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Kr L X-ray and Au M X-ray emission for Kr'3* ions with energies of 1.5 MeV and 3.9 MeV impacting on an Au
target are investigated at heavy ion research facility in Lanzhou (HIRFL). The L-shell X-ray yield per ion of Kr is measured
as a function of incident energy. In addition, Kr L X-ray production cross section is extracted from the yield and compared
with the result obtained from the classical binary-encounter approximation (BEA) model. Furthermore, the intensity ratio
of the Au Mg3 to Mg X-ray is investigated as a function of incident energy.
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1. Introduction

The investigation of atomic inner-shell process has made
great progress during the last decades,!'™* especially for the
inner-shell ionization of target atoms impacted by protons or
light ions. During the collisions of highly charged heavy ions
with atoms, the inner-shell electrons are ionized, and the cor-
responding vacancies may be filled by X-ray emission, Auger
transition or Coster—Kroning (CK) transitions. X-ray emission
plays an important role in studying the interaction of particles
with solid surfaces, which provides a fundamental understand-
ing for the relevant interaction mechanisms. X-ray is also an
effective tool for diagnosing plasma and studying the interac-
tion of heavy ion beam with dense mater, stellar evolution, and
interstellar environment.’! In the inertial confinement fusion
experiment, high Z material is always made into a hohlraum
target, and the projectiles are heated by target X-ray radiation.
How to increase the transfer efficiency of X-ray radiation from
interaction between an ion beam and a hohlraum target!®7! is
a hot topic. Gold is an important target material in inertial
confinement fusion experiments.

The X-ray production cross section is closely re-
lated to ion—atom collisions, which involves the complex
multiple-body problem. Therefore, the quantum-mechanical
Schrodinger equation cannot give an accurate analytical solu-
tion. Fortunately, various theoretical models have been devel-
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oped to estimate the X-ray production cross section. For exam-
ple, the plane-wave Born approximation (PWBA),®! binary
encounter approximation (BEA),"! semi-classical approxima-
tion (SCA),1'% and the perturbed stationary state by taking
into account energy loss, Coulomb deflection, and relativistic
effects (ECPSSR)!!!-1?] are available and can give a reasonable
prediction to the certain collisions. Guo et al.''*! measured the
L X-ray production cross section of Dy and Sm by electron im-
pact at energy of tens of keV and found that the experimental
data were higher than the BEA prediction at lower energies
and the experimental results were gradually closer to the BEA
prediction at higher energies. Zhou et al.'*!] and Wang et
al.l'%1 have compared the X-ray emission of the target atom in-
duced by protons with those by highly charged heavy ions, in-
vestigated the multiple ionization of the outer-shell electrons,
and found that the BEA model with considering the multiple-
ionization fluorescence yield presents the result in good agree-
ment with the experimental cross section. Although much at-
tention has been paid to the target atom X-ray production cross
section, only a few works have studied the X-ray production
cross section of the projectile. Not only are the experimental
data needed, but also the theoretical model needs to be further
developed. Here, we present the coinstantaneous investigation
of the X-ray emission for the projectile and the target.

In this paper, the investigations of the X-ray emission for
the projectile Kr and the target Au are performed for 3°Kr!3+
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ions beams impacting on a gold target. Initial kinetic energies
of the projectile are 1.5 MeV and 3.9 MeV, respectively. Yield
per ion and the production cross section of a Kr L X-ray are
discussed. Additionally, the target atom M X-ray is investi-
gated.

2. Experimental setup

The experiment is performed on a 320-kV high volt-
age experimental platform using the electron cyclotron reso-
nance ion source at the Institute of Modern Physics, Chinese
Academy of Sciences in Lanzhou. The experimental setup is
shown in Fig. 1. The ion beam is introduced into the ultra-
high vacuum target chamber (10~ mbar, 1 bar=10 Pa) by
deflecting, focusing, and collimating it, becoming a spot size
of about 3 mmx3 mm, and it impacts perpendicularly onto
the target surface. The emitted X-rays are observed by using
a silicon drift detector (XR-100SDD) with a beryllium vac-
uum window in the front. The distance of the detector to the
target is 32.5 cm. The detector has an energy resolution of
about 136 eV at an energy of 5.899 keV and an effective en-
ergy range of 0.7 keV-100 keV. A standard 3°Fe source cal-
ibrates the X-ray detector before and after the measurement.
The geometrical solid angle is about (0.0066 4= 0.00013) sr.
The Au target has a purity of 99.99% with a surface area of
15 mmx20 mm and thickness of 0.30 mm.

