
PHYSICAL REVIE% A VOLUME 9, NUMBER 4 A PRI L 19 74

EP/En intensity ratios for x-ray production by fast deuterons, n particles,

and carbon ions*
T. K. Li and R. L. watson

DePartment of Chemistry and Cyclotron Institute, Texas ASM University, College Station, Texas 77843
(Received 12 October 1973)

Systematic measurements of Kp/Ka intensity ratios have been carried out for a wide range
of targets (19~Z ~47}using 2.35- to 12.5-MeV/amu deuterons, o particles, and carbon ions.
Radiative-transition probability ratios were calculated for various L,—and M-shell vacancy
configurations using Hartree-Fock-Slater wave functions. Employing information previously
obtained on simultaneous K- plus 4-shell ionization, the velocity dependence of the simul-
taneous E- plus M-shell ionization probability was characterized and compared with the
velocity dependence expected for ionization by direct Coulomb excitation.

I. INTRODUCTION II. EXPERIMENTAL METHODS

In a number of recent spectral measurements
of K x rays arising from heavy-charged-particle
bombardments, it has been observed that the
Kp/Zo. intensity ratios are considerably different
from those obtained with more conventional meth-
ods of x-ray production. For example, the rela-
tive intensities of Ka and KP x rays emitted from
various targets following ionization by nitrogen
ions, ' oxygen ions, ' and fission fragments' are not
the same as those observed in association with
ionization produced by photons, electrons, and as
a result of radioactive decay. These large varia-
tions in the KP/Ka intensity ratios are yet another
indication of the influence of the excited-state
configuration on the x-ray emission process.
Since the Ke x-ray transitions originate from 2p
levels and the predominant KP x-ray transitions
originate from 3P levels, it is to be expected that
the relative intensities of these transitions should
depend rather sensitively on the number of L-
and M-shell vacancies in existence at the time of
x-ray emission.

The present study was undertaken for the pur-
pose of systematically comparing KP/ICu intensity
ratios characteristic of x-ray production by light
and heavy ions with those which characterize
x-ray production by other means. Measurements
have been carried out for a wide range of elements
extending from Z = 19 to Z = 47 using 2.35 to 12.5-
MeV/amu deuterons, o. particles, and carbon ions.
In addition, Hartree-Fock-Slater {HFS) calcula-
tions of KP/Eo intensity ratios for various I. and-
M-shell vacancy configurations have been per-
formed in order to ascertain the extent to which
the experimental results may be understood in
terms of simultaneous K- plus I.- and M-shell
ionization.

TABLE I. Targets used in the Kp/Kof x-ray intensity
ratio measurements.

Effective '
thickness Chemical

Target (pg/cm2) form Target backing

K
Ca
Sc
Ti
V
Cr
Mn
Fe
Co
Ni

CU

Zn
Ge
Se
Br
Mo

Ag

20
35
39
35

100
81
71
41
59
49
96

135
106

91
41
S9
72

KBr
CaF2
Sc20&
metal
metal
metal
metal
metal
metal
metal
metal
metal
elemental
elemental
KBr
metal
metal

0.153 mg/cm~ Al
0.52 mg/cm2 Mylar
1.72 mg/cm Al
0.52 mg/cm Mylar
0.52 mg/cm2 Mylar
1.72 mg/cm2 Al
1.72 mg/cm2 Al
0.52 mg/cm2 Mylar
0.52 mg/cm2 Mylar
0.52 mg/cm2 Mylar
0.52 mg/cm2 Mylar
0.52 mg/cm~ Mylar
0,52 mg/cm2 Mylar
0.52 mg/cm2 Mylar
0.153 mg/cm2 Al
0.153 mg/cm Al
0.52 mg/cm2 Mylar

Account has been taken of the 45 target inclination
angle.

