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The Ka x-ray spectra of molybdenum bombarded with 6.7-MeV/u *“He and 5.5-MeV/u 'O ions
were recorded with an on-line curved-crystal spectrometer in the DuMond geometry. The instru-
mental resolution was approximately 10.5 eV. Ka,L"=%">3 and Ka,L"=%! principal and satellite
lines were observed and resolved for the first time for an atom in the mid-Z region. The relative
yields, energies, and linewidths were determined. The yields in the '°O-induced spectrum deviate
significantly from the binomial distribution. The width and energy shifts indicate additional multi-

ple M-shell ionization.

I. INTRODUCTION

One of the salient features of heavy-ion-induced K-shell
ionization is the high probability of producing multiple
L-shell vacancies in the same atom.!”* The resulting
characteristic K a x-ray spectra exhibit a composite struc-
ture of “principal” and “satellite” lines. These latter cor-
respond to various configurations of the ‘“‘spectator” va-
cancies in the inner shells. The energy shifts of the Ka
lines due to each additional L-shell vacancy are larger
than the natural linewidths, so that the Ka x-ray spectra
can in principle be resolved into individual L-shell satellite
lines (Fig. 1); however, very-high-resolution instruments
are required. Such studies have been made’~'° for “light”
heavy-ion-induced ionization in atoms with Z < 30. The
instrumental resolution obtained with a Van Hamos crys-
tal spectrometer was about 1.1 eV at 2.2 keV (Refs. 9 and
10) and corresponds approximately to the K a-K a; ener-
gy difference in this Z region. The spacing of the L satel-
lites is much larger here.

For atoms with Z > 30 the situation is reversed: Rela-
tivistic effects are no longer negligible, and the energy
splitting of Ka; and K«, lines becomes larger than that
between satellites; therefore, these are expected to appear
between the principal K a; and K «; lines. This is illustrat-
ed in Fig. 1. :

The bent-crystal spectrometer!! at the Swiss Institute
for Nuclear Research (SIN) variable-energy cyclotron in
Villigen, Switzerland enables us to measure x rays in the
range of 15 to 100 keV with an energy resolution compa-
rable to the natural linewidth (Fig. 1). This high resolu-
tion gives a clear distinction between the Ka; and the
Ka, lines and their individual satellites.

This paper presents results for “He- and '°O-induced
x-ray spectra on molybdenum. This is the first of a series
of experiments with the purpose of studying the inner-
shell ionization process associated with interactions of
light heavy ions with atoms in the mid-Z region.
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FIG. 1. The energy resolution of a Si(Li) detector compared
to that for different types of crystal spectrometers as a function
of photon energy. The two lines for the DuMond geometry cor-
respond to the best obtainable and to the best adapted resolution
for the present experiments. The figure also shows the energy
splitting between K, and Ka; lines, E (Ka;) —E (Ka,), as well
as that between the K a lines and their satellites KaL ' due to an
additional L-shell hole. The natural linewidth of the lines is in-
dicated by the symbol M. FWHM represents fullwidth at half
maximum (in sec of an arc).
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II. EXPERIMENT

The crystal spectrometer used for this study is of the
DuMond transmission type'*!> and has a bending radius
of 3150 mm. A general description of the facility is
presently being prepared'! and only those elements
specific to this experiment will be presented here.

A schematic diagram of the experimental setup is
shown in Fig. 2. The spectrometer is positioned at 55°
with respect to the incident beam. The (110) reflecting
planes of a 1.5-mm-thick quartz crystal plate are used for
the diffraction of the x rays. Spectra were collected by
step scanning over the desired angular region.

The standard geometry in most experiments with Du-
Mond crystal spectrometers consists of a narrow straight
source placed on the focal circle of the bent crystal. To
reduce problems arising from the x-ray absorption in the
target and from specific in-beam conditions, a DuMond
slit geometry is used.'* The particular requirements for
the experiment are as follows:

(i) To achieve an acceptable source strength, the small
target width is normally compensated by a larger depth
(~1 mm) when a conventional DuMond narrow source
geometry is used. In this case, as the x-ray absorption in
the target is very high, low-energy x rays produced in the
rear of the target are absorbed. The modified setup
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FIG. 2. Schematic diagram of the DuMond slit geometry
used in this experiment (not to scale): (1) beam direction, (2) tar-
get, (3) tantalum slit, (4) crystal, (5) collimator, (6) detector, (7)

focal circle, (8) calibration source (removed during the on-line
operation of the instrument), (9) monitor detector.
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should allow a higher luminosity to be obtained, so that
spectra may be measured in a reasonable time. If the en-
ergy resolution is to be comparable to the natural x-ray
linewidth, the slit width must not, however, exceed ~0. 1
mm.

