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Energy spectra and angular distributions of quasifree electron bremsstrahlung (QFEB) induced by 20-MeV-proton
bombardments of a Be target have been measured with a Si (Li) detector. The Doppler shift of QFEB is clearly
observed in the energy spectra and depends on the observation angle. The production cross section calculated from a
free-electron approximation is compared with the experimental result and the agreement is quite satisfactory. The
spectral shape near the high-energy end point of the QFEB definitely reflects the velocity distribution of the orbital
electrons of the target atom. Angular distributions of secondary-electron bremsstrahlung were also measured and
are compared with a calculation which includes relativistic retardation effects.

I. INTRODUCTION

Continuum x rays produced by the bombardment
of gaseous or solid targets with heavy charged
particles or heavy ions have been interpreted in
terms of molecular-orbital (MO) x rays, radiative
electron capture (REC), radiative ionization (RI),
and secondary-electron bremsstrahlung (SEB).!"°
Direct processes such as MO and REC play an
important role in heavy-ion impact, while multi-
step processes such as RI and SEB play a predom-
inant role in light-ion impact. Recently,!° we have
observed a new continuum x-ray component coming
from a kind of RI process in bombardments of Be,
C, and Al targets with 6—-40-MeV protons. The
high-energy end of this component changes with the
proton energy and has a é—meV,"’ dependence, where
m, is the electron mass and V, is the projectile
velocity. This energy dependence of the continuum
x rays has been well explained in terms of brems-
strahlung produced by orbital electrons scattered
in the projectile-Coulomb field. We have obtained
satisfactory agreement of the experimental results
with the bremsstrahlung calculated in the projec-
tile frame assuming that the orbital electrons are
free and at rest, i.e., the quasifree electron
bremsstrahlung (QFEB). Since the QFEB is a
process occurring in the projectile frame, the
Doppler effect is expected to appear in the spec-
trum. This effect has been observed earlier in
the projectile-energy dependence of the spectrum.
In this paper, angular distributions of the QFEB
from a Be target bombarded with 20-MeV protons
are measured and the results are compared with
theoretical calculations that take into account the
correction for the Coulomb deflection. The effect
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of velocity distribution of the orbital electron on
the spectral shape near the high-energy end of
QFEB is calculated and is compared with the ex-
perimental results. Angular distributions of SEB
are also obtained and are compared with calcula-
tions taking account of the relativisitic-retardation
effect and the Coulomb-deflection effect.

II. EXPERIMENTAL

Beams of 20-MeV protons from the Tohoku-
University cyclotron bombarded a self-supporting
Be target of 46-mg/cm? thickness, which was set
in a scattering chamber newly built for measuring
angular distributions and installed in the beam
line described in Ref. 11. This chamber of 40-cm
inner diameter has a sliding membrane with a
window for the x-ray detector and is designed so
that the angle between the target surface and the
direction of x-ray detection is always kept con-
stant. Hence, the self-absorption (absorptions of
X rays in the air path and windows) is the same at
all detection angles and the error due to absorption
corrections cancels out. The overall experimen-
tal arrangement has been described in Ref. 11,
where special care was taken to reduce background
radiation, and it was ascertained that the back-
ground measured without a target was quite neg-
ligible so that only the radiation coming from the
target was measured. Moreover, as can be seen
in the previous paper,'® the background due to y
rays from nuclear reactions occurring in the tar-
get material was considerable for the Al and C
targets, while the x-ray spectra for the Be target
were quite consistent with the theoretical calcula-
tions without taking account of the contribution
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FIG. 1. Continuum x-ray spectra for the Be target
bombarded with 20-MeV protons obtained over the angu-
lar range 6;=50—148°. The ordinate shows the cross
section multiplied by the x-ray energy. The smooth
curves in the region 3—30 keV are obtained from the
least-squares fit of Eq. (12) to the experimental results.
The other curves show the sum of cross sections for
SEB and for QFEB calculated from Eq. (5).

from y rays. This fact shows that the background
due to y rays is negligible for the Be target.
Continuum x rays from the Be target (same as
those used in the previous experiment) have been
measured with an ORTEC Si (Li) detector at the
angles 6, =50°, 70°, 90°, 100°, 110°, 120°, 130°,
140°, and 148°. In order to avoid pileup effect,
counting rates have been kept at about 100 cps.
Production cross sections for continuum x rays,
measured at angles 6, =50-1%8° and corrected for
the detection efficiency and absorptions, are shown
1

0 for 7iw>T,,
d*o8TEP (T, 7w, 6)
—_— = 2
aQdiw) 7 T ) ag MeC
T T % T, hw
B
1-

Xln(l +VT

Here, Z, and Z, are the atomic numbers of the
projectile and the target nucleus, respectively, o
is the fine-structure constant, meC2 is the rest
energy of electron, 7w is the x-ray energy, 6 is
the emission angle of x rays with respect to the

