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M -subshell x-ray production cross sections of Au induced by highly charged F, C, and Li ions
and protons: A large enhancement in theM 3 fluorescence yield

Yeshpal Singh and Lokesh C. Tribedi*
Tata Institute of Fundamental Research, Homi Bhabha Road, Colaba, Mumbai 400 005, India

~Received 27 August 2002; published 26 December 2002!

M -subshell x-ray production cross sections are measured for Au, induced by F ions in the energy range of
20 to 102 MeV. For a comparative study the measurements are also carried out for protons, He, Li, C ions at
a few energies. We have derived the absolute cross sections forMab andMg x rays as well as the totalM
x-ray cross sections. The intensity ratios,I (g)/I (ab), of the M (g) andM (ab), as well as the energy shifts
of these lines signifying multiple vacancies in outer shells have also been studied as a function of projectile
atomic number. The measured cross sections are compared with available theoretical calculations, namely, the
ECPSSR based on the perturbed stationary state~PSS! approximation including the effects due to the increased
binding energy, Coulomb deflection~C!, energy loss~E!, and relativistic~R! wave function. In case of theMg
the measured cross sections are much higher compared to the ECPSSR prediction which is attributed to a
dramatic enhancement in theM3-subshell fluorescence yield owing to multiple vacancies inN subshells. The
enhancement strongly depends on the projectile atomic number.

DOI: 10.1103/PhysRevA.66.062709 PACS number~s!: 34.50.Fa
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I. INTRODUCTION

The ionization of the inner atomic shells by high
charged particles is an important field of atomic collisi
physics from both the theoretical point of view and applic
tions. For highly asymmetric collisions (Zp /Zt!1), where
Zp andZt are projectile and target atomic numbers, the dir
Coulomb ionization mechanism is a dominating proc
@1–4#. Over the years a lot of work has been done onK- and
L-shell ionization whereas very little is known regarding t
M-shell processes. The studies onM-shell ionization provide
more insight into the collision process since it possesses
subshells, giving rise to a much more complex system thaK
shell or evenL shell which has only three subshells. To t
best of our knowledge, there are very few experiments
ried out onM x rays and most of them are confined to lowZ
projectiles like proton or alpha particles@5–13#. Only a few
experiments@14–16# are carried out which use heavy ions
projectiles and thin foil targets. However, for the measu
ments with heavy ions, in which thick targets are used~i.e.,
about 30–40mg/cm2), the projectiles may exit with equilib
rium charge states and theM-shell electron capture will also
contribute substantially in theM-vacancy production. There
fore, for such thick targets, the x-ray yields cannot be ta
as a measure ofM ionization or transfer only. To overcom
these problems one normally uses very thin targets~see@17#
for a review! as has been done in Refs.@14–16# for M shell
and Refs@18–21# for K shell. We have also measured th
contribution in theM-shell x-ray yields due toM-shell ~tar-
get! to K-shell ~projectile! electron transfer by studying th
charge state dependence of the x-ray yields. Using H-
and bare ions of F we found the x-ray intensity enhan
substantially over that for low charge state~filled K shell for
which no M -K transfer is possible in thin targets! ions ~see
below!. The x-ray yields obtained by using these low cha
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state ions are essentially due to Coulomb ionization of theM
shells.