(ii) In contrast with off-line measurements, the target is
exposed to a beam which fluctuates in intensity as well as
in position. These must be monitored to allow data nor-
malization.

(i) The measured line shape depends strongly on the
effective source width seen by the crystal. Therefore,
thermal target deformations caused by the ion bombard-
ment have to be eliminated.

(iv) A reference line shape must be observed under the
same conditions as the in-beam measurements.

In our geometry a slit, 20 mm high and 0.1 mm wide, is
placed on the focal circle at a fixed position. The target is
placed 40 mm behind the slit and can be larger (Fig. 2) be-
cause the slit serves as the effective source of radiation.
The target is tilted at 75° to the beam direction and at 130°
to the direction target crystal. The beam was focused to a
spot having the approximate dimensions 1 15 mm?. The
target depth (d in Fig. 2) corresponds to the beam width.
X rays emitted by the whole target surface can be
transmitted by the slit for diffraction in the crystal. The
absorption of the x rays is determined only by the target
thickness and not, as in the conventional DuMond
geometry, by the depth d. One disadvantage of the slit
geometry is a decrease in solid angle subtended by the tar-
get at the crystal. For low photon energies this loss is
overcompensated by the lower absorption in the target
material. Most importantly, the slit geometry results in a
lower sensitive to fluctuations in the beam position and to
target deformations due, e.g., to thermal effects.

Normalization of the data at each angular position is
provided by subtracting the uncorrelated beam back-
ground and dividing the resulting x-ray counts by the in-
tegrated x-ray peak measured with a Ge(L1i) detector mon-
itor positioned at 90° with respect to the beam line. With
this geometry the monitor can account, to a good approxi-
mation, for the beam fluctuations in intensity as well as in
position.

A ~5-Ci '°'Tb radioactive source, placed 30 cm behind
the slit, was used for the energy calibration!® and the
determination of the instrumental line shape. This ar-
rangement allows the calibration line to be measured un-
der the same conditions as for the in-beam measure-
ments.'* Some brief comments on other characteristics of
the facility are now given.

The peak reflectivity of the crystals was enhanced by a
factor of 3 to 4 by applying a high-frequency electric field
across it.'> Periodic deformations of the reflecting planes
are introduced by this field and result in an increased
mosaicity of the crystal. We used the fifth harmonic of
the plate eigenfrequency, i.e., 6543.4 kHz. This technique
also allows us to match the intrinsic crystal mosaicity to
the chosen slit width so that an optimal reflectivity is ob-
tained.

An optical laser interferometer permits us to determine
wavelength ratios with a precision of about 1 ppm in the
angular range of the Ka x rays. The x rays were recorded
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with a thin phoswich (a product of Harshaw Chemical
Company, Solon, Ohio) scintillation detector in coin-
cidence with the cyclotron beam burst. The natural back-
ground could be reduced by about a factor 2. Figure 3
shows such prompt spectra.

The energy calibration is based on the 48.915 62(14)-
keV y line (Ref. 16) in the decay of '®'Tb measured in
third order of reflection. This line differs by only 0.5° in
angular position from the Ka lines in first order of
reflection. Nonlinearities of the optical interferometer
are negligible for this small angular range. Measure-
ments were performed before and after each run. The
instrumental line shape was obtained from the 25.7-keV
y-ray line from the '®'Tb source measured in first order
of reflection. The same slit-to-crystal distance was used
for all measurements. This result in a small increase of
the linewidth with respect to exact focusing conditions.

The “He™ and !'0** ions with, respectively, 28- and
112-MeV initial energy, were delivered from the SIN
variable-energy cyclotron. After passing a 5.3-mg/cm?2-
thick Havar entrance window in the target chamber, the
energies are degraded to 27 and 99 MeV, respectively.
The charge state of the “He and '°O ions are 2% and 8%,
respectively, i.e., the particles are totally ionized.

