function of velocity representation.. The results of
the calculations for an Al atom at bombarding en-
ergies of E/amu=1.0 and 4.0 MeV are presented
in Figs. 4 and 5, respectively; the results are
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FIG. 4. Energy distribution of electrons ejected from
an Al atom by 1-MeV proton bombardment calculated
from the BEA theory. Calculations were carried out for
three values of the mean velocity of the bound electrons,
shown in the figure, and the partial cross sections for
each shell are shown for two of the three.
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FIG. 5. Same as in Fig. 4, except E, =4 MeV.

shown for three values of the mean velocity of
bound electrons, v, given by

m, 2 =U, (6a)
=(Z:/n*)& (6b)
M = (22 /n*)R . (6c)

Here U is the measured binding energy of the
electrons, Z, is the effective nuclear charge cal-
culated from Slater’s screening rules, Z is the
nuclear charge, # is the principal quantum num-
ber for each subshell, and ® is the Rydberg ener-
gy.

It is seen in Figs. 4 and 5 that the electrons
ejected from outer shells are predominant in the
energy region below T, =4m.E,/M,, whereas the
electrons from the inner shells are predominant
in the region above T, and rather large differences
in the electron-ejection cross section are seen for
the three values of ¥ in contrast to the region be-
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FIG. 6. Bremsstrahlung spectra produced by the
secondary electrons calculated from the BEA theory for
the three values of the mean velocity of the bound elect-
rons. The parameter shows the bombarding energy.

low T,. Thus the electrons ejected from the K
shell are most predominant in the region above

10 keV for E,=4 MeV and in the region above 5
keV for E,=1 MeV. According to the experimental
results on the electrons ejected from neon atoms
at E,=50, 100, and 300 keV by Rudd et al.,'® the
mean velocity defined by Eq. (6b) gives better
agreement in the region E, > T, than that defined
by Eq. (6a). Moreover, as the electrons in an
aluminum atom are bound closely to the nucleus,
the screening effect for the nuclear charge would
be neglected in the region where the electrons
ejected from the inner shell mainly contribute,
and the mean velocity given by Eq. (6¢) is expected
to give the best fit.

The results of the calculation of do**¥/d(fiw) ds2,
from Eq. (1) for the three values of the mean ve-
locity are shown in Fig. 6 for bombarding ener-
gies of 1, 2, 3, and 4 MeV/amu.

Finally, the angular dependence of the brems-
strahlung spectrum from secondary electrons, es-
timated from Eq. (5), is shown in Fig. 7, where

the intensities are normalized at 90°. From this
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FIG. 7. Calculated angular dependence of the brems-
strahlung produced by the secondary electrons for the
bombarding energy 4.0 MeV/amu. The ratios of the cross
section for the bremsstrahlung production at an angle 6y,
to that at 90° were plotted for photon energies of 3.0 and
9.0 keV and infinity.

figure it is found that the intensity of the spectrum
at about T, is maximum at 90° and becomes less
in the forward and backward directions. This fact
reflects the angular distribution of ejected elec-
trons. This energy-dependent directional anisot-
ropy of the bremsstrahlung was also estimated for
the two other values of the mean electron velocity
of Eqs. (6a) and (6b), showing only a slight change
from that of Fig. 7.

It is expected that multiple processes, which
have been neglected in this calculation, may flat-
ten out, more or less, the estimated angular de-
pendence; further, we expect that the retardation
effect, neglected in Eq. (3), will shift the maxi-
mum cross section at 90° to forward directions as
the projectile energy gets higher.

B. Bremsstrahlung from projectile

The accelerations which occur during close col-
lisions between the projectile and the nuclei of the
target atoms result in a direct production of nu-
clear bremsstrahlung. The cross section for the
production of electric-dipole bremsstrahlung by
this process is given by the formula®

1 5/2ﬁc(E/amu)3/2_l_< M, >] 2
ln[z enwim,c® V2 Z\Z,m, (1 +cos®0w),  (7)
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TABLE I. Comparison of bremsstrahlung-production cross section by nuclear collisions of
the projectile do® /d (fw) dS2 with that by secondary electrons doSEB/d (iw)dS) using 3m,v 2

=(Z2/hdR.

do®"
E/amu Fw
(MeV) (keV) b4

_ao 2
d0iw) d% (b/keV srZ?)

do SEB

_dgSEB 2
3He 20 a0 (b/keVsrz?)

4.0 1.78x1078
3.0 2.50%1078
0.81x1078

2.9x1074
2.9% 1073
1.5%1073

0.243x 1076
0.339%x 1078
0.109% 106

where M is the mass of the target nucleus, Z, is
the charge of the projectile, and m, is the mass of
proton. Higher multipolar radiations are usually
of much lower intensity. This cross section for
aluminum was evaluated for some values of
E/amu and 7w and is shown in Table I together
with the cross section for the bremsstrahlung pro-
duction by secondary electrons.

Thus, it is found that the bremsstrahlung from
the projectile can be neglected compared with
that from secondary electrons in the energy region
measured here. This fact is consistent with the
experimental results shown in Fig. 1, where the
measured spectra can be well scaled by (E/amu)Z3
as predicted from the BEA and differently from
the (Z,, M,) dependence shown by Eq. (7).

IV. COMPARISON WITH EXPERIMENTAL RESULTS
AND DISCUSSION

In order to compare experimental results with
the theoretical calculations, the experimental re-
sults were corrected for the x-ray absorption in
the target, the Mylar window, the air path, and
also for the detection efficiency of the Si(Li) de-
tector as was previously described.'®* The absorp-
tion in the Mylar window and the air path was
measured experimentally as a function of photon
energy.