The experimental techniques used in the present
study of KP/Ka x-ray intensity ratios were basi-
cally the same as those described previously. '
Deuterons and n particles having energies of
2.88, 8.25, 7.50, and 12.50 MeV/amu, and carbon
ions of 2,35, 3.75, 6.25, and 8.33 MeV/amu were
used. The targets were all prepared by vacuum
evaporation and ranged from 20 to 135 pg/cm' in
effective thickness. A list of the targets used is
presented in Table I.

A 30-mm'x 3-mm Si(Li) x-ray spectrometer
giving an energy resolution of 240 eV {full width
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at half-maximum at 6.4 keV) was located 19.0 cm
from the target at 90' to the incident beam. The
spectrometer system was separated from the
target chamber by a 4.7 mg/cm' beryllium win-
dow. Sample Fe K x-ray spectra obtained with
deuterons, n particles, and carbon ions are
shown in Fig. 1. All of the x-ray spectra were
carefully analyzed with the least-squares peak-
fitting program of Rugge et al. ' A fit to the ex-
perimental data points was achieved in each case
by representing the Ko, and KP peak shapes with
Gaussian functions having exponential tails and

by allowing the widths, means, and areas of the
calculated peaks, and three parameters specify-
ing a quadratic background, all. to vary in com-
bination until an optimized set was obtained by
the method of least squares.

An efficiency calibration of the Si(Li) x-ray
spectrometer was accomplished over the energy
range 5.4-59.5 keV by counting IAEA standard
sources' of "Co, "Mn„"'Cs, and "'Am under
vacuum with the sources located at the target
position. Corrections for x-ray absorption in the
17.5 mg/cm' polyethylene layer which covered
the sources were made for photons of energies
less than 14.4 keV. An efficiency calibration at
3.3 keV was obtained by counting NpM x-rays

from a thin, uncovered "'Am source, in the same
manner as described above. In all cases, con-
version from source disintegration rate to x-ray
photons per second was made using the percent-
age-per-disintegration values recommended by
Hansen et al. ' The reliability of the relative
efficiency curve resulting from these measure-
ments is believed to be of the order of +2~/(;, .

III. RESULTS

The results of the present KP,'Kn intensity ratio
measurements are presented in Tables II-IV.
They have been corrected for absorption and for
detector efficiency. The errors listed in these
tables are the root-mean-square deviations from
three or more independent measurements. These
error values do not include the 2/q uncertainty in
the relative efficiency of the spectrometer system.
The absolute values of the KP //Kn ratios listed
for K, Ca, and Sc are subject to an additional
error -10%%uo associated with the difficulty of ac-
curately extracting the individual intensities of
their closely overlapping KP/Kn peaks.

A relative comparison of the KP/Ka intensity
ratios obtained with 6.25-MeV/amu deuterons,
n particles, and carbon ions is shown in F.g. 2. In
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TABLE D. Ep/Ee intensity ratios for x-ray produc-
tion by deuterons, The listed errors represent the ~ela-
tive uncertainty in the measurements. An additional +2%
absolute uncertainty is associated with the efficiency
correction.

TABLE IV. EP/En intensity ratios for x-ray produc-
tion by carbon ions. The listed errors represent the
reLative uncertainty in the measurements. An additional
~2% absolute uncertainty is associated with the efficiency
correction.

2.88
Me V/amu

6.25
Me V/amu

7.50
Me V/amu

12.50
r iev/amu

2.35
Mev/amu

'3.75
Me V/amu

6.25
Me V/amu

8.33
Me V/amu

K
Ca
Sc a

Ti
V

Cr
Mn

Fe
Co
Ni

Cu
Zn
Ge
Se
Br
Mo

Q.138~ 0.002
0.135+0.005
0.13:3~ 0.002
0.127 = 0.003
0.128 + D.Q01

0.129 d 0.002
0.129+ 0.002
0.127 + 0.002
0.128 d 0.003
0.134 d. 0.001
0.135 ~ 0.002
0.138+ 0.002
0.149+ 0.002
0.162+ 0.002
0.164+ O. DD;3

