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Abstract

The two-clectron-one-photon trausitions (TET) are measured in 75 MeV Nit? + Cu

collisions. The K K-vacancy sharing ratio R, is deduced, which is in agreement with the the-
orctical prediction of Lennard. The emission energy of TET is slightly larger than twice the

corresponding K transition emergy.
Keywords

1 Introduction

X-ray spectra nicasured in heavy-ion colli-
sions at nedium energies (~1MeV /u) are quite
different from proton induced spectra, both in
their continuous and characteristic parts. The
characteristic lines (observed with a solid state
detector) are broadened and shifted towards
higher encrgiesYl. The broadening and the shift
of the characteristic lines arc caused by highly
ionized states which are produced in heavy ion
collisions. The outer shells arc almost com-
pletely ionized and multiple vacancies are cre-
ated in the inner shells. There even exists a
certain probability for a double ionization of the
K-shell. The double K shell vacancics are de-
cayed not only by the indepcndent transition
of two electrons observable through thie einis-
sion of hyper-satellites K" X-rays{?l, but also
by a corrclated two clectrons transition accom-
panicd by a single photon cmission with an en-
ergy slightly larger than twice the K transition
encrgy.

The two-electron-one-photon transition
(TET) is a much less favorable radioactive de-
cay mode. The investigation of TET X-rays
from an asymunectric collision systein can pro-
vide information on K K-vacancy sharing be-
tween the collision partners. Lennard et all®]
developed a simple model of K K-vacancy shar-
ing, which resulted from a modification of sin-
gle K-vacancy sharing theory and consisted
with independent sharing of cach vacancy in
the [2po]~2 configuration between the collision
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partners, through 2po-1se radial coupling. The
theoretical prediction by the mwodel is in very
good agreement with the experimental results.

In this paper we present cxperimnental re-
sults which extend the Nit¢ 4+ Cu system to
a higher effective projectile velocity and so
to a lower systemn parameter X;. The mea-
sured K K-vacancy sharing ratio can still be ac-
counted for by this model.

2 Experimental

The experiments were performed at the
China Institute of Atomic Encrgy (CIAE) HI-
13 tandem accelerator. In the measurements
a self-supporting Cu target with a thickness
of 1.09mg/cm? was bombarded by Nit? beams
from the accelerator at an energy 75 MeV. The
experimental set-up is shown in Fig.l. The
target was oriented at 45° to the beam. The
X-rays were measured at 90° with respect to
the beamn axis by a Si(Li) detector (28 1un?x
5.27mm) having 175eV resolution at 5.9keV.
A 13 pm thick Mylar window is used to isolate
the Si(Li) detector fromn the vacuum chamber.
An absorber made of 720 pm thick high-purity
aluminun (99.99%) was mounted between the
target and the Si(Li) detector to attenuate the
intense K,, and Kz lines from projectile and tar-
get atoms by a factor of 10%, while the TET X-
rays were attcnuated only by a factor of ~3. To
reduce electronic pileup effects to a uegligible
amount, the total count rate was kept at a level
of ~30 counts per second. The spectra werc
recorded on a magnetic tape and later analyzed
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with VAX 11/780 computer. The energy and
cfficicucy of the Si(Li) detector were calibrated
using au 2*' A standard X-ray source. The X-

ray spectrum of 2**Am standard X-ray source
was taken before and after each Nit? jon bow-
barding Cu target to check any amplifier drift.

Fig.1 Experimental set-up

3 Results

Typical X-ray spectrum obtained at a Ni
beam cuergy of 75 MeV is displayed in Fig.2.
The two-clectron-one-photon transitions were
observed, cither from a K% — L? (K,,) or from
a K* — LM(K,g) transition. Two peaks arc
clearly present in the TET X-ray energy region.
The first peak is the Ni Ko line. The second
peak is a result of overlap of Ni K45 and Cnu
Kuq lines. The Cu K g line is too weak due to
the poor statistics.

As the TET X-ray line is very weak com-
pared with the characteristic radiation, several
other effects might lead to similar peaks. So
that, the following tests were made to ensure
that these lines are not produced by any back-
ground cffect. Since the pileup peaks of the
K, lines lic very close to the expected Kaq
lines, this etfect inust be reduced to a negligible
ainount. This is achieved when the characteris-
tic lines are attenuated by several orders of mag-
nitude using appropriate Al absorber; and total
count rate is kept below 30 counts per second
during all ruus. The impurities of targets were
checked by using the X-ray fluorescence analysis
method. No trace elements giving characteristic
X rays at or in the neighborhood of the peaks
under discussion were observed. Coulomb exci-
tation caunot cause the observed lines as there

are 1o known v lines in the energy range of in-
terest.