Self-supporting natural metallic foils of natural
molybdenum, with thicknesses of 25 mg/cm2 for the *He
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FIG. 3. High-resolution crystal spectrometer spectra of
molybdenum Ka x rays induced by *He and '®O ions. The cen-
troid positions are marked with arrows in the oxygen-excited
spectrum. In the background regions only every other point is
plotted.
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and 12.5 mg/cm? for the '°0O beam, were used as targets.
If we take into account self-absorption, stopping power
in the target and energy dependence of K-shell ioniza-
tion cross sections, we obtain effective energies for the
production of the x rays of ~6.7 MeV/nucleon for “He
and ~5.5 MeV/nucleon for the 'O beam. The *He
beam current was 4 uA, and the !0 beam current was
150 nA.

III. RESULTS

Figure 3 shows the Mo Ka spectra produced with *He
and '°0 ions measured on the right side in first order of
reflection. The approximate data-taking times were 3.5
hours with *He and 5 hours with '°0. The background
(~0.25 counts/s) was not affected by the presence of the
beam on the targets; therefore, the peak-to-background ra-
tio is determined mainly by the incident beam intensity.

The peaks labeled KaL" are satellite lines originating
from states having one K-shell and n L-shell vacancies in
the initial state. To obtain a good energy calibration and
to check the reproducibility, the spectrum was measured
on both sides of reflection. The spectrometer efficiency
for the Ka; and Ka, lines does not differ by more than
1% and no corrections were necessary.

The spectra were analyzed by fitting Voigt functions
(convolution of the Gaussian instrumental response with
a Lorentzian line shape) to the data using the computer
code MINUIT.!” Experimental peak centroid energies
and calculated energy shifts are listed in Tables I and II,
relative peak intensities are summarized in Table III and
averaged widths in Table IV.

Several interesting features can be noted from the
spectra of Fig. 3 and Tables I-IV. (1) Strong satellite
peaks with n up to 3 dominate the '°O-induced spec-
trum. In the *He-induced spectrum the satellite peaks
are observed only as weak shoulders on the high-energy
side of the principal lines. (2) The linewidths in the
helium-excited spectrum (14.7 eV) are in agreement with
the line shape expected from the instrumental resolution,
under the effective slit-to-crystal focal conditions, and
from the natural x-ray linewidth. The linewidths in the
oxygen-induced spectrum are larger than expected if
only L-shell vacancies are taken into account. (3) The
widths of the satellites in the oxygen-induced spectrum
are significantly larger than those of the diagram lines
Ka,L° and Ka,L? and (4) the diagram lines are shifted
towards higher energies in the oxygen-excited spectrum
only.

IV. DISCUSSION
A. X-ray energies

The measured energy values and the energy differences
with respect to those for singly ionized atoms are com-
pared in Tables I and II with those calculated using the
relativistic Dirac-Fock computer code of Desclaux.!® For
all calculations a point-charge nucleus was assumed, and
the average-of-configuration Ka x-ray satellite transition
energies were obtained by taking the difference in the total
energies of the single initial and final state. Accordingly,
each additional L vacancy increases the x-ray energies by
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TABLE 1. Ka x-ray energies of Mo for “He bombardment.

Initial® Energy difference
x-ray configuration ) - Present work® Calc.?
peak Is,,2 251, 2p1,2 2p3n (keV) (eV) (eV)
Ka,L° 1 2 2 4 17.4791(5) 0.0+0.5 0
1 1 2 4 49.4
KalLll,m [ ] 17.5270(10) 48+2 [ (49.6)
1 2 2 3 50.1
Ka,L} 1 2 1 4 17.5450(10) 662 (61.5)
Ka,L® 1 2 2 4 17.3744(5) 0.0+0.5 0
1 1 2 4 47.5
Ka,L! 1 17.4230(15) 49+2 { (49.4)
1 2 2 3 51.0

2Only the configurations with the lowest and highest x-ray energies are noted. The reported values
have been computed by the program for the given configuration directly. Other values can be es-
timated from Table V. The energy differences in parentheses are statistically weighted averages of the
Dirac-Fock differences for the various configurations.

