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L-shell total ionization cross sections have been measured for targets of Sn, Ag, Tb, Bi,
and Au from bombardment of 1-5-MeV n particles. Similar M-shell x-ray cross sections
have been obtained for Tb, Bi, and Au. The L-shell cross. sections have been compared with
theoretical calculations from the plane-wave Born approximation, the semiclassical approxi-
mation, and the binary-encounter approximation. The latter theory best reproduces the ex-
perimental data. A comparison of L-subshell transitions was also made between experiment
and the three theories.

I. INTRODUCTION

In a continuing program to understand inner-
shell excitation by fast heavy-ion bombardment,
we have determined absolute ionization cross sec-
tions for L-shell vacancies resulting from 1-5-
MeV n particles impinging on targets of Sn, Ag,
Tb, Bi, and Au. In addition, we also have mea-
sured M-shell x-ray production cross sections
over the same energy range for targets of Tb, Bi,
and Au. There has recently been a great interest
in measurements of this type owing in part to sig-
nificant experimental advances in x-ray detection
and heavy-ion acceleration and to various theo-
retical models used to understand the reaction
mechanisms.

Except for much-lower- and higher-energy @-
particle bombardment, almost no previous mea-
surements have been published for L- and M-shell
ionization by n particles. ' There has been con-
siderable work reported for proton bombardment. '

In the present measurement we have used a
Si(Li) detector to detect x-rays resulting from L
and M-shell vacancies produced by the fast n par-
ticles as they pass through thin (and in some cases
also thick)' targets. The x-ray production cross
sections are converted to total ionization cross
sections for the L-shell by using tabulated fluores-
cence yields.

The justification for the present measurement
is threefold. Firstly, the whole field of atomic
ionization by fast heavy-ion bombardment is new
and has produced many exciting and unexpected
results. It is important to push the experimental
data into unexplored regions. Secondly, the actual
reaction mechanism is complex, and its study will
requi. re more data to fully understand its depen-
dence on mass, charge, energy, etc. Universal
ionization curves are actually based on a small
amount of data, and the data are often inconsistent.
Thirdly, there is a great need from applied sci-

entists for these ionization cross sections. Tech-
nological applications for this type of experiment
are manyfold in several areas of science.

II. EXPERIMENTAL PROCEDURE AND RESULTS

The x rays were detected with a Si(Li) detector
located at 90 with respect to the e-particle direc-
tion. The nominal resolution was 175 eV [full
width at half-maximum (FWHM)] for a 5.9-keV
x ray. The n particles were accelerated by the
University of Virginia 5.5-MV CN Van de Graaff
accelerator.

The experimental procedure has been discussed
in detail elsewhere. ' Briefly, the thin targets
were prepared by evaporating the material onto
thin (20 gg/cm') carbon foils and were positioned
at 45' with respect to the n-particle projection.
At 43.6 a solid-state detector was placed to de-
tect the elastically scattered n particles. This
served to determine the absolute target thickness
by comparing it wifh Coulomb scattering and also to
check for target deterioration. Typical beam cur-
rents were 10 nA. Typical target thicknesses
were 100-400 pg/cm'. Thick-target measure-
ments, in which the n particles are stopped in the
target, were made for Au and Ag.

Careful attention was directed towards beam
collimation, target deterioration, electronic los-
ses, and beam charge collection and the data were
corrected for all such factors. Self-absorption of
the L-shell x rays in the thin targets was small,
and corrections were applied for the thick-target
data. The self-absorption for the lower-energy
M-shell x rays was significant and was as large
as 75% for the Au target. Uncertainties in the
self-absorption corrections are large for the M-
shell measurements, and the resulting uncertain-
ties for the M-shell cross sections are estimated
to be 60/~. This large uncertainty and other un-
certainties such as in the atomic fluorescence
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yield pre0ented us from quoting M-shell ionization
cross sections. The L-shell x-ray cross sections
were converted to ionization cross sections by
using average atomic fluorescence yields from
the tabulation by Bambynek eI; al. ' The L-shell
ionization cross sections are estimated to have un-
certainties of 20%%uo. The thick-target cross sec-
tions were determined by the method described by
Bothe and Franz. 4 The present thick-target mea-
surements and the results of measurements in-
volving heavier ions (neon) will be compared with
similar thin-target measurements in a separate
communication.