Considering all results presented so far, it
became clear that only the following two effects
remained which can explain all propertics of
these pcaks, namely a two-electron-two-photon
or a two-electron-one-photon transition in the
highly excited target and/or projectile atos.
Although the first effect is orders of magnitude
more probable than the second one, it cannot
cxplain the intensity of these peaks. The two
photons emitted in this transition would have
to be registered simultaneously by the detec-
tor. The probability for this is negligibly small
in the present experiment because of the strong
attenuation of the characteristic K lines ( 104
in the Ni-Cu case), and the small solid angle of
the detector (2.78x1074sr),

Therefore we must conclude that the ob-
served peaks indicate the existence of a siuml-
taneous two-electron jump accomnpanied by the
cmission of only onc photon with an energy
slightly larger than twice the corresponding K
transition cnergies. This slight shift can be ex-
plained very casily by the reduced screcning in
the doubly ionized K shell. If the vacancies are
filled by two L electrons then the transition en-
ergy is given by

Ex = 2Eka + AEQ
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if one L and one M clectron are involved, then

3 2
E. = Exo + Exp + AE; AE; = 7 x 13.6[2% — (Z — 5)?) (1)
The measured enecrgies of K,, X-ray are:
E,=15.346 keV and E,=16.443 keV, which cor- can be used, where the shielding factor s=0.39.

respond to an ecnergy shift AE,=206eV and Using Eq.(1), we calculate AE, = 2210V
AE;=223cV for N1 and Cu, respectively. for N1 and AE;=229 eV for Cu. Both values are

For the K, transition the semicmpirical in good agreement with the mieasurements, as
formulal?l can be seen from Table 1.

Table 1 X-ray encrgies observed in Nit? 4+ Cu collision

E(Ka)/keV E(Ka)/keV E(Kna)/keV AE;/eV AE,[/eV
theor exp exp exp cal
Projectile Ni 7.477 7.570 15.346 206 221
Target Cu 8.037 8.110 16.443 223 229
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Fig.2 X-ray spectrum in Nit? 4+ Cu n[,/ll,(n —,/11,(1.)]

Fig.3 Rkk V8§ Xk: 3
The full line is the result predicted by
Ry = exp(—4Xy)

collision at 75 MeV

Because the energy of the K., X-ray depends on the electronic configuration of tlie emitting
atorn, all characteristic lines are shifted with respect to the theoretical values due to multiple
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vacancies in the outer shell of target and pro-
jectile.

From tlic measured net arcas of the first
and the sccond peaks we can calculate the ratio

of the KK X-ray yields of the heavier partner
Y (H) to that of the lighter partner Y (L) as fol-
lowing

Y(H)  Y(CuKaa) + Y(CuKap) (14 P3)(Asey/Ares — 1)

Y()

where €1, €5 are the detector efficiencies (includ-
ing the absorption and geometry corrections) at
the energics of the first peak and second peak,
respectively. P;=0.25, P»=0.195 arc the ratio
Kop/Kaa for Ni and Cu, respectively. We ob-
tain the K K X-ray yield ratio:

Y(#)

V(D) = 0.36 £0.10

The K K-vacancy sharing ratio Ry is re-
lated to the ineasured KK X-ray yield by the
fluorescence yields

R = YD D) 7y

- Y(I) wp(H) Zo )

where wi(H) and w9(L) are the neutral-atoin
K X-ray fluorescence yields for the heavier
aud lighter partners®, Zy and Zp are the
atomic nunibers of the hcavier and lighter
partuers, respectively. Substituting the mea-
sured Y (H)/Y (L) value into Eq.(3) , we obtain
Ry =0.36£0.10

In Fig.3 we comparc our measured value
of Rpr with the predicted result by Lenunard’s
modell®| Ry =exp(-4X}), where the systein pa-
rameter

. w[\/fls(if\)/z:; :/ES(L)] "

Y(NiKn(x) + Y(NlKﬂr") B

1+ Py (2)

where I (H) and I (L) are the neutral-atom
K -binding energies for the heavier and liglter
collision partners, m is the electron mass and
v the effective projectile velocity. Fig.3 also
displays the experimental results of Lennard
et alB¥ (Cu-Co,Cu-Ni,Cu-Zn, Cu-Fe), Stoller et
all8] (Fe-Ni) and Mitchell et all®) (Na-Ne). It
can be scen that our result agrees with the pre-
dicted value of Ry; within the error.
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