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1. Introduction

At the U-300 heavy ion cyclotron of the Laboratory
of Nuclear Reactions Kaun and coworkers have measured
the quasimolecular Kpray emission obtamed in the
collision systems i3e + 33 Ge (81 MeV) /Y e, Nb,
Mo , Rh + 33Nb (65 MeV 96MeV) 2.3/" . La+ 139La
(115 MeV)/47 and fLa + 13%,136x, (120 MeV, 150MeV)/4/

Till now only Meyerhof et al. 5/ and Greenberg
et al.”’®/ have reported similar experiments in the region
of mean atomic numbers Z . There is a considerable
interest in observing X -rays from quasiatomic systems
transiently formed in heavy ion bombardments of targets
of various atomic numbers. The detection of quasimo-
lecular X-radiation provides the possibility of investi-
gating 919 electron shells of superheavy elements with
Z> 110 and of studying in the fu}ure quantum elect-
rodynamical effects in strong fields/® However, a lot
of other effects, e.g., electronic and nuclear bremsstrah-
lung, radiative electron capture, two-quanta decay and
Compton scattering of y -raysoccur as competing effects
ir these measurements /%/, It is the purpose of this
paper to describe calculations, which allow to estimate the
contributions of the electronic and nuclear bremsstrah-
lung to the X-ray spectra measured in references /2,3/,
The calculations for bremsstrahlung due to secondary
eiectr%'ls were carried out using the theory of Folkmann
et al. ) while for nuclear bremsstrahlung calcula-
tions the theory of Alder etal. 11/ wasused. Such calcu-
lations are of current interest not only regarding the
aspects of atomic physics described above but also with
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respect to measurements in ion induced  X-rayanalysis,
where bremsstrahlung of secondary electrons and nuclear
b}'emsstrahlung highly contribute to the background radia-
tion. Therefore, similar evaluations can serve for an

optimization of the ratio effect /back -
vestigations /11, 12/ ground in such n

2. Electronic Bremsstrahlung
2.1. The Differential Cross Section

According to ref./1%/  the differential cross section
for production of bremsstrahlung from secondary elect-

rons by impact of heavy ions ( El, z L Al ) with target
atoms (Z,, A,)is given by the formula '

d b(E o0
o (Erﬁ)z P g d"e(ES’Ex) . dY(Eg,E )
dE, E, dE dE
do.a (Es’l::_!_)__
dEg
for production of secondary electrons in the energy inter-
vgl [Es5sEg+ dEg]. Dby an ion with the incidence ener-

; Q)

r

where is the differential cross section

dY(Es, E
gy E,, and __.__d_.Eé.._ﬂ is the yield of bremsstrah-
r
lung in the X-ray energy interval [E,E +dE_ ], in-

E8> El’

duced by an 3 -electr
: OH/OI{) 9’“ enerey the yield is' i b
, given by

As is shown in ref.

E
dY(ES,EI_)HI8 do (E,E,) iE,
= [ i 2
B, & @, mMyA,S,(E,) 2
do, (EgE )

In this formula is the differential cross

dE |
section for production of bremsstrahlung in the energy
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interval [E,, E, +dE,] for an electron with an energy

E, ,me-Mp-A2=m is the mass of a target atom
(m, = electron mass, M, = 1836.6), and S,(E,) is
the stopping power in energy per mass for the electrons

dE
in the target material. Hence, the expression £
meMp A ZSZ(Ee)

stands for the number of atoms per unit area colliding
with the electron along the electron path and corresponding
to the energy loss dE_, of the electron.

By inserting equation (2) into (1) one obtains for the
cross section of secondary electron bremsstrahlung

dab(Er,E l)——fwdE doe(EaEl)l_;%Sdar(Ee,Er) dE . 3)
dE; E 8 dE 5 ‘Er dE, meMp A2S2(Ee).

As it is done in Folkmann’s work /19/  ihe cross section
do (Eg El)___

dEs |
heavy ion impact was calculated by means of the bjpary
encounter approximation of Garcia et al./13/ asgpming
the dominant interaction producing the inner-shell’ ioni-
zation to be a direct energy exchange between the pro-
jectile and the atomic electron in question. In the frame-
work of this approximation one obtains for the ionization
cross section of bound s -shell electrons

for production of secondary electrons in

do (EgE oo do{AE, V1Y, )

___e_(.._i_.ﬁ - _i____l...z_ f(v,) dvp 4)
dE 5 0 dE 5
do{ AE, vy vy) )

where —m——————— is the cross section for the

dE 5

exchange of an energy AE = U, + E5 Dbetween the inci-
dent ion and the bound
v; and whose energy is Ep= 4
binding energy on the s -shell.

