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Continuum x rays from targets of Be, C, and Al bombarded with 6-40-MeV protons were observed with a Si (Li)
detector. In addition to the secondary-electron bremsstrahlung (SEB), the spectra show another component, of
which the high-energy limit is given by the relative kinetic energy between the projectile and orbital electrons of the
target atom and by the Doppler effect. The component can well be explained in terms of the bremsstrahlung
produced by the quasifree scattering of orbital electrons in the field of the projectile. The effect of the binding energy
of the orbital electrons on this bremsstrahlung spectrum has been studied. From the comparison of the experimental
results with theoretical predictions based on the plane-wave Born approximation and the binary-encounter
approximation, the importance of the effect of secondary-electron escape from the target material on the SEB at

high-projectile energies was pointed out.

I. INTRODUCTION

Continuum x-ray emission from solid or gas
targets bombarded by heavy-charged particles
or heavy ions has been studied by several groups
of researchers.'™® Regarding the origin of these
x rays, the following processes have been con-
sidered: Secondary-electron bremsstrahlung
(SEB), 2578 molecular-orbital rays (MO), radia-
tive ionizations (RI), *'® radiative electron capture
(REC), ''* nuclear bremsstrahlung, ® and ¥ rays
from nuclear reactions. In a case of low-energy
heavy-charged-particle bombardments, SEB is
generally the most predominant one among these
processes. However, if the velocity of the pro-
jectile 1, is large enough in comparison with the
velocity of the orbital electron, the orbital elec-
tron can be considered as free and at rest. In
the center-of-mass frame, the electron collides
with the projectile with the relative kinetic energy
T, =3 m, v} (m, is the electron mass), and brems-
strahlung is produced by the interaction between
the projectile and the orbital electron. We call
radiation from this process quasifree-electron
bremsstrahlung (QFEB). The spectrum of QFEB
is therefore characterized by the relative kinetic
energy T,. These x rays were first observed by
Schnopper et al.' in heavy-ion collisions and were
called primary bremsstrahlung.®? Theoretical
calculations of this process have been performed
by Jakubassa and Kleber, * and they called this
process radiative ionizations. Experiments on
QFEB have mostly been done in heavy-ion col-
lisions, where MO x rays and REC are dominant,
and QFEB by itself has not been identified.

Here, we have systematically measured the
continuum x rays from Be, C, and Al targets

bombarded with 6-40-MeV protons, and the re-
sults are discussed in connection with calcula-
tions of QFEB based on the plane-wave Born
approximation PWBA and of SEB based on the
binary-encounter approximation BEA.

EXPERIMENTAL

The general experimental setup is described
elsewhere.'® Self-supporting targets of Be, C,
and Al were bombarded with protons of 6 (7 for
Be target), 12, 20, 30, and 40 MeV from the
AVF cyclotron of Tohoku University. Thicknesses
of the targets were measured from the Rutherford
scattering of 1.5-MeV protons with a Van de
Graaff generator and found to be 46 mg/cm?,
about 100 ug/cm®, and 41.8 ug/cm?, respectively,
for the Be, C, and Al targets. The continuum
xX-ray spectra were measured with an ORTEC
Si (Li) detector of energy resolution of 160 eV
for 6.4-keV x rays in the direction 135° to the
proton beam. In order to avoid pileup, counting
rates had been kept below about 200 cps. One of
the spectra obtained is shown in Fig. 1 for the
Be target bombarded with 20-MeV protons.
Production cross sections for these x rays,
shown in Figs. 2, 3, and 4, were obtained by
correcting the spectra—best-fit curves to the
experimental points—for the detection efficiency,
absorption in the air path and the Mylar window
of the chamber, and self-absorption in the target
material. The absolute detection efficiency was
determined with intensity-calibrated 5"Fe and
*1Am x-ray sources. Uncertainties in the cross
sections were estimated to be about 13% for Be
and Al, and about 20% for C from the following
errors: background substraction 3%; target
thickness 8% for Be and Al and 17% for C, count-
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FIG. 1. A typical continuum x-ray spectrum for the Be target bombarded with 20-Mev protons.

ing statistics 2%; the detector efficiency and ab-
sorption correction, 10%.