It may be mentioned that the heavy ion induced ionizat
is more complicated since the process gets influenced du
the strong distortion of the initial target state by the high
charged ions. It has been shown that the so-called two-ce
effect and postcollision interactions strongly influence t
electron angular distributions in ionization of outer-shell
loosely bound electrons in collisions with heavy projectile
In case of inner-shell processes additional complicati
arise due to the multiple ionization in the outer shells wh
causes a substantial change in the x-ray fluorescence y
(v i , for the i th subshell!. In fact, it is demonstrated@22,23#
that such enhancements are not necessarily of the same
nitude for all the subshells. For example,vL1, for L1 sub-
shells has been found to be dramatically enhanced in c
sions with heavy ions whereas such enhancements in thevL2
or vL3 are not so high. It may also be noted that such
hancements, due to the interplay of Coster-Kronig transit
strength and the radiative transition probabilities, are diffic
to be predicted by the model calculations and therefore n
to be measured especially in the presence of multiple ou
shell vacancies. However, it is required to have such inv
tigations in case ofM-subshell ionizations as well as th
predictions on the subshell fluorescence yields. Here
present the measurement of the totalM x ray, Mab andMg
cross sections for Au in collisions with highly charged F io
as projectiles with energy ranging from 20 to 102 MeV.
order to make a comparative study of the subshell ioniza
and the fluorescence yield enhancement for different pro
tiles, we have also measured these quantities for proton,
Li, and C ions at a few energies. The collision symme
parameterS (5Zp /Zt) is varied between 0.013~for proton!
and 0.114~for F!, signifying an asymmetric system. The a
erage values of the reduced velocityvp /ve range from 0.45
to 1.03 for F ions. Here thevp andve are the projectile and
the M-shell electron average orbital velocity, respective
The velocity range corresponds to the low to intermedi
©2002 The American Physical Society09-1
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range in which the ionization process gets largely influen
by the increased binding energy as well the Coulomb defl
tion. Also the probabilities of various processes such
M-shell excitation,M-ionization, andM-shell electron trans-
fer will have similar orders of magnitudes at the intermedi
velocity range. Hence this regime provides a very good p
form to provide a test to the theoretical models. The exist
data on totalM x-ray cross sections by Mehtaet al. @14# on
the similar collision systems cover a small energy range~less
than 35 MeV!. On the other hand, the present investigat
spans on a wide range of energy~30–102 MeV! and we have
measured absolute cross sections forMab as well as the
Mg lines in addition to total cross sections. These stud
therefore provide a crucial test for the various models
inner-shell ionization, e.g., the plane-wave Born approxim
tion ~PWBA! @3#, the semiclassical approximation~SCA!,
and the perturbed stationary state~PSS! approach, including
correction factors for projectile energy loss~E!, Coulomb
deflection of the projectile~C!, and the relativistic motion
~R! of the orbital electrons~ECPSSR! @4#.

It may be mentioned that the electron clouds in theM
subshells can be strongly affected by the projectile io
which penetrate deeply inside to ionize theM subshells and
as a result the variousM subshells can be mixed with eac
other and may influence the ionization process. The effec
subshell couplings on theL-subshell ionization process ha
been studied@26,27# along with the investigation of the an
isotropy in theL x-ray emission@28,29#. It is, however,
shown that such coupling is important only in case of lo
energy~less than about 2 MeV/u) @26# collisions.

II. EXPERIMENTAL DETAILS

The experiment was performed with the 14 MV BARC
TIFR Pelletron accelerator at TIFR, Mumbai. Heavy ions
F41 ~20 MeV!, F51,71,81 ~30 MeV!, F61,71,81,91 ~40 MeV!,
F61,81,91 ~57 MeV!, F71,81,91 ~76 MeV!, F71 ~85 MeV!,
F71,81,91 ~95 MeV!, and F81,91 ~102 MeV! were used for
the measurement. In addition, protons~16 MeV!, He11 ~36
MeV!, Li31 ~28 and 36 MeV!, and C~48 MeV! ions were
also used for a comparative study of the cross sections, p
energy shifts, and the intensity ratios. The mass and en
analyzed ion beams were made to fall on thin targets of
(1.72mg/cm2) on carbon backing ~of thickness
;10 mg/cm2). While preparing the carbon-backed targe
special care was taken for the purity of the carbon foil
minimize the background from lowZ impurities in C foil
~such as Ca! that overlaps theM x-ray spectrum. The target
were mounted at 90° to the beam direction on a rotata
multiple target holder assembly in an electrically isolat
chamber. The vacuum inside the chamber during the exp
ment was;1026 Torr.