QUASIFREE ELECTRON BREMSSTRAHLUNG INDUCED BY... 1721

in Fig. 1, where the ordinate represents the pro-
duction cross section multiplied by the x-ray en-
ergy—[do™/dQ d(fw)]%w; this is a scaling based on
the x-ray energy dependence of bremsstrahlung—
do® /dQd(hw) = (1/hw)f(fw). Experimental errors
have been estimated to be 15% at about 6 keV and
20% at about 15 keV from the following uncertain-
ties: target thickness, 10%; detector efficiency
and absorption corrections, 11%; and counting
statistics, 0.2% and 14% at 6 keV and 15 keV, re-
spectively.

1. THEORETICAL

A. QFEB

Theoretical treatments of the radiative-ioniza-
tion process were first developed by Jakubassa
and Kleber.*? On the basis of the plane-wave Born
approximation (PWBA), they calculated the radi-
ative-ionization cross section for a case where the
projectile velocity V, is larger than the velocity of
the orbital electron V,. For a case of V, <V,
Anholt and Saylor® have made calculations on the
basis of the binary-encounter approximation
(BEA). In the present case where V, is much lar-
ger than V_, the orbital electron can be regarded
as free and at rest, and radiative ionization is
considered to be a bremsstrahlung produced by a
free electron in the projectile frame, namely,
QFEB. Under these conditions, the retardation
effect and the Doppler effect can easily be intro-
duced into the QFEB. Inaprevious paper,'°QFEB
was calculated in terms of a nonrelativisitc ap-
proximation. Here, the formula for QFEB is de-
rived on the basis of the relativistic theory.

The production cross section for electron brems-
strahlung, including the first-order relativistic
effect, is generally given in the center-of-mass
system by!?

1+VT

gt g)[[sinze +4(1+T)3cos?6-1)] ln(———) - 3VT(3cos?6-1)

1-VT

+§cose[(7 - T)sin®6 + £ (cos®8 - § sin6)(107 +3 - 373)]

)— 28V T cosf8(cos?6 —2 sinze)] for iw <T, . (1)

r
incident electron, and T, is the kinetic energy of

the orbital electron relative to the projectile.
Considering that the projectile mass is large in
comparision with the electron mass, we approx-
imately obtain
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T,=4m,V,?, (@)
and T and B are defined by
(2T, \Y? . T, —hw
ﬁ‘(mecz) , T_———T' . 3)

Further, g(%, &,) is the correction term for the
Coulomb deflection and is given by Sommerfeld'?
by

_gl-e?ro
g(£07 E)— go 1- e-2rt
with
®R 1/2 ®R 1/2
E‘):Z’(—T—r> ’ gzzp(Trh—w) ’ (4)

where ® is the Rydberg constant.

The cross section d20°F%B /dQ d(w) has a finite
value at the high-energy end 7w =T, because of
the correction factor g(, £,); whereas the PWBA
calculation of g(&,, £) =1 gives d20?FEB/dQ d(Aw)
=0 at 7w =7T,. It will be shown below that this
difference between the two calculations plays an
important role in the behavior of QFEB spectrum
near the end-point energy.

Equation (1) represents the QFEB formula in the
center-of-mass system of the projectile and the
orbital electron. In order to compare with the
experiment, this equation must be changed to that
of the laboratory system by a Lorentz transforma-
tion'® expressed by

dZUQFEB

a9, dio) (T,, 7w, ,6,)

1- BZ dUQFEB
~1-Bcosb, dd(w)

(T,vm";e))

1 — Beosd )
= P COS
o =y T

and

cosf, -3

0=— .
080 = "1 —Bcosf,

Equation (5) has been obtained by assuming that
the orbital electron is free and at rest.

Now, we will derive the QFEB formula for a
free electron having the velocity components
(V,,V,,V.). The relative kinetic energy T, of the
electron with respect to the projectile is

RO

where the Z axis is taken in the direction of the
incident beam. InthecaseofV,>V,, onlythe Z

component of the velocity contributes to T, and
Eq. (6) can be approximated by

' L_)z
T.= T,(l v.) - M

The velocity distribution function of orbital elec-
trons in the Z direction can be obtained by

p(V)= f f p(V,,V,,V,)dv.dv,. (8)

Here, p(V,,V,,V,) is the velocity distribution
function of the orbital electrons; for example, it
is given for the 1s electrons by!*

8 V3

V=g v v

where $m,V2 is the binding energy for the 1s
state. From the discussion described above and
from Egs. (5), (7), and (8), the QFEB formula
taking account of the velocity distributions of Be
1s and 2s orbital electrons is expressed by

FEB
o (fiw,, 6,)
Vvpli-(hw/ TP /21 - g2,QFEB

= f - dQ,d(fw,)

X (T;yh—u’z,’ oL)P(V:)de . (9)

Here, the upper limit of the integration with re-
spect to V, is determined from the condition 7,
> fw.