III. THEORIES
A. Quasifree-electron bremsstrahlung (QFEB)

The production cross section of the QFEB on
the basis of PWBA is expressed by'!

do¥EP Ny Nt po @2 0 e c?
aQd(hw) w * (PZC o T, 7w

1
X [sm29 +3(1+ p?) (3 cos’0-1) In (1 iﬁ)

where p2=1~/w/T,, Ny is the number of elec-
trons of the target atom, Z, is the atomic number
of the projectile, a, is the Bohr radius, Zw is

the energy of the emitted photon, and 6 is the
angle between the directions of the projectile and
the photon.

The formula of QFEB for the case where the
velocity of an orbital electron is not negilible in
comparison with the projectile velocity has been
given by Jakubassa and Kleber?® on the basis of
PWBA. In conformity with their calculation,
which takes into account the velocity distribution
of the orbital electrons, the angular distribution

and the spectrum of the emitted photons are
1 2
-2p( cos®0- 1)] ) 1 expressed by
1
doQFEB . C2 © °°
d\Qd 7w ) Z:Ni Zz('ﬁ?)B T '(; dkf f art Py (ki + T) G(kf, T’ 0); (2)
r Q
where
k3 k4 B> B |C-k%
(L qin2p’ 2 nt r_ 7y
G(ks, T, 6) =(3 sin®6’ + cos?8 )32-402 + (3 sin®6’ - cos?6’) ,402 (1+Bz-4C2 tT In Fopw >
B 1 C-k2 DCc?
- s2 ! 2 —_ in2 A’
2 sin®0 Dk’<—32—402+4c In _LC+kf2 )+s1n9 BT=acT

with
B=(k,+ k) +T+k},
C=ky((k,+ kg)? + T2,

2
D=fw (h‘w+ U; +-2~—(k2 + T)) ,
e

N
cos?6’ =[(k,,+ k)2 cos?0+ 3 T sin®6] /[ (k, + k. )? + T],

2 2
ke = hzk (’Z“”U‘ Ean'T')’
2m
kf,Eh_ £ T,, and T=kZ +k3,



26 YAMADERA, ISHII, SERA, SEBATA, AND MORITA 23

107" g~

C Be target

Io‘z? g, = 135°
i~ -2|
> 10 E
> E
() L

x
5 107
c E
O

R
IO‘Z;
3 E
bl< L
oo -2
g '0°F
2 E.
F
IO“”E“—
1074

1075 [ I | !

20 25 30 35

o
)
5
o

E X ( keV)
FIG. 2. Production cross section of the continuum
x rays from the Be target plotted as a function of photon
energy. The notation T, is the kinetic energy of the
orbital electrons in the projectile frame, and TL,’ is that
in the laboratory frame taking account of the Doppler
shift. '

107! e C target
; T g, =135°
1072 40 MeV
3
i » Tr
— 1072 E
) e 30 Mev
> r
g -2
< 107¢ =
%) -
E L
8 r
— 1072 =
3 i
bl 3
'U"é) 1072 £
© =
[
1073
1074 =
10-5 I | ! | | 1 ! j
0 5 10 15 20 25 30 35
Ex(keV)

FIG. 3. Same as Fig. 2, except for the C target.
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FIG. 4. Same as Fig. 2, except for the Al target.

where 7k is the momentum of the inner-shell
electron, ks is that of the ejected electron, N;
is the number of electrons in the ith shell, U; is
the ionization energy of the ¢th shell, p; (k?) is
the velocity distribution of the 7 -shell electron'?
and is normalized by

[ krak g (e -1. (3)
0

The QFEB spectra calculated from Eq. (1) and
Eq. (2) for 20-MeV proton bombardments of Be
and Al targets are illustrated in Figs. 5(a) and
5(b), where it is apparent that the two calcula-
tions yield similar results for Be, but rather
different results for Al. This fact reveals that
the QFEB spectrum becomes increasingly de-
pendent on the velocity distribution of the orbital
electrons as the atomic number increases and
the intensity decline near the high-energy limit
hw=T, becomes less steep for higher atomic
numbers.

Since the QFEB is produced in the rest frame
of the projectile, a Doppler shift in the emitted-
photon energy is expected; the observed x-ray
energy hw,, is related to the projectile-frame
energy hw, by

(1=

S Wy, = w
°® " 1-Bcosf *’

(4)

where 8=, /c. This effect becomés large for
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PFIG. 5. Comparisons between the QFEB spectra calculated from Eqs. (1) and (2) for (a) Be and (b) Al targets.
high-energy projectiles; with 40-MeV protons, corrected for the Doppler shift are shown in Figs.
the photon energy is increased by 35% at 6=0° 6 and 7, respectively, for the Be and Al targets,
and decreased by 26% at 6=180°. The cross together with theoretical SEB cross sections and

sections for QFEB calculated from Eq. (2) and the experimental ones.