®The energy differences are relative to the values quoted by Bearden (Ref. 19).

an amount of the order of 50 eV. Each M vacancy shifts
the Ka transitions by about + 6 eV for a 3p and —1 eV
for a 3d electron (more details are given in Table V).
Shifts due to N-shell vacancies are too small to be ob-
served in this experiment. The calculated values in Table

V are averaged and have been obtained by removing all
electrons from a subshell and assuming that the shifts are
proportional to the number of holes present. The calcu-
lated principal Ka, and Ka, transition energies (17.482
and 17.377 keV) are 3 eV higher than the experimental

TABLE II. Ka x-ray energies of Mo for '°O bombardment.

Initial® Energy difference
x-ray configuration E Present work® Calc.?
peak Is,,, 2512 2pin 2p3,2 (keV) (eV) (eV)
Ka,L° 1 2 2 4 17.485(1) 6+1 0
1 1 2 4 49.4
Ka,L' 17.542(2) 63+2 (52.5)
1 2 1 4 61.4
1 0 2 4 99.0
Ka,L? 17.604(2) 125+2 (106.0)
1 2 0 4 123.6
1 0 2 3 150.3
Ka,L3 17.661(5) 182+6 (160.3)
1 2 0 3 175.9
KayL® 1 2 2 4 17.379(1) 5+1 0
1 1 2 4 47.4
Ka,L'! { ] 17.428(2) 54+2 ( (49.4)
1 2 2 3 50.8
1 0 2 4 95.5
Ka,L? { 1 ‘ (99.8)
1 2 2 2 102.7

2See footnote a Table I.
See footnote b of Table I.
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TABLE III. Relative Ka x-ray satellite intensities for Mo
bombarded by 6.7-MeV/amu *“He and 5.5-MeV/amu '°O pro-
jectiles.
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TABLE V. Calculated Ka; and Ka, average energy shifts
due to one additional L-, M- or N-shell vacancy (Ref. 19) (see
Sec. IV A).

x-ray AE(Ka,) AE(Ka,)
peak ‘He 0 Vacancy (eV) (eV)
Ka,L° 100+1 100+1 251, 49.4 47.5
KoL} 2.5+0.5 2p3 2 50.1 51.0
102+10 2012 61.5 49.0
Ka,L} 2.0+0.4 3512 4.7 4.6
Ka,L? 29+3 3p3n 6.5 5.0
Ka,L? 0.8+03  3p,, 6.2 8.7
Ka,L° 48.0+0.5 40+4 3ds,, —05 ~19
Ka,L' 1.7+0.3 40+4 3ds,, —1.6 0.6
Ka,L? (11£2°  4s,, 0.6 0.0
2Derived assuming the same ratios as for the Ka; lines. ip3/2 0.6 0.6
D1 /2 0.7 1.1
4ds ) —0.16 —03
4d,,, 0.25 —0.1

energies of Bearden.!® Since the predictions of the energy
shifts should be much more accurate than those of the ab-
solute energy values, we normalized the calculated Ka;
and Ka, transition energies to the values given in Ref. 19.

*He-induced spectrum: Analysis of the data showed
that both the Ka,L° and Ka,L° lines are symmetric.
Their energies are in excellent agreement with the values
quoted by Bearden.!® The Doppler effect does not con-
tribute any sizable broadening and energy shift (see the
Appendix).

The Ka,L' shape cannot be reproduced with a single
peak having a shape similar to the Ka,L° one. Theoreti-
cal calculations predict shifts of 50 and 61 eV, respective-
ly, for the Ka; line when an additional 2p;,, or 2s,,
hole, or a 2p,,, hole, is present (Table V). The results of
a fit of the Ka,L' peak with two lines, shown in Table I,
agrees very well with this prediction. Consequently, a
possible interpretation is that the Ka L' peak is a com-
posite of two satellite lines due to a missing electron in the
(251,2,2p3,2) and (2p, ;) shell, respectively. One difficulty
with this interpretation is that the expected intensity ratio
is 5:2 (roughly the ratio of the number of L-shell electrons
available) and the experimental value is 2.5(5):2.0(4).

For the Ka,L ' transition, the shifts due to a 2p;,, and
2p,,,» hole are expected to be 51 and 49 eV, respectively,
so that only one peak can be observed experimentally. In

TABLE IV. Average widths in eV of Mo Ka satellites (the
expected linewidth is 14.7 eV).