Fig. 1. Schematic drawing of the experimental setup.!!>) 1: ECR ion
source, 2: analyzing magnet, 3: high volt accelerate platform, 4: barrier,
5: 90° deflection magnet, 6: magnetic quadrupled lens, 7: 60° deflec-
tion magnet, 8: ultrahigh vacuum target chamber, 9: target, 10: silicon
drift detector, 11: X-ray recording system, 12: penetrable faraday cup,
13: common faraday cup, 14: projectile number recording system.

3. Results and discussion
3.1. Characteristic of X-rays

Figure 2 shows the X-ray spectra induced by krypton ions
with an energy of 3.9 MeV impacting on a gold target. The
original spectrum is well fitted by using Gauss fitting. The
lines at 1.656 keV and 1.862 keV have been identified as the
characteristic Ly (3d3/2,5/2-2p3/2) and Lgz 4 (3p32, 3pi1/2—
2s4 /2) X-ray of Kr, respectively. The line at 2.185 keV has
unambiguously been identified as Au Mg, (4f7/,-3ds /2) X-ray.
The Au Mp3 (4ds/,-3p3/2) X-ray line is at 2.495 keV.

Table 1 lists the experimental energy values of X-rays
when Kr'3* at 3.9 MeV impacts on a gold target. According
to the X-Ray Data Booklet,!!”] we list the theoretical energy
values of those X-ray spectra. By comparing with the theo-
retical value, we observed that the experimental energy value
of Kr L X-ray line shifts toward the higher energy by 70 eV.
A lot of work have been done to study the multiple ioniza-

18191 In the present work, the re-

tion by X-ray energy shift.|
sults are in accordance with our previous experimental results,
in which the same target and different incident energy values
were used.!?’! In addition, we list the electron configuration

transitions of different X-rays.
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Fig. 2. X-ray spectra for Kr'3* ions with kinetic energy 3.9 MeV im-
pacting on an Au target.

Table 1. Comparison between the experimental energy and the refer-
ence value of X rays.

X-ray Experimental Reference Electron configuration
spectra energy/keV value!'®l/keV transition

KrLgy 1.656 1.586 3d3/25/2-2p3)2
KrLg, 1.656 1.636 3d3/2-2p1/2
KrLgsg 1.862 1.706 3p3/2, 3P1/2-281)2
AuMg3 1.656 1.660 4p1/2-3d3 2
AuMgy, 2.185 2.123 4f7/2-3ds 2
Au Mg; 2.495 2.408 4ds/»-3p3 )2

According to the X-Ray Data Booklet,!!”! the energy sep-
aration of Kr Lg; X-ray and Kr Ly X-ray is about 50 eV, which
is beyond our detector resolution range. The intensity of Kr
Ly X-ray is larger than that of Kr Lgy, therefore we recognize
the line at 1.656 keV as a Kr Ly X-ray line. In the present
work, the Kr M-shell characteristic X-ray is not in the effec-
tive energy range of our detector. Therefore Kr M X rays are
not observed in our experiments. In addition, Fig. 3 shows the
characteristic X-ray spectra induced by Kr'3>* ions with an en-
ergy of 3.9 MeV impacting on an Au target. One can find that
the Kr K-shell X-ray and Au L-shell X rays are not observed.
That is because the interaction energy between the target and
the projectile is too small to excite Kr K-shell and Au L-shell
electrons.
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Fig. 3. X-ray spectra for Kr'3* jons impacting on an Au target.