For the various cases of energy transfer
cross section is given by the expressions 13/

MgVy -

AE this

s -electron, whose velocity is
Ug is the




w)= ki (Zlez)z ‘ 3V§-2+ v%

dEB 3 (AE)3 v-?_ ’ ¢ SAE(h, (59.)
- _g_-. (Zlez)z' .(V1+Vﬂs+(vz‘vé)3
3 2 s
(AE) e
<AE< a (5b)
Cnl 2 e sl
3 b y 8 < AE,
(ar)® Vv, = 8 )
Znev2>(ml—me)vl
= 0, 2 < AE,
2me\"2<(ml—m_e)vl
8d
where )
. 4m m [
(my+mP 17 Byt gvv(m-m )1,
b = ...i'“_LrP.n_[E g -1,
N R R ®
f_1o2_ 2AE
Vl——[V "—ﬁl"‘l‘—_ll/z dvl [v2+ '?_Iﬁi.]l/z.

In order to calculate the cross section do (Eg Ep

using

formula (4) one has to int
egrate over all vel
which occur on the electron shell with the pri‘:l:i(;)i:ie:ua:xz

tum number s. In th
distribution Is integration we used the Fock

32v3 v2 | X 1/2
= 2224"'0:[ 8]/’ Q.
7 (v2+ vo) A :

f(v'z) =

asa nqrmalized weight function.
2.2 Numerical Calculations

The program BINARY enables one to evaluate the
following quantities: do
1. the cross section e

dEg

(5) for production of secondary electrons,

corresponding to (4) and

for bremsstrahlung producti-

2. the cross section
r

on, corresponding to formula (3),

N E,.E)
3. the spectra I -1~ for bremsstrahlung, corres-
r
ponding to formula (8),
b
4. the "measured” spectra ¢(E) —(]-N—-%gi-’—u where

r
¢ (Ep) represents the efficiency of the detector used

including the absorber attenuation.
The integrations in (3) and (4) were carried out using

existing subroutines. For the expressions -%.%L- and
dE, f

meMp‘AzSz(Ee)
mations made by Folkmann et al. /18/  Further, with
regard to the forward peaking of the ejected electrons
and the angular distribution of the measured bremsstrah-
lung we have taken into account the assumptions made in
ret./19/,

The cross section (4) were multiplied by the number
a, of electrons occupying a shell s and summed over

the shells of interest. Further, the slowing-down 14/ of
the ions in the target materials used was considered.

7

we have employed the approxi-

o
RSN

TRINERRRY K

Ay

PO At S




For that purpose we supposed the targeis to consist of
N foils of equal thickness. Assuming a constant jon
energy E; inside each foil, for a target placed at 45°
with respect to the beam direction the bremsstrahlung
spectra are given by

b b
dN"(E,E )} N ~u(E)R, v do J(E _,E )
= % Nyquh ity g 8 P (8
dE, iy 1ONTE s=1'8 dE , @)
where Nion is the number of incident ions and n;

is the number of atoms per cm? inside a target foil.
Finally, the factor ey [-x(E,) R; ]  takes into conside-
ration the absorption for X -radiation of an energy E,
inside the target. The infinite upper integration limits in
expressions (3) and (4) have been substituted by finite
limits in the following way:

As can be seen from formula (5d) the integrand in (4)
vanishes if a <AE and 2mgvy < (m; - mg) vy. Hence,
one obtains from (3)

AE__-—U
o d AE max s A
[ dEg ofﬁ(g ) T da;( E) A, =2
Er 8 Er E8

For the evaluation of AE we reexamine rela-
tion (5d). Taking into account my=m M, . 4, one

obtains from 2m v, <(m; - m,) v, after division
g  1/2
by vy = [ —=<]
Y 0 m,
_ 1/2
V2 < MpAI 1 [ E, / ©)

On the other hand the condition 3 < AE
with the inequality

is consistent

E, 1/2

V2— 4 _ Vo
(=) - (M e T

DAI— DI

(10)
+
0,511 4MpAl

AE -E =a >0,

Then the quantity AE pnax

(E AE in MeV), yielding finally after division by v,
1

Vg MPAI— 1[ E, ]1/2 . MpA1+lEEI-£E +ch: }1/2.(11)
;;)4'/-# 2 MpAlUs 2 pAl 8
(_V?r_) is in contradiction to (9), therefore for our pur-
v +
: ;o (~ ty (10) well.
2 solves the inequality
.poses only ( Ve )y

is defined by a’=0 and by
using (11) one gets . ) _z
ok s Whalt G EEN . ,
AEgax = By “MpA Vsl MDA 1 [ MpA Ya MpAl+ 1 vy