The cross sections are shown in Figs. 1-3. In
Fig. 1 are shown L-shell ionization cross sections
for Ag, Tb, and Au. The lines are theoretical cal-
culations and will be discussed later. L-shell ion-
ization cross sections for Sn and Bi are displayed
in Fig. 2, and the M-shell x-ray production cross
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sections for Bi, Au, and Tb are shown in Fig. 3.
For the Tb, Au, and Bi measurements the Ln,
Lp, and Ly peaks were resolved and separate
cross sections measured. The sum of these cross
sections is presented in Figs. 1 and 2.

III. DISCUSSION

Three theoretical calculations have been com-
pared with the present data. These are the plane-
wave Born approximation (PWBA},' semiclassical
approximation (SCA},' and the binary-encounter
approximation (BEA).' Each of these reaction the-
ories will be discussed in turn.

A. Plane-wave Born approximation

The PWBA uses first-order perturbation theory
to calculate the cross section for an inelastic col-
lision between the heavy, charged projectile and
the atomic electrons. A lucid review of the sub-
ject has been given by Merzbacher and Lewis. '
Plane waves are used for the wave functions, and
the distortion of the projectile wave function by
the atomic electrons is neglected.

Merzbacher and Lewis list two conditions for
the applicability of the P WBA. The first condition
is that the velocity of the projectile be less than
or comparable to the velocity of the orbital elec-
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FIG. 1. Total L-shell ionization cross sections. Pres-
ent results: thick target (0) and thin target . FIG. 2. Total L-shell ionization cross sections for Bi

and Sn thin-target measurements.
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tron. This can be expressed by the relation

(4m, /m, )E,- U,

where rn, is the mass of the electron, m, and E,
are the projectile mass and energy, respectively,
and U is the binding energy of the electron. The
second condition sets a lower limit to the projec-
tile velocity,

three conditions are easily obeyed in the present
experiment. The SCA is most useful in the adia-
batic region where the projectile energies are too
low for the PWBA to be applied.

We have obtained computer programs from
Hansteen to calculate the L-shell ionization cross
section. The SCA calculation is compared with
the data in Figs. 1 and 2.

Z, e /hv, «1, (2) C. Binary-encounter approximation

where Z, e and vy are the projectile charge and

velocity, respectively.
Conditions (1) and (2) are obeyed for all the pro-

jectile energies and targets used in the present
investigation. The worst case is for condition (2)
for E = 1 MeV, when the quantity in Eq. (2) is
0.6. Merzbacher and Lewis state that conditions

(1) and (2) are satisfied for both proton and alpha
projectiles between 100 keV and 5 MeV for targets
with atomic numbers greater than 10. Thus it
seems safe for the present investigation that the
PWBA be applied. We have used the compilation
of Khandelwal et al. ' which assumes nonrelativistic
effects. The results of the calculations are shown

in Figs. 1 and 2.

B. Semiclassical approximation

The BEA assumes that the ionization is due to a
direct energy exchange between the heavy, charged
particle and an atomic electron. The basic theory
has been discussed in various forms by several
authors, ' but Garcia' has applied it directly to
interactions of the type considered in the present
study. A cross section do/dbE for an energy ex-
change bE is first calculated. This cross section
is then integrated over all possible energy ex-
changes from the electron binding energy up to the
projectile energy. This result is then averaged
over the bound-electron velocity distribution.
Corrections are made due to the nuclear repul-
sion.

The primary condition for the applicability of
the BEA is that the projectile energy be large
enough. A reasonable criteria is that

The SCA has been proposed and discussed in a
series of papers by Hansteen and co-workers. '
The SCA is a semiclassical theory describing
atomic Coulomb excitation by heavy, charged pro-
jectiles. It is based on a time-dependent perturba-
tion treatment, and one of its most useful virtues
is that the reaction is described in terms of im-
pact parameters. Straight-line paths approximat-
ing the hyperbolic path are used to take account of
Coulomb deflection. In this way adiabatic and

diabatic collisions may be calculated. Bang and
Hansteen' show that at high energies the SCA and

PWBA theories produce equivalent ionization cross
sections.