0.192 + 0.002
0.203+ 0.004

0,139+0.002
0.134 + 0.001
0.132 x 0.001
0.126 + 0.002
0.128+ 0.002
0.129+ 0.002
0.130+ 0.001
0,126 + 0.002
0.127+ 0.002
0.133+ 0.001
0„134+0.001
0.138*0.002
0.147 + O.Q02

0.162 + 0.001
0.165 + 0.002
0.195+ 0.002
0.204+ 0.006

0.138*0.002
0.132 ~ 0.002
0.132 ~ 0,002
0.126 + 0.002
0.129~ 0.001
0„130~ 0.002
0,130+ 0.002
0.126 + 0.001
0.128 + 0.001
0.133 d: 0.001
0.134 ~ 0.002
0.137+ 0.001
0.147 ~ 0.00,'3

0.16,'3 + 0.001
0.164 d 0.004
0.197;i 0.004
0.208 + 0.004

0.137~ 0.006
0.133 + 0.002
0.131~ 0.002
0.127 ~ 0.001
0.129& 0.001
0.129m 0.002
0.130+ 0.004
0.127 ~ 0.002
0.128+ 0.002
0.1,'32 + 0.001
0.134 + 0.001
0.1,'39+ 0.003
0.148+ 0.00:3
0.165 + 0.002
0.166 d. 0.001
0.198+ 0.003
0.208 ~ 0.006

K
Ca

Ti
V

Cr
Mn

Fe
Co
Ni

Cu
Zn

Ge
Se
Br
iso
sag

0.187 & 0.005
0.175 ~ 0.003
0.168 + 0.003
0.162 ~ 0.004
0.156 + 0.003
0.152 ~ 0.003
0.153 —0.002
0.153 -i 0.001
0.154 + 0.001
0.162 ~ 0.001
0.165 + 0.002
0.164+ 0.001
0.172 ~ 0.00'l

0.179~ 0.002
0.178 ~ 0.004
0.210 ~ 0.00,'3

0.222 -i- 0.003

0.180*0.004
0.168 ~ 0.003
0.163 ~ O. OQ2

0,154 + 0.003
0.152+ 0.00,'3

0.145 =' 0,003
0.146 ~ 0.001
0.147 + 0.001
0.146 .t. 0.001
0.151 =' 0.002
0.156 1 0,001
0.160 & 0.003
0.168 d 0.001
0.176 t 0.001
O. 1 76 d. D.004
0.207 ct 0.004
0.221+ 0.005

0.178 t 0.004
0.159 & 0.002
0.160 & 0.001
0.143 + 0,002
0.142+ 0.002
0.1:39+ 0.004
0,140:t 0.001
0.142 + 0.002
0.143+.0.002
0.148 ~ 0.001
0.146 + 0.002
0.151 & 0.001
0.163-t 0.002
O. 1 7:3 ~ 0.002
0.174 & 0.002
O.204 ~ O. OO5

0.219 b 0.005

D.174 + 0,007
0.155 ~ 0.002
0.158+ 0.002
0.1:38+.0.003
0.141 d 0.00:3
0 I'38 ~ 0 002
0.140 &. 0.002
0.138 + D.003
0.138+0.002
0.142 + 0.002
0.14,'3 ~ D.QDI

0.149. O. OO;3

0.158.i D.ool
0.17I - 0.001
O. 173 t 0.004
0.202 '-. 0.005
0.216.~ 0.007

' An additional +10% absolute uncertainty associated with the
deconvolution of the closely overlapping Kn and KP peaks
applies to these cases.

aAn additional +10'70 absolute uncertainty associated with the
deconvolution of the closely overlapping Ko and KP peaks
applies to these cases.