Xx-ray ‘He 160
peak (eV) (eV)
Ka,L® 14.7£0.5 30+1
KaL'! a 38+2
Ka,L? 4142
KaiL3
Ka,L® 14.7+0.5 2042°
Ka,L'! a 4012

aThe peaks Ka,L{y, KaL}, and Ka,L', respectively, have
been fitted with the same shape as the Ka,L° one.
"The shoulder on the left side is not included.

fact, the Ka,L ! peak seems to consist of a single peak in
agreement with this prediction (Table V).

180-induced spectrum: In contrast to the “He-induced
spectrum, the line shapes of the '°O-induced x rays can-
not be reproduced with one Voigt function. Due to multi-
ple M-shell vacancies, the lines are much broader and
slightly asymmetric (see Sec. IV C). Similar effects have
been observed in Ti by Hill et al.?

To extract the centroids, several Voigt profiles were
fitted at the peaks until the overall shape of the spec-
trum was reproduced. The centroid positions are listed
in Table II and indicated on Fig. 3 by arrows.

The principal Ka, and Ka, lines are shifted by about 5
to 6 eV towards higher energies relative to those in the
helium-induced spectrum. The asymmetry of the Ka,L°
peak is observed on both sides of reflection and is statisti-
cally significant. The Ka,L° peaks seems to be sym-
metric but in this case the underlying Ka,L? satellite
might have smeared the asymmetry beyond recognition.
Asymmetric broadening and net energy shifts are the ex-
pected results of multiple M-shell ionization.

It should be stressed, however, that in contrast with the
L-shell ionization, it is not possible to deduce the degree
of M-shell ionization from the energy shifts in a model-
independent way, since different M subshells contribute
both positive and negative shifts (Table V).

In molybdenum only L,-L;X Coster-Kronig transitions
can occur.?®2! Because 2s,,, and 2p;,, holes give nearly
the same energy shifts, our spectra should be influenced
by these transitions.

As for “He-induced spectra, the Doppler effect produces
only negligible shift and broadening contributions (see
Appendix).

B. X-ray intensities

The observed satellite yield ratios in the oxygen-
induced Ka x-ray spectrum, T(KL®):J(KL"'):I(KL?):
T(KL?*)=100:102:29:0.8 (Table III), correspond to the
initial L-shell vacancy distribution modified by the radia-
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tive, Auger, and Coster-Kronig transitions. Assuming
the corresponding transition rates to be the same as for
atoms ionized only in the K and L shells,’®?2 we obtain,
using the statistical procedure of Ref. 23, an initial L-
vacancy distribution 100:173:57:1.7.

To study the effect of additional M-shell vacancies we
assume the ionization probability per M-shell electron to
be P,;=0.16, which is compatible with the observed net
energy shifts of the Ka,L° line if we take the calculated
shifts for various M-subshell electrons (Table V). The re-
sulting vacancy distribution is 100:152:48:1.4. It is seen
that the effects of the M-shell ionization on the yield ra-
tios are noticeable but not very pronounced. None of
these deduced ionization yield distributions is compatible
with a binomial distribution. Assuming for the latter a
I(KL®):I(KL") yield ratio equal to the value deduced
from the experiment, i.e., 100:152, we obtain the relative
yields 100:152:102:39.

The observed strong deviations from the binomial dis-
tribution can be taken as evidence for contributions to the
L-shell ionization from effects other than direct uncorre-
lated ionization by impact. One such effect which may be
expected to contribute strongly in the present case is L-
shell electron capture by the projectile.

C. Widths of diagram and satellite lines

An interesting property of the *He- and '®O-induced
spectra is the linewidth of the diagram and satellite peaks
(Table IV). The expected linewidth contributions come
from the natural atomic linewidth, instrumental resolu-
tion, unresolved shifts due to outer-shell multiple ioniza-
tion, and target-recoil Doppler broadening.

For our experimental conditions, Doppler broadening is
expected to contribute about 1.32 eV for the '°0O beam
and is negligible for “He (see the Appendix). From
energy-level calculations,'® shifts caused by the loss of N-
shell electrons are about ten times smaller than those due
to M-shell electrons (Table V) and are therefore not ex-
pected to have a significant influence on our results.

The experimental Ka,L° and Ka,L° linewidths (14.7
eV) in the helium-excited spectrum are in agreement with
the linewidth expected from the instrumental resolution
(10.5 eV) and the natural x-ray linewidth (6.8 eV). The
instrumental resolution is not the best possible since, for
technical reasons, the y-ray and x-ray spectra were ob-
served using a constant slit-to-crystal distance.