Now, the integration of equation (4) will be divided by the

' Y ives
the integral with the limits (o, (;LL' vol give

0
for K -shells

ibution. The values AEpax
2va(izgzd_ by (12) belonging to different quantities

(-‘;2*) are shown in the table.
Vo -
Table

tion limit

: a function of the upper integrali &
& max /I:V(ﬁs Thfg binding energies of the Kleg ll:/s
:‘;szedv re evaluated in accordance with the Slater rules. A

e C+p Al+p |[Nb+Nb
V!V £y0 MV | E1°IMey | E1r65MeV
o | 237 | M1 | 1059
20 go7 | 1349 | 2133
30 876 | 1982 | 3206
40 w3 | 2608 | 4238
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3. Euvaluation of Nuclear Bremsstrahlung

In ret./1 it is demostrated that the 1 component
of nuclear bremsstrahlung has the highest intensity and the
contributions of higher electrical multipelarities can be

neglected*. The differential cross section of this compo-
nent is

de® (E |, E ) Z, Z A
Elt' r’ 1 82,2 £1 2,2 1
. =126« Z 2, [—- 5" °_
dEr b4 1 2[ A ) Azl El' Er %l(n’as(la)
where 7 is a collision parameter defined by
Z.2 A
L 1”2 1 1/2 .
E Y T (E, inMeV)
and ¢ is an adiabaticity parameter
1/2 .. .
_ lez“\l B 5 Bl 4
&= ] 3/2[“'5“2'('"55_) + o |
1265(E1-—2—E|:) | 1
with the abbreviation E;=(1+ A/A) E . The valu-
es for (7, ¢) aregiveninref/11/, table II.3,

in the classical approximation N oo, For all practical
pur sesg the approximation can be used if 7 > 100
(ref./1t, 13/ ). Under the experimental conditions des-
cribed in ref. /2,3/ for the investigation of the reac-
tions Zr, Nb, Mo, Rh.+ Nb(65 MeV, 96 MeV) this rela-

Z z
tion was fullfilled. The factor (2 - A—z)2 in formula
1 2

(13) indicates thatina closed system of particles characte-

rized by -— - const,
A

can arise. Higher muitipolarities will be important but

with much slower intensity and the energy loss of the

incident ions is caused only by recoil effects and icnization
processes.

no electrical dipole radiation

R R 4y e AR R R R e e A W e e T o e

*This includes also the neglect of interference effects.

The dipole bremsstrahlung is anisotropic. The angular
distribution for this radiation induced by incident lons is

Wgi(0) = 14 %351(300520 -1, (19)

where ¢ is the angle between the beam directionand the
bremsstrahlung quanta measured. The coefficients
agl {(n > 10, &) used are giveninref.” 1%, Thecross
section (13) was calculated by the program CONTI making
use of interpolation between the values fes(n, €) given
in ref. /11/,  For the evaluation of fg; (7, £) In the
limits ¢ .0 and ¢£>>1 asymptotic formulae were uti-
lized /1/  Taking into account the significant slowing-
down of the ions in the targets used, as mentioned above,
we supposed the targets to consist of a number of N thin
foils. By assuming a constant ion energy E, inside each
foil for a targetin45 geometry, oneobtains for the spect-
ra of the nuclear bremsstrahlung

b N
"#(Er)RidUEl(Er,hl)
FToh 21 Mow e TRt as)

t

4. Results

For the reactions A : p (2 MeV)and Al .

(3 MeV) in figures 1a and 1b we compare the differential
cross sections for bremsstrahlung evaluated using (8) and

(15) with the results obtained by Folkmann et al. 710/ |
Figures 2a and 2b contain the comparison of the cross
sections for the collision systems C + p (3 MeV
and C + p (5 MeV)ref. 112/ ) These figures should
be .a good proof for the correct work of our programs.

For the upper integration limit in formula (4) we have
chosen v, - % v, (see the table). The influence ofany
higher integration limits is of the same order of magnitude
as the errors of the subroutines used for the integration.