this figure, ft /R~ and R, /R~ are plotted as a function
of target atomic number, where 8, , 8„, and R,
are the KP/Ka intensity ratios for deuterons, a
particles, and carbon ions, respectively. It is
seen that the A, /R~ data deviate considerably
from unity {dashed line} and that the deviations

TABLE ID. EP/E;n intensity ratios for x-ray produc-
tion by alpha particles. The listed errors represent the
reLative uncertainty in the measurements. An additional
+2% absolute uncertainty is associated with the efficiency
correction.

increase with decreasing target atomic number
(from -5% for Z =47 to -30/~ for Z = 19). The
A, /R~ data, on the other hand, appear to be only
slightly greater than unity (-~) and do not vary
with atomic number. This behavior apparently
reflects the relative importance of simultaneous
L-shell ionization produced by the three types
of charged particles in K-shell ionizing collisons.
One also notes in Table IV that the KP/Ko. in-
tensity ratios for carbon ion excitation increase
with decreasing projectile velocity. This eriergy
dependence will be investigated further in Sec. IV.

2.88
Me V/amu

6.25
Me V/amu

7.50
Me V/amu

12.50
Me V/amu IV. DISCUSSION

K
Ca'
g~c a

Ti
V

Cr
Mn

Fe
Co
Ni

Cu
ZIl

Ge
Se
Br
Mo

Ag

0.142+ 0.001
0.1;39' 0.001
0.137+0.002
0.129~ 0.002
0.128 d 0.002
0.128 + 0.001
0.129.~ 0.002
0.129 t 0.002
0.130+ 0.001
0.135~ O. OO1

0„137+ 0.001
0.139+ 0.003
0.148 d. 0.002
0.164 d: Q.D01

0.166+0.003
Q. 193+0.003
0.203+ 0.004

0.141 a 0.004
0.136 ~ 0.002
0.136~ 0.001
0.128 "- 0.001
0.129 & O„OD2

0.130+ 0.001
0.130~ 0.002
0.128+ 0.002
0.129*0.003
0.134 "- 0.003
0.1,'36 ~ 0.002
0.140+ 0.002
0.149+ 0.004
0.163+ 0.004
0.164 x D.OQ2

0.1 97 + 0.002
0.206 + 0.006

0.140 a 0.001
0.135 & 0.003
0,137+ 0.003
0.128 + 0.002
0.1.'31 ~ 0.003
0.130& 0.002
0.131 + 0.001
0.129' 0.002
0.130~ 0.002
0.133+ 0,001
0.136~ 0.001
0.139~ O.QOl

0.1 50 = 0.001
0.163 ~ 0,001
O.165 O.OO', 3

0.198~ 0.002
0.210 + 0.005

0.138 ~ 0.009
0.134 + 0.001
0.137 ~ 0.002
0.1:30~ 0.003
0.131+ 0.003
0.130+ 0.002
0.131 & 0.003
0.129+ 0.002
0.131 + 0.001
0.1,'32 rt 0.001
0.137 + 0.002
0.142 ~ 0.002
0,150~ 0.001
0,165 ~ 0.001
0.166+ 0.002
0.199~ 0.003
0.210 + 0.006

' An additional +10% absolute uncertainty associated with the
deconvolution of the closely overlapping Kof and Kp peaks
applies to these cases.

Systematic experimental determinations of
KP/'Kot x-ray-intensity ratios have been reported
for photon and bremsstrahlung irradiation by
Slivinsky and Ebert, ' McCrary et el. ,