B. Secondary-electron bremsstrahlung (SEB)

Electrons ejected from a target atom by the projectile interact with other atoms in the target and produce
bremsstrahlung. This SEB was analyzed first by Folkmann® and then in more detail by Ishii et al.”*®* This
continuum x-ray spectrum is characterized by the maximum energy 7,,= 2m v} that can be transferred
from the projectile to a free elec.ron. In accordance with the BEA theory, the SEB cross section is given
by’
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Here, E=E,+U;, x*=s*+v, T=V1-1/f, y=E/T,, s=v,/v,, and E, is energy of the electron ejected
from the atom, ¢ is energy of the electron passing through the target material in units of Zw, Z; is the
target-atomic number, I is the average ionization potential of the target atom, and f;(v,) is the velocity
distribution of the 7-shell electron'? and is normalized as expressed by

[ @z,
(o]

(6)

The formula for SEB, expressed by Eq. (5), is more simplified than the one previously reported.’

As in the present case where the projectile energy is high, the energy of the secondary elec-
trons also becomes high, and in the process of bremsstrahlung production, the relative retarda-
tion effect becomes important.® Further, the probability of escape of the secondary electrons from the
target increases because of their high energy, and this fact reduces the yield of SEB, especially in the
high-energy photon region. Calculations of SEB taking into account these effects are generally complicated
because of various integral conditions. If we assume the target electron to be at rest, however, the es-
cape effect can easily be estimated. Under this assumption, the cross section of SEB for a target of thick-

ness D is expressed by
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where t = (1-w/E})'”?, and EJ is energy of the
electron passing through the target material,
(6,,9,) is the ejection'angle of the electron with
respect to the incident beam, 6 is the detection
angle of x rays with respect to the beam, 6’ is
the detection angle of x rays with respect to the
direction of ejection of the electron, and is re-
lated by cos6’ =cos 6, cosb+ sinf, sinfsinby,,
and

f(8,%)=[sin® 6 + % (3 cos?d - 1)] log
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since

cos?6, =E, /T,,.

The energy distribution 0, (E,, 6,, ¥,) of the
ejected electrons in Eq. (7) has been given by
Bonsen and Vriens' for electrons at rest, and
the energy loss dE./-~Ndx' of ejected electrons
in the target can be estimated from the Bethe
formula, ™ in which the logarithmic term is here
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FIG. 6. Effect of electron escape from a target on the
SEB spectrum is shown for the case of the Al target
bombarded with 20-Mev protons.

replaced by a constant. The production cross
section of the bremsstrahlung has been given by
Heitler!! on the basis of PWBA. The escape pro-
bability is taken into consideration in the lower
limit E of the integration on the energy of the
ejected electrons JdE’,. From the fact that an
ejected electron can produce bremsstrahlung
only in the target material, the lower limit E is
expressed by

(o for R(E,) <R (k) *%’ée_)f’

(8)
zR"’ (R (E,) -gfs—gf) for R (E,)> R (iw) +

D-X
coséb,’

where R (E,) is the range of an electron of energy
E, in the target material, R™!(X) is the electron
energy corresponding to the range X, and x is
the distance along the target surface between the
point of beam incidence and the point where the
electron is ejected. Hence, (D - x)/cosé, is the
path length of the ejected electron in the target
on the assumption that the beam enters normal
to the target surface. In the case of a target
which is thick in comparison with the range of
an ejected electron, Eqgs. (7) and (8) give

dO.SEE Tm fEe 1 _
——— = dEl ~ .
(d(h—w)dsz),,:., const [ "4E,f "dEL S (B0)
(9)

By taking the ratio of Eq. (7) to Eq. (9), we obtain
the correction coefficient for the escape effect by

c=(d‘(1;:: :m )D/ (d‘(l;::;sz )m. (10)

As the result, we can obtain the approximate SEB
cross section taking account of the escape effect
by multiplying Eq. (5) by the coefficient C.