3.2. Kr L X-ray yield per ion and production cross section

In this work, X-ray yield per ion is given by

Ny

"E)= Net@jan)

ey
where N, is the observed X-ray count which is extracted from
the Gauss fitting of the spectrum by nonlinear curve fitting pro-
cedures; N, is the total number of incident ions, which could
be calculated by N, = Q/q, with Q being the integral inten-
sity of the projectile charge and g being the initial charge state
of the projectile; € is detection efficiency at the corresponding
X-ray energy, which is 51% for Kr Ly; € is the solid angle
of the detector. The main uncertainty of the yield originating
from the statistics of the X-ray count is about 5%, and that
of the measurement of the incident ion number is about 10%.
The total uncertainty of the yield is about 11% after the error
propagation. As shown in Table 2, with the increase of the
incident energy, the production probability of the L-shell va-
cancies becomes bigger, therefore, Kr L X-ray yield increases
with incident energy increasing.

Table 2. Kr L X-ray yields per ion versus incident energy.

KrL X- ields i
Incident energy/MeV ray yields per 1o

KrLg,Lg;  KrLgsy Total
1.5 8.59%107° 1.09x107> 9.68x107°
3.9 2001074 234x107> 2.23x10°*

The X-ray production cross section is derived from the
X-ray yield using the standard formula

1 [dY(E) dE cos6
*E)=N|7dE @R

gt B @
where N is the target atom density (atoms/g), u is the mass
absorption coefficient of the target for its own characteris-
tic X-rays given by Grande er al.,[*!1 9 is the incident an-
gle with respect to the normal direction of the target sur-
face, ¢ is the observation angle with respect to the target
normal, Y(E) is the single ion yield at projectile energy E,
dY /dE is extracted from fitting polynomials to E and Y (E),

dE/dR is the stopping power which can be obtained by SRIM
[http://www.srim.org/]. The total uncertainty of the X-ray pro-
duction cross section is below 20% after the error propagation.

The BEA model, which describes the inner-shell ioniza-
tion as the classical collisions between the incident ions and
the ionized electrons, calculate the ionization cross section for
a definite energy transfer from the moving partials to the or-
bital electron of the atoms. The X-ray of the subshell can be
calculated by the BEA model. The classical BEA prediction
can be given in a close form as!’]

2
oA = (ijzc()) G(v). 3
where N is the electron number for the i-shell, Z is the pro-
jectile nuclear charge, oy is equal to me*, U is the electron
binding energy, G(V) is a universal function of the scaled ve-
locity V (V = vp /vi, where v;, is the velocity of the projectile,
v; the average velocity of the i-shell electron), G(V) is approx-
imately given by 4V4/15 when V is less than 0.206. During
our calculation, we assume that the projectile is stationary and
the target moves.

The relationship of the X-ray production cross section be-
tween L;-subshell (i =1,2,...) and Ly (or L[;) can be calcu-
lated as follows: 2!

oL, = (oL, (fi2z+ f23)+0L, f3+01,] @3S ¢, 4)
oL, = oL, [1Sp,+f120:8p, + (fi2/23+/13) @3Sp,]
+ 0L, (S, + 230355, ) +0L, W3S, (5)

where ; is the the fluorescence yield, f;; is the Coster—Kronig
yield, Sp; = I, /I is the fraction of the radiative transition to
the i-th subshell associated with the L, peak. The parameter
value is cited from Campbell.[>3?*] The results of the Kr L
X-ray production cross section measurements are given in Ta-
ble 3, and compared with the predicted results with the BEA
model.

Table 3. Comparison of Kr L X-ray production cross section between
the experiment and the BEA model. The unit 1 b=10"2% m?,

Kr L X-ra Incident
Ay ox(E)b oPEA(E)b oy (E)/GBEA(E)
line energy/MeV
Kr Lo, Ly 1.5 81.5 105.0 0.78
39 285 713 0.40
1.5 9.82 0.72 13.64
KrLgsg
3.9 20.7 5.15 4.02