The x rays emitted from the target were detected b
Si~Li ! detector with a 252mm-thick Be window and having
160-eV resolution at 5.9 keV. The intrinsic efficiency of th
detector was measured using standard radioactive sou
and PIXE ~proton-induced x-ray emission! technique. The
detector was mounted inside the vacuum chamber at an
55° to the beam direction. The thickness of the targets w
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obtained, during the measurement, by counting Rutherf
scattered particles at 135° and 45° to the beam direc
using two surface barrier detectors. The total count rate
der the x-ray spectrum was kept well below 500 counts/s
order to reduce the pile up. The beam current was meas
from the entire chamber which was electrically isolated.

III. DATA ANALYSIS

Typical M x-ray spectrum of Au is shown in Fig. 1 for 9
MeV F bombardment. As it is clear from the figure that t
M x-ray spectra are quite complex, since some of the
served peaks represent several components of theM x-ray
transitions which normally cannot be resolved by a Si~Li !
detector. However, four different groups of lines are visib
clearly, such asMz, Mab, Mg, andM3O4,51M1N2. The
Mab line arises due to vacancy in theM4 /M5 subshells and
Mg is due to the filling of theM3 vacancy (M3N5 transi-
tion!. The intensities of these lines therefore provide inf
mation regarding the probability of vacancy formation
well as the radiative transition or the subshell fluoresce
yields. In Figs. 2~a!–2~e! we display the similar spectra ob
tained by different projectiles, such asp, He, Li, C, and F
ions. The shift of the various lines are clearly visible com
pared to that for protons, as indicated by vertical lines wh
correspond to theMab peak for proton impact.

The peak areas in the x-ray spectra were estimated usi
multi-Gaussian least-square-fitting program with the pos
bility of choosing variable width of the lines and backgrou

FIG. 1. M x-ray spectrum~background subtracted! of Au in
collision with 95 MeV F81. The different components are indicate
in the figure.
9-2
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M-SUBSHELL X-RAY PRODUCTION CROSS SECTIONS . . . PHYSICAL REVIEW A 66, 062709 ~2002!
function. From the measured x-ray yields the x-ray prod
tion cross sections were estimated using the following re
tion:

s i
x5

4pI x

dsR~u!

dVp
DVp

eI RDVx
, ~1!

wheres i
x is the x-ray production cross section of thei th line

of the M x-ray spectrum,I x being the measured x-ray cou
under thei th line. The quantitydsR(u)/dVp is the differen-
tial Rutherford scattering cross section,I R is the particle
count measured by surface barrier detector,DVx is the solid
angle subtended by the Si~Li ! detector,DVp is the solid
angle subtended by the surface barrier detector, ande is the

FIG. 2. M x-ray spectrum of Au in collision with~a! proton,~b!
He11, ~c! Li31, ~d! C51, and~e! F71 with different beam energies
as indicated. The vertical dotted line indicates the peak posi
under proton impact. The different components are indicated in
figure.
06270
-
-

intrinsic efficiency of the Si~Li !. Equation~1! was used to
calculate the x-ray production cross section only at low
ergies, i.e., below the Coulomb barrier, above which the n
malization was done by measuring total beam current
target thickness.

The uncertainties in the measured cross sections in T
I were estimated to be about 15–20 % which include
errors due to counting statistics, background subtraction,
tector solid angles, the target thickness~8%!, and the effi-
ciency of the Si~Li ! detector~6–10 %!.