' and Salem
et a/. , "for radioactive decay by Hansen et al. ,

"
and for electron excitation by Mistry and
Quarles. " Their results are plotted as a function
of atomic number (for Z ~ 50) in Fig. 3. It is seen
that, except for the radioactive decay results of
Hansen et al. , the data are in excellent agreement.
Theoretical predictions of radiative transition
probabilities for the E-shell in elements of Z& 50
have been reported by Scofield" and by Rosner
and Bhalla. " The results of their calculations
(which agree within 5%}are shown by the solid line
in Fig. 3. Rather large and unexplained devia-
tions between theory and experiment are found.
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I"IG. 2. Target atomic-number dependence of R~/R~
and R, /Q at 6.25 MeV/amu projectile energy, where
Rd, R~, and R, are Kp/Ko intensity ratios obtained with

deuterons, 0. particles, and carbon ions, respectively. 0.0 I

20
I

50
I

40

A comparison of the KP/'Ke intensity ratios for
x-ray emission induced by 6.25-MeV/amu deuter-
ons, n particles, and carbon ions with the photon
and bremsstrahlung data mentioned above is
shown in Fig. 4. The dashed curve in this figure
shows the theoretical predictions of Scofield. "
It is seen that the KP(Ko. intensity ratios for x-ray
production by carbon ions are systematically
larger than those for x-ray production by photons
and bremsstrahlung, which is qualitatively con-
sistent with the fact that multiple L-shell ioniza-
tion is highly probable in heavy ion-atom colli-
sions. " The KPy'KQ. intensity ratios for x-ray
production by deuterons and u particles, on the
other hand, are slightly lower than the photon and
bremsstrahlung values in the region of 8 =22 to
30. Possibly, this behavior indicates that in the
case of light ions simultaneous M-shell. ionization
is the dominant factor affecting the KP../'Kn in-
tensity ratios.

In an effort to determine how sensitive KP and
Ko. transition probabilities (per electron) are to
the number of I.- and M-shell vacancies„we have
carried out calculations of the relevant dipole
matrix elements for various L- and M-shell va-
cancy configurations using numerical nonrelativis-
tic wave functions and transition energies com-
puted with the HFS program of Herman and Skill-
man. " In these calculations the electrons were
represented by single-particle wave functions in
a central potential and no relativistic corrections
or retardation effects were included. The transi-
tion energies were obtained from the differences

0.20—

O.I5-
CI0OQ OQ

p
/ 4yy 0
Ka

0 l0—
/

I
I

/
I

I
I

I

0.05 —I
I

6.25 MeV/arnu

~ Deuter ons Present.
Alpha particles

CI Carbon ions—Fit to photon and
brernsstrahlmg data

--- Theory (Scofield)

i

20
l

25
f

30
I

55
Z

I

40 50

I'IG. 4. KP/KG x-ray intensity ratios resulting from
6.25-MeV/amu deuteron, ~ particle, and carbon ion
bombardments as a function of target atomic number.

I"IG. 3. Kp/K& x-ray intensity ratio as a function of
atomic number. Experimental data are taken from the
work previously reported by Mistry and Quarles (Ref.
12), Slivinsky and Ebert (Ref. 8), Hansen et al. (Ref.
11), McCrary et al. {Ref. 9), and Salem et ai. (Ref. 10).
The solid curve is the theoretical prediction from Sco-
field's calculations (Ref. 13).
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and

I„-&,p-~(KP& =A(E~-i2p-i —E2p qap z-)'-

&& l&y2p-happ-~(1s) l pl |Ix.-'~-&(3p)& I' ~

Here, the E's are the total energies for the spec-
ified configurations and A = N~p(e'/5'c'), where
N is the number of electrons available to par-
ticipate in the transition. Similar calculations
have recently been performed by Bhalla, Folland,
and Bein" and by Bhalla" for multiply ionized
neon and argon atoms. Further details of the
present transition probability calculations are
given in Ref. 19. Calculated Ti (Z=22) Ka and

EP x-ray transition widths pew electron for various
initial-state vacancy configurations are listed
in Table V. The present results for the 1 ' case
agree with the results of the more rigorous cal-
culations by Scofield" to within 12% for the total
E x-ray emission rate and to within 1.4/0 for the
KP/Ka intensity ratio. It is seen in Table V that
the Ea and KP transition widths per electron both
inc~ease as 2p and SP electrons are removed.
The Ka widths change by 21% and 15% upon re-
moval of five 2P- and five 3P-electrons, respec-
tively. The Ep widths change by as much as 76%
and 31% upon removal of five 2P- and five 3P-
electrons, respectively. Thus, it is found that
the Ku and KP transition widths per electron are

TABLE V. Calculated Kn and KP x-ray transition
widths per electron for Tt.