In the present work, the thickness of the Al
target was 41.8 ug/cm? and the escape effect
cannot be neglected. The contribution of this
effect to the SEB cross section is shown in Fig. 6
for 20-MeV protons. As seen in this figure, the
escape effect reduces the cross section by two
orders of magnitude and the relative importance
of QFEB in the region of continuum x rays be-
comes large. It therefore becomes difficult to
identify the QFEB for a thick Al target.

IV. COMPARISON BETWEEN THE THEORIES AND
EXPERIMENTAL RESULTS

In the continuum x-ray spectra from a Be target
shown in Fig. 2, the contribution from QFEB and
its Doppler shift are clearly observable at all the
proton energies, while, in the spectra for the C
target shown in Fig, 3, the QFEB is identified only
in the region E, <20 MeV. This fact is probably
due to the background from Compton scattering
of y rays from the nuclear reaction *C (p, n)'* N
having the threshold energy of E, =18.23 MeV.

In the spectra for the Al target shown in Fig. 4,
QFEB is observable, but is not so remarkable as
in the case of Be and C targets. The cross sec-
tions for QFEB calculated from Eqgs. (2) and (4)
and for SEB calculated from Eqs. (5) and (10) are
compared with the experimental results in Figs.
T and 8, respectively, for Be and Al targets.
Agreement between the theory and the experiment
is quite satisfactory for the Be target. Since the
Be target used is very thick (46 mg/cm?), the
escape probability of a secondary electron from
the target is expected to be negligible and the
SEB calculated from Eq. (5) should be a good
approximation. The projectile-energy loss in the
Be target amounts to about 2 and 0.6 MeV, res-
pectively, for 9- and 40-MeV protons. On the
other hand, the cross sections for QFEB and SEB,
as seen in Figs. 2—4, gradually increase with an
increase in the projectile energy. Hence, the
theoretical calculation neglecting the effect of
projectile-energy loss can well be compared with
the experiment as in Fig. 7.

As seen in Fig. 4, the continuum x-ray spectra
for the Al target have a plateau on the high-energy
side. This plateau is thought to be due to Compton
scatterings of y rays from nuclear reactions in
the Si (Li) detector. If the y-ray energy 7w, is
large enough in comparison with the energy of
the secondary electron E,, the energy spectrum
of secondary electrons is obtained from the cross
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section for Compton scattering by

C - 2
do om)t~ . mC

TE, 20wy

(11)

where 7, is the classical electronic radius. Since
the right-hand side of Eq. (11) does not contain
E,, the background spectrum due to y rays be-
comes constant in the energy region from 2 keV
to 35 keV. The continuous x-ray spectrum on

the high-energy side in Fig. 8 is thought to be

the background due to y rays and is represented
by dashed lines.

The agreement between the experiment and the
calculations, shown in Fig. 8, is not good. From
the comparison of the experiment with the theory
in the region Zw>T,?, the correction factor for
the escape effect in SEB, expressed by Eq. (10),
seems to be too large. On the other hand, the
experimental spectra represented in Figs. 8 (b)
and 8 (c) seem to show some contribution from
the QFEB, while the theoretical predictions are
not so large, The situation does not change with
the cross section for QFEB given by Eq. (1). As
seen in Fig. 8 (c), the experimental cross sections
are about one order of magnitude larger than the
theoretical cross sections for QFEB. Even by
taking into account the overestimation of the
correction factor for the escape effect given by

Eq. (10), the contribution from QFEB seen in
the experimental spectra cannot be understood.

In the low-projectile energy region, the formula
of QFEB, expressed by Eq. (2), does not hold.
For low-energy impact, Anholt® has given a cal-
culation of QFEB based on the BEA theory. His
result shows that QFEB becomes effective in
the region E, <3 MeV.

V. SUMMARY

Targets of Be, C, and Al foils were bombarded
with proton beams of 6-40 MeV and the continuum
x rays produced were measured with a Si (Li)
detector. The production cross section and the
spectra were analysed in terms of the quasifree-
electron bremsstrahlung (SEB) processes. Cal-
culations of QFEB and SEB have been carried out
on the basis of PWBA and BEA theories, res-
pectively. Satisfactory agreement between the
calculations and the experimental results was
obtained for the Be target. Large energy shifts
due to the Doppler effect were observed in the
spectra of QFEB and the intensity of QFEB was
found to decrease with an increase in the atomic
number of target. It was also found that the
intensity of SEB decreases with an increase in
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