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5 electrons and continuous x rays in heavy-ion —atom collisions
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Doubly differential cross sections have been measured for the production of 10—70-keV

5 electrons and —10—50-keV continuum x rays generated in collisions between 65-MeV

nickel ions and nickel foil targets. The data on 5 electrons have been used to calculate cor-

responding yields of secondary-electron bremsstrahlung (SEB) including retardation effects.

Magnitude, energy, and angular dependence of resulting SEB yields are discussed in detail.

It is concluded that SEB contributions do not dominate experimental continuous x-ray

spectra.

INTRODUCTION

Emission of continuous x rays and 5 electrons in

near-adiabatic collisions between heavy ions and

target atoms has received much attention particu-

larly in connection with studies of transiently

formed superheavy quasiatoms. There has been

some hope that x rays which are emitted during

ion-atom collisions can be utilized to infer charac-

teristics of combined atoms. For this reason,

numerous investigations have been reported of
moderately heavy collision systems'; for example, in

Ni~Ni encounters where Z& ——Z2 ——28 one tries to
find features in the emission spectra which reflect

properties of the combined system with Z =56.
Unique identification of united-atom effects is

not easily achieved. A first important step is to
demonstrate that the observed continuous radiation

which is not characteristic for projectile or target

atoms is indeed emitted from the quasiatom. Since
there is no simple distinct feature in the energy

spectrum of the continuous radiation, it is difficult

to discriminate against various background effects

such as secondary-electron bremsstrahlung' (SEB),
tails from radiative electron capture, nucleus-

nucleus bremsstrahlung, and other higher-order ef-
fects. An interesting technique consists in a
Doppler-shift analysis of the continuous radia-
tion ' in order to determine the effective velocity
of the emitting system. In many cases, this velocity
was found to be close to the center-of-mass velocity
of the colliding system, giving strong evidence for a
combined-atom origin of the radiation. The diffi-
culty with this technique, though, is that it relies on
measured forward-backward asymmetry of emitted
continuous radiation which does not represent a
unique signature for united-atom effects, because it
can also be caused by SEB provided that retardation

effects are taken into account.
The main purpose of this paper is to demonstrate

to what extent SEB contributes to continuous spec-
tra and what kind of angular distribution arises
from SEB. These results are essential for a full

validation of the Doppler-shift analysis of continu-

ous radiation. Our technique is to measure doubly
differential cross sections for 5 electrons, which are
difficult to calculate for heavy homonuclear sys-

tems, and to compute the corresponding SEB yields

on the basis of we11-developed procedures, including
retardation effects. A point of major concern is the
forward-backward asymmetry of SEB which is
shown to be indeed pronounced in the system stud-

ied here. %e find, however, that the magnitude of
SEB is not sufficient to explain the observed con-
tinuous radiation and that the angular distribution
of SEB is not symmetrical with respect to forward-
backward angles in the center-of-mass system, con-
trary to what one expects for radiation from tran-
siently combined atomic systems.

EXPERIMENTAL PROCEDURE

The Munich tandem Van de Graaff accelerator
was used to study production of 5 electrons and x
rays in collisions between 65-MeV nickel ions and
nickel targets. Doubly differential cross sections
for 5-electron production were measured for elec-
tron energies between 10 and 70 keV and ejection
angles from S' to 180'. Targets were oriented per-
pendicular to the beam direction; target thickness

was typically 130 pg/cm . Electron deflection was
achieved by a liquid-nitrogen-cooled iron-free
solenoid with magnetic fields up to 50 mT, momen-

tum resolution of 4%, and angular acceptance of
-3 msr. Electrons were detected with a cooled sur-
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face barrier detector. The total detection efficiency
of the solenoid was calibrated by means of conver-

sion electron sources of known activity. A more de-

tailed description of the electron detection can be
obtained elsewhere. ' At the same beam energy, but
using a 200-pg/cm nickel target oriented at 45'
with respect to been direction, we recorded x-ray
spectra at 90' with a Si (Li) detector in the range
(50 keV. Solid angle and efficiency were carefully
determined. Beam normalization was achieved by
means of a Faraday cup and known average charge
state of the ions behind the target foil. Resulting
absolute electron and x-ray cross sections have an
estimated uncertainty of -30%. Our x-ray cross
sections agree with the ones from Ref. 11 within

-30%%uo.
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FIG. l. Angular distribution of 25-keV 5 electrons
emitted in 65-MeV "Ni-Ni collisions in the laboratory
(dashed line) and c.m. systems (solid line). Note that the
c.m. distribution exhibits forward-backward symmetry.