The x-ray production cross sections for differentM x-ray
lines related to the ionization cross sections for different s
shellss i

I ( i 51,2,3,4,5) ofM shell in the following way:

sM1O23

x 5s1
I v1GM1O23

/GM1
, ~2!

sM2O14

x 5@s1
I S121s2

I #v2GM2O14
/GM2

, ~3!

sg
x5@s1

I ~S131S12S23!1s2
I S231s3

I #v3GMg
/GM3

, ~4!

sa
x 5@s1

I ~S151S14S451S13S34S451S13S351S12S23S34S45

1S12S251S12S23S351S12S24S45!1s2
I ~S251S24S45

1S23S34S451S23S35!1s3
I ~S351S34S45!1s4

I S45

1s5
I #v5GMa

/GM5
, ~5!

sz1

x 5@s1
I ~S151S14S451S13S34S451S13S351S12S231S34S45

1S12S251S12S23S351S12S24S45!1s2
I ~S251S24S45

1S23S34S451S23S35!1s3
I ~S351S34S45!1s4

I S45

1s5
I #v5GM z1

/GM5
. ~6!

Equations~2! to ~6! link the experimentally measured lin
intensities to the five unknown subshell ionization cross s
tion s i

I ( i 51,2,3,4,5), whereSi j are super-Coster-Kronig
factors calculated by McGuire@24# and GMi

are radiation

widths for thei th subshell calculated by Bhalla@25#.

n
e

TABLE I. M x-ray production cross sections (sab , sg , and
s total) due toM-subshell ionization of Au induced by F ions. Typ
cal errors are about 15–20 %.

Target Energy sab ~barn! sg ~barn! s total ~barn!
~MeV!

Au 20 21400 3593 41975
30 52200 12500 98210
40 90500 11440 132250
57 121000 17000 185150
76 130000 20500 261050
85 150000 26300 247250
95 105000 20300 186990
102 150000 22400 161000
9-3
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These above equations have been used to calculate
retical x-ray cross sections for different lines. The requir
subshell resolved ionization cross sections were taken f
ECPSSR calculations and then plotted against experime
cross sections.

IV. RESULTS AND DISCUSSIONS

A. M-subshell ionization

Examples of the charge state dependence of the x-ray
duction cross sections are shown in Fig. 3, for two giv
beam energies. It may be seen that for H-like ions~and also
for bare ions! there is an enhancement of the x-ray cro
sections over that for the lowest charge state ions for wh
the K shells are filled. This is known to be due to theM -K
electron transfer which gives rise to additionalMab ~and
alsoMg) x-ray yields. For the F ions the contribution in th
Mab yields due to theM -K transfer is found to be abou
25–30 % ofM ionization~see Fig. 3!. In the rest of the pape
we will discuss about the x-ray cross sections for the low
charge states~i.e., with ions with filledK shells! which arise
due to theM ionization only.

We show, in Fig. 4, the measured x-ray production cr
sections for theMab, Mg, and totalM x ray as a function
of the beam energy. The cross sections derived for
charge state ions, i.e., with no vacancies in theK shell, are
taken as due toM ionization. The theoretical~ECPSSR! cal-
culations are shown by solid continuous lines. It may be s
from Fig. 4~a! that the ECPSSR closely agrees with t
Mab cross sections for Au in the low-energy part and
produces the data very well for the higher energies. The
sets in the figures show the ratio of the experimental dat
the ECPSSR predictions.

In case ofMg line, this deviation is very large, the theo
retical cross sections being about a factor of eight low
compared to the data@Fig. 4~b!#. The total cross sections ar

FIG. 3. Measured x-ray production cross sections of~a! Mab,
~b! Mg lines as a function of charge states, showing the contri
tion due to ionization~in the case of the lowest charge state! and
M -K electron transfer~for H-like ions!. Data for two different beam
energies are shown.
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shown in Fig. 4~c!. The only existing total cross-section da
for low-energy F ions@14# are also plotted@see the open
circles in Figs. 4~c!#. It can be seen that the present expe
mental cross sections are in fairly good agreement with
earlier data sets. However, the calculated total cross sec
fall below the experimental data by about 40–50 % excep
the highest energy and the discrepancy arises due the
disagreement in case ofMg cross sections.