Ion
configuration

Isa
{eV)

48
{eV)

1s
is '2p '

is '2p '
is -12p 3

is '2p '
1 .-12p-5
is '3p '

] f3p 2

1s -13p -3

1s '3p '
is '3p '

0.1872
0.1947
0.2023
0.2102
0.2182
0.2263
0.1876
0.0881
0.1886
0.1892
0.1900

0.0216
0.0246
0.0277
0.0310
0.0345
0.0381
0.0228
0.0240
0.0254
0.0267
0.0282

of the total energies of the initial and final states
as calculated with the HFS program. For ex-
ample, the Ti Ee and EP x-ray transition prob-
abilities for an initial-state configuration con-
sisting of a single is vacancy plus a single 2p
vacancy (1s '2p ') can be expressed, respectively,
as

lip-~2p -~(Kn) =&(Eg.-~pp-~ —E,p-p)'

&& I& o. —(») I p I y - - (2P» I'

I.O

IONIC CONFIGURATION

IS ' lS 'RP ' IS '2P s IS"'2P s IS 'RP ~ IS '2P s

I I l l t T
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I
I
I
I
I
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FIG. 5. Calculated {HFS)KP/E'o intensity ratio as a
function of the initial inner-shell vacancy configuration.
The solid circles are Ep/Xo intensity ratios correspond-
ing to configurations listed at the top of the graph and
the open txiangles are KP/Ko/ intensity ratios corre-
sponding to configurations listed at the bottom of the
graph. The dashed and dot-dashed curves are Ep/Kof
ratios obtained by scaling the EP/Ko ratio for the 1s
configuration to account for the missing 2p and 3P elec-
trons, respectively.

considerably more sensitive to the presence of
2P vacancies than to the presence of 3P vacancies.
The calculated KP/Ka intensity ratios for Ti are
sho~n in Fig. 5 as a function of the initial vacancy-
state configuration. One notices that the Kp/Kn
intensity ratio is a strongly increasing function of
the number of 2P vacancies and a somewhat more
slowly decreasing function of the number of 3P
vacancies. The dashed and dot-dashed curve in
Fig. 5 show the KP/Ka intensity ratios obtained
by simply scaling the KP/Ka intensity ratio for
a 1+ ' initial state by the appropriate factors to
account for the missing 2p and Sp electrons; for
example,

Kp/Ka(1s '2p ')=s55-Kp/K~(1s '),

Kp/Ka(ls 'Sp ') =~Kp/Ka(1s '),

etc. This procedure has been used by Larkins'0
to estimate fluorescence yields for multiply ion-
ized argon atoms. The scaled KP/Ka intensity
ratios are 46% and 29% lower than the calculated
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KP/Kct intensity ratios for initial-state configura-
tions having five 2P and five SP vacancies, re-
spectively. Thus, it is apparent that while the
scaling procedure can lead to large errors in
estimating such quantities as Kp/Ka intensity
ratios, transition widths, and fluorescence yields
for extreme states of multiple I,-shell ionization,
it is nevertheless capable of providing fairly rea-
sonable estimates for configurations involving
multiple M-shell ionization.