In the oxygen-induced spectrum the principal and satel-
lite lines are much broader (see Table IV). The larger
widths can very probably be ascribed to unresolved
KL"M™ satellites and multiplet lines arising from states
of various angular momentum couplings of the electrons
or the vacancies.

V. SUMMARY AND CONCLUSIONS

Multiple inner-shell ionization phenomena in medium-
heavy atoms have been studied for the first time using a
high-resolution bent-crystal spectrometer. The Ka x-ray
spectrum of Mo bombarded with '°O ions reveals a rich
structure of resolved L-shell satellites. The intensity ra-
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tios of these satellite lines deviate significantly from those
of a binomial distribution. This indicates the presence of
effects other than direct uncorrelated ionization by im-
pact, such as electron capture by the projectile.

The energies and the linewidths found in the '°O spec-
trum indicate strong effects from simultaneous multiple
M-shell ionization. In contrast to the L-shell satellites,
the degree of M-shell ionization cannot be deduced from
the energy shifts alone, because the various M subshells
contribute to the shifts with opposite signs. Qualitatively,
this is borne out by a simple relativistic Dirac-Fock calcu-
lation. Quantitative analysis of the energy shifts and of
the line profiles requires a dynamical collision model tak-
ing into account the various angular momentum couplings
among the electrons involved.

Further experiments are in progress, including sys-
tematic studies of the Ka x-ray spectra as a function of Z
in the mid-Z region and a detailed analysis of the K
spectra.

ACKNOWLEDGMENTS

This work was supported in part by the Swiss Institute
for Nuclear Research (SIN) and by the Swiss National Sci-
ence Foundation. The authors are very grateful to Dr. S.
Jaccard and Dr. Th. Stammbach and the cyclotron crew
for excellent beam conditions. They thank S. Drack for
the development of an intense oxygen-ion source and Dr.
F. Atchison for his valuable comments.

APPENDIX

Doppler effect

The Coulomb deflection angle 6 of an incident projec-
tile of kinetic energy T and charge Z,e impinging on a
target atom of charge Z,e at a distance p (impact parame-
ter) is given by

6=2 arctan

) (D

where R is the collision diameter:
ZIZZE 2

- 4meyT (1a)

From 6, T, and the masses M, (projectile) and M,
(target atom), the recoil energy Eg, and angle ai of the
atom can be calculated. Since the mean lifetime of an
electron hole is very short (~107!® sec) compared to
the recoil time of the atom (~ 10712 sec), it is quite a
good approximation to assume that the x ray is emitted
by the atom at the maximum velocity vg:

2E 172
e, @)
MzC

VR =

where c is the velocity of light in a vacuum.

If ¥ is the angle between the recoil direction and the
target-crystal direction, the observed energy of the x rays
emitted by the moving atom will be

E =(1+fBgcosy)E, , (3)
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where B=vg /c and E is the x-ray energy of the atom at
rest. For a given impact parameter p, the atom moves
somewhere along the surface of a cone of aperture 2ay
so that cosy can be expressed as a function of the azimu-
thal angle € (see Fig. 4):

cosy =sinagsin{) sine —cosa g cos() . (4)
The averaged x-ray energy observed by the crystal spec-

trometer for a given impact parameter p is then

1+3—R fozvcosyds =Ey(1—Bg cosagcosl) .

E =F
L4 0 27

(5)
|

— Eycos() ¢ wBRCOSaRIpg-K(x)e—up(x/cos¢)d dx
o0 Yo p P
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Doppler shift

The energy shift of the observed x-ray line is obtained
by taking the sum over p of (E, —E,), weighted by the
factor I,p, I, being the ionization probability for the con-
sidered projectile and target atom at the impact parameter
p:

—Ecos) fow Brceosagl, p dp
“ILpd
S Lpdp

AE = (6)

If the thickness of the target is not negligible, the ener-
gy loss of the projectiles and the self-absorption of the x
rays in the target must be taken into account, leading to

AE = fo" fo“’ Iok(x)pdpdx

In the above relation, A is the thickness of the target,
up its attenuation factor for the considered x rays, ¢ the
angle between the direction of observation and the nor-
mal to the target, and o (x) is the cross section for K-
shell ionization at the depth x inside the target. It
should be noticed that the crystal solid angle does not
appear in relation (7), since it contributes only to the
broadening of the line and not to the shift.