The similar cross sections for the other light ion proje
tiles are shown in Figs. 5~a!–5~h!. It can be seen that a goo
agreement is found between theMab data and the theory
only for protons@Fig. 5~a!#. In the case of Li31 @Fig. 5~c!#
and C51 ions @Fig. 5~f!# the deviation increases and the ca
culations underestimate theMab cross sections. In case o
Mg the deviation is larger compared to that forMab lines
even for the proton beam@Fig. 5~b!#. These deviations are
however, even larger for the Li@Fig. 5~d!# and C@Fig. 5~g!#
ions. The calculations, however, reproduce the total cr
sections for Li ions@Fig. 5~e!# and underestimates to som
extent for the C ions@Fig. 5~h!#. In may be noted that for
H-like C ions there will be some contribution due to th
M -K transfer in the x-ray cross sections which will be sm
~estimated to be below about 10%! for Mab. Therefore in-
clusion of the capture contribution in the calculations w
reduce its difference with the measured data, but only b
small amount.

To investigate the large discrepancy in the case ofMg
cross sections we have plotted, in Fig. 6, the intensity ra

-

FIG. 4. Measured x-ray production cross sections of~a! Mab,
~b! Mg lines. The totalM x-ray cross sections are shown in~c!. The
solid lines correspond to the ECPSSR predictions. The open cir
in ~c! are from Ref.@12#. The insets show the ratio of the data to th
calculations.
9-4
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M-SUBSHELL X-RAY PRODUCTION CROSS SECTIONS . . . PHYSICAL REVIEW A 66, 062709 ~2002!
I(g)/I(ab). Figure 6 shows that this ratio varies betwe
0.15 to 0.24. A comparison with the ECPSSR is also mad
this figure and the data fall much higher compared to
calculations. This ratio reflects the multiple vacancy in t
outer shell as well as the vacancy probabilities in differenM
subshells. The ratio, as a function of Zp , is plotted in Fig. 7.
It is clearly seen that the deviation of the measured ra
from the ECPSSR prediction gradually increases withp
which shows the effect of multiple vacancy production f
high Zp projectiles. The ECPSSR does not reproduce
dependence of this ratio on Zp and falls well below the ex-
perimental data, even for the lowest atomic number pro
tile. However, the deviation is caused partly due to multi
vacancies in outer shells and partly due to the inability of

FIG. 5. Measured cross sections ofMab, Mg lines and the
total M x rays for protons@~a! and~b!#, for Li31 @~c!, ~d!, and~e!#,
and for C51 ions @~f!,~g!,~h!#. The solid lines correspond to th
ECPSSR predictions.

FIG. 6. The intensity ratios@ I(g)/I(ab)# of the cross sections
of Mab andMg lines for F-ion impact with different energies. Th
ECPSSR prediction is shown as a line.
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theory to reproduce theM3 andM4,5 vacancy probability.
The energy shifts of theMab andMg lines compared to

their predicted positions, on the other hand, are pur
caused due to the existence of the multiple vacancies in
outer shells at the time of x-ray emission. In case of Au, t
shift is about 67610 eV for Mab lines (DEab) and about
the same for theMg line. The shifts for He, Li, and C ions
are found to be about 15, 20, and 36 eV, respectively,
Mab lines. These shifts are found to increase sharply a
function ofZp ~also shown in Fig. 7!. In fact,DEab increases
more rapidly than the intensity ratio~in Fig. 7!.