B. SEB

Theoretical calculations of SEB have been car-
ried out by Folkmann et al.5® by Jakubassa and
Kleber,® and by Ishii et al.»®'® We have also cal-
culated the exact formula based on BEA. Ina
case of V,>V, such as in the present one, how-
ever, we can assume that the orbital electrons
are free and at rest as in the case of QFEB. Ow-
ing to this approximation, we can easily take the
retardation effect into account and the cross sec-
tion for electron ejection by the projectile is sim-
ply expressed by'®

d*¢ __ Z,Z3e" ( 1 (E, )1/2)
aEdq, m, BN~y e, ) )0 0O

where E, is the energy of ejected electron and 6,
is the ejection angle with respect to the incident
beam., The cross section for bremsstrahlung pro-
duced by the interaction between the ejected elec-
tron and a target nucleus is given by Eq. (1) by
replacing T,, Z,, and Z,, respectively, with the
ejected-electron energy 1 and the atomic number
of target nucleus. Using Egs. (1) and (9) and Ref.
7, the production cross section for the SEB is ex-
pressed by
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t
o 2078 1 m,C? Tr/““ﬂ/ dsf(s,t,0 j— 1
—_— — 2 pey
Tty o Mo == 232 = A T T e/ a1
where squares fit to the experimental spectral re-

gion where QFEB does not contribute. Here, the

— 2 .2
fls,t,6,)=C, +C,sin6, +(B, +B, sin 6,)costy , order n in Eq. (12) is taken as n < 2; this gives the

with most reasonable fit. The curves #iw,d20°**(6, , 7w )/
dQ,d(fiw,) thus determined are shown in Fig. 1 as
C, (go +g.t )g(go, £), the background for QFEB. As the result of this
estimation of the background, we are able to dis-
C.=1L (l _ 3t@) ( ) cuss quantitatively QFEB. In the low-energy part
2 =28 81805 £) of the spectra, we can see two small peaks of
1/2 characteristic K x rays from Fe and Ni impurities.
B, ——(t —) (g2 +g,t )g(gc, £), These peaks become clearly distinguishable in the
backward directions, since the intensity of the
B —@<t—@> /2 ( ; ) (& 8) continuum x rays decreases in backward directions
27 2\'T, sl\i-% 81, &) while the characteristic x rays are isotropic.
1+ YT JT Nevertheless, the peaks are not so large as to af-
g&=0B-T% ln(lT—\ﬁ'_)-‘-z_ R fect the general feature of the continuum x rays,
which is now under consideration.
1 1+VT 3 In Fig. 1, the curves that agree well with the
g =0BT-1)% 1n< = ﬂ>' VT, experimental QFEB are the sum of the SEB cal-
L+ VT culated from Eq. (12) and QFEB calculated from
L=(L-¥T+ %T"’)ln(1 = ﬂ)+ 8vVT, Eq. (5). It can be seen in this figure that the
agreement between the theory and the experiment
1+VT is quite satisfactory except in the region near the
g=(FT-§-2T7 ln(l - JT) 12VT end point of QFEB. In particular, the angular
fiw \*/2
T=1-% B°~<2smecz> ’ C Be ho
- -27!0) : Ep 20 MeV 2:'62 ::\\//
T=eE st ={ 033t by
) ® \!/2
g(,:ZT(%—;) and £= £,/VT .
Since E, is the projectile energy, T, is the max-
imum energy that can be transferred from the =
projectile to a free electron; ¢ and s represent, 5
respectively, the initial energy of the ejected el- E
ectron and its energy passing in the target mater- 30
ial, and T is the mean ionization potential.'® 33
IS
IV. COMPARISON WITH EXPERIMENT © 5
In the continuum spectra shown in Fig. 1, we
can obviously distinguish two components of the
continuum x rays; the one is QFEB and the other
one which extends to the high-energy region is
considered to be mainly SEB. Since it has been
confirmed that 7w, d?c5*%(8, , fiw,)/dQ,d(hw;) is a
monotonic function of 7w, ,*" SEB is approximately N 1 | . |
expressed by 30° 60° 90° 120° 150"
d% SEB h
ﬁwLm(eL ’ %L) = ; an(eL)(lnh:"-’)" . (12) FIG. 2. Angular distributions of QFEB. The solid

curves are theoretical predictions obtained from Eq.
The coefficients a, can be determined from least- ).
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dependence of the QFEB spectrum originating
from the Doppler effect—w, 4 = T,(1 — g2)!/2/