The complexity of the task involved in relating
measured KP/Ka intensity ratios to theoretical
predictions based upon theories describing the
ionization process can be understood from the
following considerations. Experimental values
of Kll/Ka intensity ratios represent averages of
relative Ka and EP transition probabilities over
all configurations contributing to the x-ray yield
and may be expressed as

the measured KP/Ka intensity ratio in terms of
the fraction f(i,j ) of K-vacancy decays which pro-
ceed from configuration (i,j);

I
&re

E&(i,j) (i,j) II'a(i,j) (i,j)
loot exPt

isj I fJ

Now it has been shown experimenta1ly for a wide
range of elements that the fraction of E x rays
emitted by atoms having nL -shell vacancies as a
result of heavy charged particle collisions can be
well represented by the nth term of a binomial
series" "

(4)

where

(Ir 8/I~„},„p, = ~ra/~r„, (2} Pgz Ply j

n (n~ —n}l nl
where

E E fr ~f +I r g +I re
iJ'

In the above equation, ~r(L&, Mz) is the K-shell
(Ko. or Ktl) fluorescence yield for I.-shell config-
uration Lz and M-shell configuration +. The
quantity PI „represents the probability of form-
ing (prior to a K-shell transition) the final config-
uration (Lf, M~) starting from an initial configura-
tion (L, , M, ), and P~, „, represents the probability
of forming the initial configuration (L, , M;) in the
collision. Thus the P~ „,factors can only be deter-
mined if the P~ ~ factors can be evaluated. This in
turn requires a knowledge of all the individual I.- and
M -shell transition widths for each defect configura-
tion involved, and hence the problem becomes hope-
lessly complex unless these transition widths happen
to be very small compared to the K-shell transition
widths, in which case the occurrence of L- and I-
shell transitions before K-vacancy decay is very irn-
probable and can be neglected. For intermediate Z
elements such as Ti, however, the total L-shell
widths for atoms having only a single I.-shell
vacancy are nearly as large as the total K-shell
widths for atoms having only a single E-shell
vacancy (I~ 0.71'~)."'" Therefore it would ap-
pear that the above simplification does not apply
to the analysis of the present data.

Alternatively, we shall proceed with a less de-
tailed approach based upon several simplifying
assumptions in the hopes of extracting informa-
tion pertaining to the degree of M-shell ionization
at the time of E-vacancy decay and its variation
with projectile velocity. Ne begin by expressing

Here ~~ is the number of L -shell electrons in the
ground-state configuration, and Pl may be con-
sidered to be a parameter which in effect repre-
sents the average probability per electron of pro-
ducing an L-shell vacancy as a result of the com-
bined collision process and subsequent deexcita-
tion processes prior to K x-ray emission. This
parameter has been measured for number of
cases, including the case of interest here (i.e.,
carbon ions incident on Ti).'9

The distribution of L vacancies among the 2s
and 2P subshells will largely depend upon whether
or not Coster-Kronig transitions, which shift 2s
vacancies into 2P levels, are energetically allow-
ed for defect configurations. The two limiting
cases can be treated as follows:

(i) If Coster-Kronig transitions are allowed for
all defect configurations, Eq. (4) can be assumed
to give the fraction of K-shell transitions proceed-
ing from configurations involving & 2P vacancies.

(ii) If Coster-Kronig transitions are not allowed
for any defect configurations, the fraction of E-
shell transitions proceeding from a particular L-
shell configuration can be assumed to be given by
Eq. (4) times a statistical factor representing the
probability of obtaining the configuration of inter-
est out of all the possible configurations having
the same number of L-shell vacancies. The justi-
fication for this is that the form of Eq. (4) implies
that the production of a given number of L vacan-
cies, as a consequence of the many complex pro-
cesses involved, can ultimately be expressed in
terms of a simple statistical result. It wouM
therefore seem reasonable to expect that (in the
absence of Coster-Kronig transitions) the distri-
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where n„and n~ are the numbers of 2s and 2P
electrons in the ground-state configuration and
n,*, and n~ are the numbers of 2s and 2P elec-
trons which have been removed to obtain the de-
fect configuration (n2, +n~ =n).