For the binding energies Ug; we ha}'e employed the valu-
es according to the Slater rules/15/,




Al+p(2 MeV)

do?(E,)

Fig. la,b: The cross sections for brems-

dE,

strahlung of secondary electrons (upper, parabolic curve)
and nuclear bremsstrahlung (lower curve) inthe reactions
Al + p (2 MeV) and Al + p (3 ler . The full
lines are the results of Folkmann et al. 10/ . the tri-
angles and circles represent the cross sections for nuc-
lear and electronic bremsstrahlung, respectively, comput-
ed with the programs CONTI and BINARY.
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Fig. 2a,b: The cr cti do (E,)
; 0ss sections T-’—— for brems-

strahlung of secondary electrons (upper

,. barabo
%mi nuclear bremsstrahlung (lower curw)p?n the Egaf;:’:fg
lines pdeﬁote(ghergultasn%f Fglk:napnn e(? }tuf "9/ LA g
explanation of the other symbols see ﬁgs.al'a, b. For the
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aN"(E,)
dE

nic and nuclear bremsstrahlung to the X-ray continua
measured in the reactions Zr, Nb, Mo, Rh + Nb
(65 MeV)/?  are illustrated in fig. 3. The triangles
denote the spectrum of the El component of nuclear
bremsstrahlung, the dashed line shows the summed spect-
rum of electronic and nuclear bremsstrahlung. In the
colliding system Nb + Nb no F1 component can
arise. Therefore, the dashed line illustrates only the
contribution of electronic bremsstrahlung. Fig. 4 shows
the bremsstrahlung continua obtained in the reaction Zr,
Nb, Mo + Nb (96 MeV) /3/,  The  X-ray spectra
are normalized to the same ion flux. The triangles and
circles represent the spectra of the nuclear and electronic
bremsstrahlung,respectively, whereas the dashed-dotted
line represents the mean background measuredinadelayed
regime /3/. Finally the dashed line gives the summed
spectrum of bremsstrahlung and delayed background.

Figures 3 and 4 demonstrate that contrary to the sup-
position made in ref. /2/" the low energy parts (C1)
of the X -ray continua cannot be explained as due to
the bremsstrahlung of secondary electrons. The yield
integral computed for the X -ray energy range between
16 keV and 30 keV is at least three orders of magnitude
smaller than the values measured 2,3/, .Also the slope is
wrong. After correcting for the detector efficiency and
absorber attenuation the linear extrapolation of the spect-
ra (CI) in a logarithmic representation shows that
the experimental yield Y(C1) goesdownlike E;" with
n~20. This disagrees drastically with the value n < 7
obtained using formula (8). Taking intoaccount the results
of references/1? it seems possible to explain the
feature of the continua {Ci) by the static approximation
of the atomic collisions, whereas the continua (C3 , which
may extend beyond the united atom limit, may be caused
by dynamic effects. Further theoretical and experimental.
investigations are needed to provide evidence for the mole-
cular origin of both conspicuous continua.

The contributions ¢ (E,) of both electro-

14

S T

-—
L]

log, NUMBER OF EVENTS

uNb

ENERGY (keV)

Fig. 3. The contributions of bremssitrahl t
o the -
?ggtj“nua %?sured in the reactions zru:ug Nb, Mo Iéxﬁ\%
¥ evV) .The triangles denote the spectrum of the
K component of nuclear bremsstrahlung only, whereas
e dashed line represents the summed spéctrum of
electronic and nuclear bremsstrahlung.
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io. 4. The contributions of bremsstrahlung tothe Xx-7ray
g;%tinua obt71ned in the reactions Zr, Nb, Mo +93N b
(96 MeV)/3/. The dashed-dotted line represents the
mean background measuvred in a delayed regime . The
triangles and circles denote the sfectra of nuclear and
electronic bremsstrahlung, respec ively. The dashed line
is the summed spectrum of delayed background and
bremsstrahlung.
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For the collision systems (target, p ) the results 3!
Folkmann’s theory were improved by the experiment /12 )
whereas for the systems (target, HI ) one expects theo-
retical cross sections to be slightly smaller than those
measured. In these cases one must consider additionally
the bremsstrahlung due to the bound electrons ejected from
the incident ions. The ionization cross sections for the
electron shells of these ions can be computed by formulae
(4) - (7) in a system, where the ions are at rest and the
m

2
target atoms haveakinetic energy Ei= Ey- EvEh These

cross sections were not calculated but their inclusion is

highly unlikely to account for the high yields Y(C1) ob-
served /%,3/,

The author would like to thank Academician G.N.Flerov

for his support to this work and Dr. K.-H.Kaun for help-
ful discussions.
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