Comparisons of the experimental results with
the theoretical calculations are shown in Fig. 8 for
bombarding energies of 1, 2, 3 and 4 MeV/amu,
together with the results of calculations by Folk-
mann ef al.' Here, only the calculations with the
mean velocity of Eq. (6¢c) are shown as this gives
the best fit to the experimental results (compare
Fig. 6 with Fig. 8). The calculations have also
been done for the case of a carbon target and were
compared with the experimental results of Folk-
mann et al.,' as shown in Fig. 9.

In the calculation of Folkmann et al., the angular
distribution of ejected electrons and consequently
that of bremsstrahlung, has been neglected, and it
has been assumed that dE/N dx<1/E and
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FIG. 8. Comparison of the calculated bremsstrahlung
spectra from an aluminum target with the experimental
results obtained by 1.0- and 2.0-MeV/amu H¥ and 3.0-
and 4.0-MeV /amu H* bombardments.
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FIG. 9. Comparison of the calculated bremsstrahlung
spectra from a carbon target with the experimental re-
sults obtained by Folkmann et al. (Ref. 1).

do®/dfiw) dQ <1/Efiw, and the calculations contain
an uncertainty of a factor of 1.5. Thus, the appar-
ently better agreement with the experimental abso-
lute cross sections for the C target, seen in Fig. 9,
might be fortuitous. The present calculation can
generally reproduce the experimental results bet-
ter than that of Folkmann et al. over the whole en-
ergy range. However, both calculations predict
values smaller than the experimental results in
the region T, </w. It must be noted that, from
Fig. 8, the bremsstrahlung at E/amu= 3 and 4
MeV is produced mainly by electrons ejected from
outer shells in the target atom, whereas the
bremsstrahlung at lower values of E/amu is pro-
duced predominantly by electrons ejected from
strongly bound orbitals and the calculations pre-
dict smaller production cross sections than the
experimental results as the projectile energy gets
lower. Therefore, it is suspected that the dis-
agreement between the experimental results and
the BEA calculation in the region above T, might
be due to the inadequacy of the BEA for this ener-
gy region.

The bremsstrahlung-production cross sections
by proton beams of 1.5 and 4.0 MeV have been
measured at directions of 45°, 90°, and 135° with
respect to the incident beam and the ratios of cross

a(8) . a: 8= 45
glog) EeclSMeV 0T
1.0

- RS
081 g%»i“é

A calculated

0.6 7
F W t8%
04r
I 2 3 4 5 6 7 keV
l.2r E,=4.0MeV

1.0 M 5544

! \m~o\
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L 0 Tm
04t |
Il S 1 1 1 1 1 1
I 2 3 4 5 6 7 keV
FIG. 10. Ratios of bremsstrahlung-production cross

sections measured at 45° and 135° to those at 90° obtained
with proton beams of 1.5 and 4.0 MeV.

sections obtained at 45° and 135° to those at 90°
are shown in Fig. 10 as a function of photon energy
together with those calculated from Eq. (5). The
experimental anisotropy measured at E,=4.0 MeV
and 90° and 135° agrees well with the calculated
one. However, at the forward direction, the
measured cross sections relative to that at 90° are
larger than the estimated ones both at E,=1.5 and
4.0 MeV. This fact might be due to the retarda-
tion effect, which shifts the angle corresponding
to the maximum differential cross section to the
forward direction at higher incident energy. Thus
it is found that the directional anisotropy of the
bremsstrahlung is not entirely flattened out by
multiple processes in the energy range measured
here.

Recently, energy-dependent directional anisot-
ropies of the MO x rays have been observed, as-
suming an isotropic distribution of background
radiations, and are argued as strong evidence for
the quasimolecular origin of these radiations.>*"
It is noted, however, that this identification of the
MO x rays from angular dependence of the spec-
trum should be carefully done, as the MO x rays
overlap on the high-energy tail of the bremsstrah-
lung, which extends to the region of several tens
of keV in the cases of heavier elements and is
found to show a similar angular dependence.

Moreover, it is clear from the present experi-
ment that the signal-to-noise ratio in a trace-ele-
ment analysis by characteristic x rays is expected
to be improved at backward directions rather than
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at the 90° direction, which has usually been adop-
ted.

V. SUMMARY

The bremsstrahlung induced by heavy-charged-
particle bombardment of aluminum was calculated
based on the binary-encounter model with im-
proved approximations and was compared with the
experimental results measured over the bombard-
ing energy range 1-4 MeV/amu. The agreement
of the calculation with the experiment was much
improved; especially, a good fit to the absolute
cross section was obtained without any adjustable
parameter. Generally, the theoretical cross sec-
tion becomes smaller than the experimental cross
section as the photon energy becomes higher and
the bombarding energy gets lower, i.e., in the
region where the secondary electron ejected from
inner shells of the target atom plays a predomi-
nant role for producing the bremsstrahlung.

The angular dependence of the bremsstrahlung
spectrum was estimated and was found theoretical-
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ly to show the sin®6 dependence at highest photon
energy. The calculated results were compared
with the experimental results measured with pro-
ton beams of 1.5 and 4.0 MeV at the directions of
45° 90°, and 135°, showing general agreements.
It must be noted that the total cross section for
the bremsstrahlung production is greatly affected
by this angular dependence, and this dependence
is to be carefully considered in the identification
of MO x rays from their directional anisotropy.

Detailed measurements of angular dependence of
the bremsstrahlung-production cross section at
other directions and energies are now in progress
in our laboratory.
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