We have carried out calculations based upon
both assumption (i) and upon assumption (ii),
above, in which it has been further assumed that
the same prescription for computing the fraction
of A-vacancy decays proceeding from a particular
L-vacancy configuration can also be applied inde-
pendently to the ilf shell. In particular it has been
assumed that the fraction of E-vacancy decays
proceeding from a configuration involving m kI-
shell vacancies can be parameterized in terms of
the quantity P„ in an analogous fashion to that
given by Eq. (4) for L-shell vacancies so that for
assumption (ii)

x ~+ p~ ] —p (6)

where

bution of L -shell vacancies among the 2s and 2P
subshells would also be statistical. The appropri-
ate statistical factors to be used are given by

ions incident on Ti, performed by Li," indicate
that the most probable number of L-shell vacan-
cies produced at these velocities is one or less,
and that contributions from configurations involv-
ing more than three L-shell vacancies are es-
sentially negligible. In addition, we have com-
pared fluorescence yields for defect configura-
tions of Ar atoms computed using the scaling
procedure with those obtained by Bhalla" from
Hartree-Fock-Slater calculations and find a dif-
ference of only 17% in the worst case. In the pres-
ent calculations, the normal Ti K-shell fluores-
cence yield was taken to be 0.219 as obtained from
the semiempirical fit by Bambynek et al."and
the value of the normal KjsjKo intensity ratio
used was 0.133 as obtained from an average of the
photon and bremsstrahlung measurements men-
tioned previously. Relative K-shell Auger transi-
tion probabilities were taken from the calculations
of McGuire. " The experimental values of p~ for
carbon ions incident on Ti, measured previously
by Li, were then employed in conjunction with the
scaled fluorescence yields to determine the values
of p„[in Eq. (6)] needed to give agreement between
the KP(Ko intensity ratios calculated with Eq. (3)
and those obtained experimentally.

The resultant p„values and average fluorescence
yields obtained by assumptions (i) and (ii) are
listed in Table VI along with the values of p~ which
were used in their determination. The p'„'~ values

(00

In these calculations we have used the scaling
procedure suggested by Larkins" to compute the
En and KP fluorescence yields for the various
L- and Al-shell vacancy configurations required
in Eq. (3). It has already been noted that the
degree of accuracy to be expected from the scaling
procedure rapidly deteriorates for configurations
involving more than two or three L-shell vacan-
cies. Its use here is justified by the fact that
previous measurements of p~ values for carbon

t0 '',
,

S/I
(Me V/amu) p(i)

Itf

—(i)4'x e

2.35
3.75
6.25
8.33

0.209
0.146
0.091
0.059

0.160
0.092
0.065
0.047

0.109
0.058
Q, 047
0.037

0.214
0.209
0.203
0.200

0.035
0.032
0.Q29

0.028

0.211
0.207
0.200
0.197

0.034
0.032
0.029
0.027

' Taken from Ref. 19.

TABLE VI. Values of the parameters pz and p~, and
average fluorescence yields for carbon ions incident on
a Ti target. The superscript numbers denote which as-
sumption was used in the evaluation of that particular
quantity. l0 0

I I I I I

2 4 6 8 I 0 )2
E/m (MeV/amu)

FIG. 6. A comparison of the velocity dependence of
the p~ values deduced from the AP/K& intensity-ratio
measurements for carbon ions incident on Ti with the
Gryzinski velocity function for M-shell ionization by
Coulomb excitation. The velocity function has been
normalized to the data.
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are on the average about 30/~ smaller than the
p'„" values, while the average fluorescence yields
obtained under the two different assumptions only
differ on the average by 1.4%. It has been shown
previously' that the velocity dependence of p~ for
light-ion excitation is fairly well characterized
by the Gryzinski velocity function" for I.-shel1.
ionization by direct Coulomb excitation. In Fig.
6, the velocity dependence of p~„'~ is compared with
the (normalized) Gryzinski velocity function for
Ti AC-shell ionization. It is seen that quite good
agreement is obtained.
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