Doppler broadening

In order to obtain the Doppler broadening, the original
Lorentzian distribution L (u) of the x rays has to be fold-
ed with the function D (u) describing the distribution of
the Doppler-shifted x rays (where u is the energy
difference E —E;). To determine D(u), a Monte Carlo
computer code has been written. Each event is character-
ized by five parameters which are selected randomly:
depth x in the target where the ionization takes place, im-
pact parameter p, azimuthal angle € and coordinates x,
and y. of the point where the x ray impinges on the
diffraction crystal surface. For each incident projectile,
the code first picks the five parameters, then computes the
energy difference u, and finally scores an event in the en-
ergy channel corresponding to u.

The depth x is randomly picked between O and h, with

Observed
X Ray

Beam

FIG. 4. Schematic geometrical diagram for the evaluation of
the Doppler effect.

the condition to follow the distribution function g(x)
given by

g (x)=0g(x)e ~HpIx/c0s9) 8)

where og(x) is the cross section for K-shell ionization for
a projectile of energy E(x /cosy), ¥ being the angle be-
tween the incident beam and the normal to the target.
The x values are generated by solving the following in-
tegral equation:

[ oxisemtsrenbds =z [Toy(s)e s/ s, (9)
0

where z, is a random number uniformly distributed in the
open interval O and 1.

Similarly, the randomized impact parameter p, is ob-
tained from the integral equation

P 0
X Ipdp=z, fo Lpdp, (10)

where z,, is another random number uniformly distributed
between O and 1. The distribution of the angles € and
coordinates x, and y. being uniform, these are directly
generated from three uniformly distributed random num-
bers.

The cross sections og(x) are determined by a plane-
wave Born approximation (PWBA) calculation,?* which
includes corrections for increased binding energy and po-
larization effect,?> and also taking into account corrections
for Coulomb deflection®® and relativistic effects of the K-
shell electron wave function.?’

The ionization probabilities I, are taken from the tables
of Hansteen et al.?® The code also computes the average
value of u, giving a direct estimate of the Doppler shift.
The shifts calculated in this way are statistically con-
sistent with the results given by the analytic expression
(7).

Results

For the 12.5-mg/cm?-thick Mo target bombarded by
99-MeV '®0 projectiles, the broadening of the Ka, line



keV monoenergetic x rays emitted by a 12.5-mg/cm?-thick
molybdenum target bombarded by 99-MeV !°O projectiles. The
Monte Carlo simulation calculated 50000 events. The tails of
the distribution extend much farther than represented here
(events with energy differences up to u ~100 eV have been ob-
tained; see, however, comment in the text).

(natural linewidth 6.82 eV) is 1.32 eV while the shift of
the line is smaller than 0.05 eV. The distribution D (u)
corresponding to this case is illustrated in Fig. 5; the
shape of the broadened line is compared to that of the
pure Lorentzian one in Fig. 6. The latter shows also that
the tails of the broadened line have a slightly increased in-
tensity. This, however, does not affect significantly the
measured spectrum, the relative increase of the apparent
background due to the enhanced tails being only a few
percent.

For the 25-mg/cm?-thick Mo target bombarded by 28-
MeV “He projectiles, the broadening of the line is only
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FIG. 5. Energy difference distribution D (u) arising from the -16 -8 0 8 16
Doppler effect. The computation has been performed for 17.48- u (QV)

FIG. 6. Shape of the Ka, x-ray of molybdenum. (a) without
Doppler effect, (b) with Doppler effect (dashed curve, calculated
with the same conditions as stated in Fig. 5).

0.13 eV, the shift being negligibly small (<1073 eV).
This calculation gives an upper limit for the Doppler shift
and broadening, since the probability of events at small
impact parameters (and thus with the largest energy
differences) is strongly reduced by the competing nuclear
reactions.

Doppler shifts and broadenings of the K a satellite lines
are expected to be of the same order of magnitude as those
calculated for the Ka, principal line because the mean
values of the impact parameter for a K-shell single ioniza-
tion and for a K-shell + L-subshell double ionization are
approximately equal [p(K)=1.36XX10"2A,5(K +L,)
=1.29x107% A, (K +L;)=p(K +L;)=1.31x10">
Al
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