5-ELECTRON SPECTRA

At all 5-electron energies E, the measured angu-

lar distributions show strong forward peaking in the
laboratory system. Transformation to the center-
of-mass (c.m. ) system is achieved by means of

do' p de
dE,'dQ,' p dE,dQ,

and the relativistic velocity addition theorem. In

Eq. (1) unprimed and primed variables refer to labo-

ratory and c.m. systems, respectively, and p denotes

the momentum of the electron. Application to our
data yields c.m. contributions which exhibit
forward-backward symmetry as is expected for a
symmetric collisions system (see the solid line in

Fig. 1). Although the c.m. velocity is roughly an
order of magnitude smaller than the electron veloci-

ty (a factor of -13 for 25-keV electrons), the
transformation effect is remarkable. This can be
understood in view of the strong E, dependence of
the cross section; between 15 and 40 keV, the 5-
electron cross section is found to be proportional to
E, . Therefore, small changes in E, which arise
from the transformation can lead to significant
changes of the cross section. Detailed results on
doubly differential cross sections for production of
5 electrons in heavy collision systems will be pub-
lished separately. ' '

COMPUTATION OF SEB SPECTRA

For a given 5-electron distribution d aldE, dQ„
a quite rigorous calculation of the corresponding
SEB spectrum would be feasible if one need not to
worry about energy loss and scattering of the elec-
trans in the target foil. In order to keep computa-
tional efforts small, we considered the following
two extreme simplifications:

(i) neglecting the energy loss of 5 electrons in the
target;

(ii) stopping 5 electrons within the target.

do &0 ~ der

d Ir(E„E )
X

dE dQ„

for case (i) and, for case (ii),

(2)

Assumption (i) seems justified for these electrons
which move perpendicular to the foil surface when

one takes into account that the foil thicknesses used

are thin compared to the range of 5 electrons con-
sidered here. We expect that correct SEB yields lie
somewhere between results from (i) and (ii), ob-

tained from

d2~SEB ~ d2 E dg' d2+(E' E )

dE„dQ„' ~x dEgdQ, ~ S(E,' ) dE'„dQ„
dQ, dE, (3)

where xo, E„and E„denote target thickness, electron, and x-ray energy, respectively, S(E, ) stands for elec-
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tron stopping power, and d u signifies the doubly differential cross section for bremsstrahlung. For the
latter, we use'

d rJ (E,E, ) 3 Z, 2p ~, 22(1 P)
dE„d0„8m. E,E„3—PC1 A,4sin2t+A, 2

3—P (4)

where C~ ——1.44 keVb, Z, is the nuclear charge of
target, P the polarization of the bremsstrahlung, y
the angle between directions of electron momentum
and x-ray emission, and A, =(1—Pcoap) ' (with

p=v, /c) a retardation factor. ' Polarization is

given by'

+

P=
2K+(3—K2) ln

+1+K
1 —K

where K = 1 —E„/E, . When we evaluate the single
differential bremsstrahlung cross section der /dE„
we find agreement within —15% with the most re-

fined nonrelativistic quantum-mechanical calcula-
tions available. '

Electronic stopping is conveniently represented
b 16

I

means of target thickness variation: Since SEB is
produced by a two-step process it is often assumed
that SEB yields are proportional to the square of
target thickness, xo. The necessary condition for
such a behavior is not xo«E„/(dE, /dx), but
xo«E /n(dE, /dx), where n is the usually large
exponent in the energy dependence of the 5-electron
cross section.

Two further approximations must be discussed
which are involved in Eqs. (2) and (3). First, angu-
lar scattering of 5 electrons has been neglected.
Such an effect would tend to smear out the direc-
tional anisotropy of SEB. We checked this experi-
mentally and measured the 5-electron yield as a
function of target thickness. For foil thicknesses of
present interest a linear dependence was found
which reveals that scattering effects are not inAuen-

tial. Second, we assumed an average bremsstrah-

lung production length xo/2 in Eq. (2), and neglect-

S(E, )=—C2, C2 ——6x 10
e

(6)

in units of keV b/atom.
Utilizing our doubly differential cross sections

for 5-electron production we have evaluated Eqs. (2)
and (3). In the range of present interest, 15
keV &E„&40 keV, we find that SEB yields based

on case (i) are 3—4 times larger than those based on
case (ii), independent of the x-ray detection angle.
Our results from case (ii) are illustrated in Fig. 2

and represent an upper limit for the SEB magni-
tude.