The shifts as well as the higher intensity ratios sign
multiple vacancy production in the outer shells simultaneo
with M vacancy of the target. This, in turn, results in th
enhancement of the fluorescence yields. In particular, i
evident from the present data that the cross section forMg
~i.e., M3-N5), which arises from anM3 vacancy, is largely
influenced by the multiple vacancy in outer shells and the
fore the fluorescence yield for theM3 subshell is enhanced
dramatically. This is due to the fact that due to multip
vacancies in theN-subshells some of the Coster-Kronig~CK!
transitions cannot take place and therefore the radiative
cess dominates giving rise to higher x-ray cross secti
compared to the theoretical predictions. This may be m
clear from Table II in which we show the values of C
transition probabilities and the subshell fluorescence yie
for Au. It may be worth noticing that the CK transition prob
ability S35 ~arising due to a vacancy in M3) is much higher
~almost a factor of 200 large! compared tov3. Therefore any
multiple ionization in theN subshells~especially inN5) will
reduce theS35 drastically since a particular CK channel~such
as M32M5N5) could be blocked giving a largev3. In the
case of the vacancy in theM4, thev4 and the corresponding
CK rate S45 have comparable values and therefore there is
drastic enhancement in thev4. So no such large deviation
are observed for theMab. A similar dramatic enhancemen
~by a factor of 2.5! in theL1-subshell fluorescence yields fo
Yb and Au has been noticed in collisions with F ions due
the multiple vacancies and has been explained as an inter
between the CK rates and thev1 @22,23#.

FIG. 7. The intensity ratios~left axis! of the Mg to the Mab
line, and the energy shifts of theMab line ~right axis! as a function
of Zp . The ECPSSR prediction for the ratio is shown as a line.
9-5
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The ratios of the experimentally measured x-ray cr
sections (sexp) of the Mg line to the ECPSSR prediction
(sECPSSR) are shown in Fig. 8 as a function ofZp . The
similar ratios for theMab line are also shown in the sam
figure. The projectiles are having slightly different energi
However, since the ratios do not change appreciably in
present energy range, the projectiles with slightly differe
energies can be used to have a comparative study. In ca
Mab the ratio is very close to 1.0 for protons, implying
good agreement with the calculations. The deviation~from
1.0! for other projectiles are clearly seen to increase withZp
and become a factor of about two for the F projectile. T
ratio for the Mg line is, however, at least a factor of tw
higher compared to the expected value~i.e., one! even for the
lowest Zp projectile, a proton. The deviation increases ra
idly as a function ofZp from a value of two for a proton to
about seven for an F projectile. One would have expecte
have an approximately similar deviation from the theory
the Mab and theMg lines. Comparing the deviations~i.e.,
the ratios in Fig. 8! in the cases of theMab andMg lines
one may conclude from the additional deviation forMg that
thev3 could be enhanced by about a factor of 3.5 for F io
These enhancement (v3 /v3

o) factors are about 2.0, 2.2, 3.
for p, Li, and C ions and therefore increase strongly with
projectile atomic numbers. These estimates will provide v
important input to calculate the effective fluorescence yie
under heavy ion impact.

V. CONCLUSIONS

We have measured theM x-ray ~due to ionization! pro-
duction cross sections for Au in collisions with high
charged F ions having energies between 20 and 102 M
and other low atomic number projectiles, such asp, He, Li,

TABLE II. Atomic parameters related toM3 and M4 vacancy
fillings used in the calculation~for Au!, i.e., the CK rates and fluo
rescence yields.

vM3 SM3,4 SM3,5 vM4 SM4,5 vM5

4.2031023 0.114 0.782 0.0264 0.046 0.0256
.R
. A

os
P

s.

G
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and C ions. Total cross sections as well as the cross sec
of different M x-ray components, such asMab and Mg
lines, are measured. In the case of theMg the measured
cross sections are much higher compared to the ECP
prediction, which is attributed to a dramatic enhancemen
the M3 subshell fluorescence yield owing to multiple vaca
cies in N subshells. The deviations are much less for
Mab cross sections. The measured energy shifts of the x
lines and the enhanced intensity ratios compared to the si
hole value indicate a substantial multiple vacancies in thN
subshells. A quantitative estimate of the enhancement in
v3 has been predicted as a function of projectile atom
numbers.
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FIG. 8. The ratios of the experimental data to the ECPS
predictions for the x-ray cross sections as a function of Zp . The
beam energies are indicated in the figure. The ratios are shown
both theMab and Mg lines. The dashed line corresponds to t
expected ratio i.e., 1.0.
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