The Kr Lq, Lg; X-ray production cross section predicted
by the BEA model is found to overestimate the measured data.
The fluorescence yields obtained from Egs. (4) and (5) do not
take into account the multiple ionization effect of the projec-
tiles which will increase the theoretical predictions for X-ray
production. For the Kr Lgsz 4 line, the experimental value is
obviously larger than the BEA theoretical calculation value.
The ratio of o(E)/c2EA(E) diminishes with the increase of

incident energy. In experimental measurement, the areas of
the Au Mg3 (4p;/2—3d33) line and the Kr Lgs 4 line overlap,
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and we remark it as the Kr Lgs 4 line. As the relative inten-
sity of Au Mgg3 line is smaller than that of the Kr Lgs 4 line
and the energy separation of two lines is too small to be rec-
ognized by our detector, we neglect the Au My3. During the
theoretical calculation of the X-ray production cross section
for the Kr Lgs 4 line, we do not consider the influence of the
Au My3 X rays. Therefore, the experimental value is larger
than the theoretical calculation. The ratio of ox(E)/0EEA(E)
decreases with incident energy increasing. It can be explained
that a Kr Lg; 4 X-ray is easily excited by higher energy, and
the ratio of I(Au Mg3)/I(Kr Lgz 4) decreases with incident
energy increasing. The larger the proportion of Kr Lgs 4, the
more contiguous the values between o (E) and 6554 (E) are.

3.3. Au M X-ray emission

From Ref. [25], the potential energy threshold of Ar!'!*
for exciting Au atomic My X rays is 2.004 keV. In the
present work, when an Au target is induced by Kr'** ions,
the Kr'3* which carries 2.037-keV potential energy will
be deposited on the surface of the Au target and the 3ds/,
electrons in the M-subshell will be excited. In addition,
the electrons in the M-subshell of the gold target are also
excited by kinetic energy besides the potential energy of
the projectiles. Figure 4 shows the X-ray spectra induced
by krypton ions with 1.5 MeV and 3.9 MeV impacting

on a gold target. From Fig. 4, Au Mg (4f7/5-3ds/;) and

(a) Kri3t+ 1.5 MeV—= AuAU:MM model: Gauss
Ker & xcl  1.638
4500 e wl 0175
Al 965.2
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Fig. 4. The X-ray spectrum emission from the Kr'3* jons impacting on
an Au target, (experimental line o; total fitting line —; Gauss fitting line
---). The kinetic energy values of Kr!3+ are (a) 1.5 MeV; (b) 3.9 MeV.

Au Mg3(4ds/»-3p3/2) are observed, indicating that the 3ds/,
and 3d3 electrons in M-shell are excited and the electrons in
the N-shell fill up the M-shell holes.

The results of the intensity ratio between Au Mgz and
Mg lines are investigated and the results are listed in Table 4.
It is found that the ratio of /(Mg3)/I(Mg;) has a little growth
tendency with incident energy increasing, indicating that the
bigger the incident energy, the more chance of Au Mg3(4ds/>—
3p3/2) emission. With the increase of incident energy, multiple
ionization effects become visible. Because of multiple ion-
ization effects in the N sub-shell, some CK transitions cannot
take place.!?®! Therefore the probability of radiative transition
increases with the decrease of the CK transition probability.
With the incident energy increasing, the probability of a va-
cancy occurring in the 3p3  sub-shell becomes bigger.

Table 4. Comparison of intensity between Au My and Mgj lines.

Incident ions (energy) I(Mg1) 1(Mg3) I(Mg3)/I(Mq1)
Kr!3+ (1.5 MeV) 4984.06 323.62 0.065
Kr!3t (3.9 MeV) 4117.05 278.05 0.068

4. Conclusions

The Kr L X-ray and the Au M X-ray emission from the
interaction of °Kr!'3* jons with energies of 1.5 MeV and
3.9 MeV with an Au target are discussed in detail. Kr L X-ray
yield per ion is calculated and the yield increases with incident
energy increasing. The Kr L X-ray production cross section
is also measured and compared with the result calculated by
using the BEA theoretical model. Through comparison, it is
found that the Kr L X-ray production cross section increases
with incident energy increasing. It means that the larger the
incident energy, the more easily the L-shell electrons of pro-
jectiles are ionized. In addition, the intensity ratio between Au
Mpg3 and the Mg line increases only slightly with the increase
of incident energy, which is attributed to an enhancement in
M3 subshell fluorescence yield, owing to multiple vacancies
in N subshells.
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