It is worthwhile to explain why the SEB yield
from (ii) is smaller than the one which results from
approximation (i) even though relatively thin foils
are used; for 25-keV electrons, for example, Eq. (6)
gives a range in nickel of —1.8 mg/cm which must
be compared with a foil thickness 0.2 mg/cm .
This behavior originates in the steepness of cross
sections do.(E, )!dE,: even small energy loss of a 5
electron with initial energy E, renders this electron
ineffective for further production of bremsstrah-
lung, since many more electrons are available with
initial energies below E,. Obviously, consideration
of electron ranges can be misleading. In this con-
nection, it becomes clear that SEB is not easily
discriminated against other radiation sources by
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FIG. 2. Comparison between experimental continuum
x rays from Ref. 2 (upper curves) and our SEB spectrum
(lower solid lines). Both cases exhibit forward-backward
asymmetry.
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ed path length changes for electrons moving at
large angles with respect to the beam direction. We
argue that this is justified due to the strong forward
peaking of the electrons in the laboratory system

(Fig. 1).

DISCUSSION OF RESULTS
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Figure 2 shows the comparison between absolute
SEB production and experimental x-ray spectra for
observation angles 45' and 135' between directions
of x-ray observation and beam propagation. The
absolute x-ray data originates from Refs. 2 and 11
whereby we took into account the anisotropy of the
continuous radiation. In addition, the absolute
yield was confirmed by our x-ray data which agreed
with the yield from Ref. 11 within -30%. It be-
comes obvious that especially the magnitude of SEB
contributions does not explain the experimental x-

ray data. SEB is more than 1 order of magnitude
less intense, though spectral shape and forward-
backward asymmetry at 45' and 135' exhibit
surprisingly similar behavior.

Full angular distributions for SEB and experi-
mental continuous radiation are displayed in Fig. 3.
Some of the distributions are displayed in the c.m.
system where forward-backward symmetry for 5
electrons and molecular-orbital (MO) radiation is

expected on the basis of symmetry arguments. The
effect of transformation from laboratory (curve a)
to c.m. system (curve b) is shown for SEB when re-

tardation is neglected. A small directional anisotro-

py is obtained, I(90')/I(0')=1. 15, because the 5-

electron distribution is not too different from the
form 1+6cos5, (Fig. 1). For the latter distribu-
tion, the formalism in Ref. 17 can be used to show
that Eq. (3) gives an isotropic SEB distribution. '

We note that all SEB calculations shown in Fig. 3
were based on case (ii) from above in order to obtain
the largest possible angular anisotropies: when en-

ergy loss of 5 electrons is included, tip bremsstrah-
lung with maximum polarization is favored some-
what compared with case (i). Nevertheless, the
broad angular distribution of electrons does not re-
sult in large anisotropies. By contrast, when 5 elec-
trons in forward direction only were present, a ratio
I(90')/l(0') =15 would result in the laboratory sys-
tem. With realistic 5-electron distributions, large
directional and forward-backward anisotropies of
SEB arise only when retardation is included (curve
c}. Comparison between curve c and the distribu-
tion of experimental continuous radiation (curve d}
demonstrate again, in line with intensity considera-
tions from above, that SEB cannot account for the
observed radiation; the full angular distributions
show much better than a single forward-backward
intensity ratio that SEB does not yield the sym-
metric distribution expected for radiation of quasi-
molecular origin.

QUASIMOLECULAR AUGER ELECTRONS

Since we have measured both doubly differential
cross sections for 5 electrons and x rays, d cr, and
d 0„, respectively, it may be asked whether the re-
sults give any indication for a possible molecular
origin of 5 electrons, ' analogous to continuous x
rays. In Fig. 4 we plot the branching ratio
co d 0'z /( d 0'z +d 0'g ) for c.m. cross sections for
E,' =E„' =25 keV as a function of the correspond-
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FIG. 3. Angular distribution of continuum x rays for
33-keV photon energy, obtained for 65-MeV ' Ni-Ni col-
lisions. Curve a: Theoretical SEB spectrum in the labo-
ratory frame, retardation neglected; curve b: the same as
"a", but transformed to the c.m. frame; curve c: SEB
angular distribution in the c.m. frame with retardation
included; curve d: experimental angular x-ray distribu-
tion (Ref. 2) in the c.m. frame.
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FIG. 4. Absolute values and angular distribution of ef-
fective "fluorescent yield" co as defined in text.
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ing emission angle in the c.m. system. The max-
imum value obtained is co—=0.05; in a static system
with Z =56 and E-shell binding near -25 keV one
finds co~-=0.83. ' While some reduction of Auger

rates in a dynamic collision system might be possi-
ble, the strong angular dependence of co does not
seem to be in accord with the concept of the molec-
ular autoionization states.
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