(1 —-Bcosf,)—is well reproduced by the theory.
Angular distributions of QFEB obtained by sub-
tracting the SEB are shown in Fig. 2, together
with those calculated from Eq. (5). Here again
the agreement between the experiment and the
theory is quite good except in the region near the
end-point energy. The production cross section
for QFEB given by Eq. (5) is discontinuous at the
end-point energy hwena because of the correction
for Coulomb deflection—g(%,, £). As seen in Fig.
1, however, the experimental spectra of QFEB
near the end-point energy continue to a region
higher than 7w,y and gradually decrease to zero.
In order to interpret this behavior, first the ener-
gy spread of incident beam is to be considered.
Proton beams of 20 MeV bombarded the Be target
of 46 mg/cm?, so that the effective energy spread
in the target is estimated to be 19.22+0.78 MeV
at 6, =90°. This energy spread of the proton
beam results in the spectral spread of only +0.42
keV at the end-point energy of QFEB. Next, the
spectrum of QFEB obtained at 6, =90° is com-
pared with theoretical calculations in Fig. 3,
where the dot and dashed curve is calculated from
Eq. (5) and the solid curve is obtained from Eq.
(8) taking account of the velocity distributions of
Be 1s and 2s electrons. It is found in this figure
that Eq. (8) is in excellent agreement with the ex-
periment and the velocity distribution of orbital
electrons has considerable effect on the spectral
shape near the end point. As in the case of radi-
ative electron capture,!” QFEB is therefore a
process which reflects the velocity distribution of
the orbital electrons and is expected to be useful

Be
Ep =19.22 Mev
6. =90°

do
aaa(a) (mb/sr)

hw

7.0 8.0 9.‘0 |3.o 7!' I;.O 12.0
hw (keVv)

FIG. 3. The QFEB spectrum near the end-point energy
obtained at 6;=90° subtracting the SEB calculated from
Eq. (12). The dot and dashed curve shows the prediction
from Eq. (5) and the solid curve was calculated from
Eq. (8) by taking account of the velocity distribution of
orbital electrons.
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FIG. 4. The energy spectrum of SEB obtained at 6,
=90°. The dotted curve shows the least-squares fit of
Eq. (12) to the experimental result, and the solid line is
the theoretical one calculated from Eq. (11).

in obtaining information on orbital electrons.

In Fig. 4, the energy spectrum of SEB obtained
at 6, =90° is compared with that calculated from
Egs. (11) and (12). In the low-energy region,
the spectral shape agrees well, whereas the cal-
culated cross sections underestimate the experi-
mental cross sections by about 25%. In the high-
energy region, however, disagreement between
the theory and the experiment is large. Angular
distributions of SEB are shown in Fig. 5, together
with those calculated from Eq. (11). Here again,

Be

3
~
o
E
=]
é x\i\( E(’ o g
C &
g
3
Il 15.4 kev
21.5keV
27.74 kev
| | 1 1 1
30° 60° 90° 120° 150°

6.
FIG. 5. Angular distributions of SEB. The solid
curves were calculated from Eq. (11).
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agreement between the theoretical and experimen-
tal angular dependence seems to be rather good in
the low-energy region, while in the high-energy
region, the theory predicts the angular dependence
stronger than the experiment. Besides SEB,
there may be contributions to the measured con-
tinuum x rays from the nuclear bremsstrahlung
produced by the interaction between the projectile
and the target nucleus. It was, however, con-
firmed by a calculation using a dipole approxima-
tion'® that this contribution is quite negligible.
Furthermore, the background attributed to Comp-
ton-scattered ¥ rays from nuclear reactions is
expected to show a flat spectrum in contrast to the
present one as was previously'® reported.

V. SUMMARY

Continuum x rays produced by the bombardment
of the Be target with 20-MeV protons were mea-

sured over the angular range 6, =50-148°. The
Doppler effect of QFEB was clearly observed de-
pending on the observation angle. Theories of
QFEB and SEB were developed under the assump-
tion that the orbital electron is free and at rest.
The results of calculation of QFEB can quite well
reproduce the experiment. In particular, the
spectral shape of QFEB near the end-point energy
markedly reflects the velocity distribution of or-
bital electrons. This result suggests that QFEB
would provide a useful method for studying the
state of valence electrons. The present calcula-
tion of SEB taking into account the retardation ef-
fect gives rather good agreement with the experi-
mental result in the low-x-ray-energy region, but
not in the high-energy region.
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