There are three conditions for the use of the
SCA. The first is that the energy loss bE of the
projectile be small,
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where m~ is the mass of the proton, and the other
symbols are as described earlier. The quantity
B varies from 26 to 413 in the present study. The
BEA will work best for the higher projectile en-
ergies on the low-Z targets. The worst case is

The second condition is that

Z »Z, ,

where Z, is the charge of the target. The last
condition is the most stringent,

(4)
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where 8 is the projectile scattering angle. All

FIG. 3. M-shell I-ray production cross sections.
Solid lines are drawn through the data points which are
all from thin-target measurements.
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for 1-MeV o. 's on Au. The comparison of the cal-
culation with the data can be seen in Figs. 1 and 2.

D. Comparison of theoretical calculations

It is clear from Figs. 1 and 2 that the BEA pro-
vides the best agreement with the experimental
results. The SCA and PWBA are consistently too
high. We observed a similar result in our pre-
vious K-shell results. '

If multiple-ionization effects were important,
our experimental results would be even lower. No
multiple-ionization calculations were available to
be applied to the present results. The SCA pro-
vides reasonable agreement for the heavier tar-
gets.

A universal curve' of U'o, /Z', vs m~E/1000m, U
is shown in Fig. 4 for the L shell. The solid line
is the BEA prediction. Good agreement is obtained
for the L shell over a wide range of energies for
the present measurements.

scribed in detail by Shafroth et a~." The radiative
widths were obtained from Scofield" and the
atomic fluorescence yields and Coster-Konig
values were taken from the review of Bambynek
et al.' The theoretical cross section o~, for the
ith subshell was obtained for the theories dis-
cussed previously.

The cr~,. results for Ag are shown in Fig. 5. This
result is typical for the other targets. The SCA
0~, cross section is higher than the BEA and
PWBA at higher n energies and slightly lower for
vL, and 0~ . At the lower energies the three theo-L2 L3'
retical results are similar.

The ratios ol, /o~ 8 and o~ /o~& for the mea-
surements are compared with the theoretical pre-
dictions in Fig. 6 for Au. The SCA is consistently
high and does not follow the trend of the data. The
PWBA curve is scaled from the proton on the Au re-

E. Subshell calculations

In order to understand differences between the
theoretical results, we calculated cross sections
for L n, LP, and Ly x rays by the method de-
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FIG. 4. Universal L-shell ionization curve summariz-
ing present results. The solid line is a BEA calculation.
The scaled cross-section units are 10 keV /cm .
Other parameters are defined in the text (Sec. III C).
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FIG. 5. Theoretical calculations for the ionization of
individual subshells of Ag using the PWBA, SCA, and
BEA formalism.
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F. Thick- and thin-target comparison
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Thick-target measurements were also taken for
some of the present targets, and the results are
compared with the thin-target data in Fig. 1.
There can be great uncertainty in thick-target
measurements because in order to convert to
cross sections at the incident bombarding energy
one needs to accurately know x-ray absorption
cross sections and dE/dx incident particle energy
losses in the target.

We consider the agreement shown in Fig. 1 well
within the uncertainties presently obtainable in
measuring thick-target yields. The details of the
thick-target measurement and cross-section de-
termination will be discussed elsewhere, "but the
agreement between the thick and thin targets is
gratifying.

IV. CONCLUSIONS

I
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suits of Shafroth et al."and, although high, these
results do follow the experi. mental trend. The
P-Au data of Shafroth et al. were scaled for equal
u-particle velocities and there is reasonable
agreement between these data and our a. -particle
results. The present data extend to lower ve-
locities into the adiabatic region where one would
not expect the BEA to be valid and where it in-
deed does diverge. It is disappointing that the
SCA does not provide a better description at low
energies. The o~ cross section depends pri-
marily on o~ which is in disagreement badly withI
the BEA and PWBA. Hansen" has also noted this
behavior for the SCA.

FIG. 6. Ln/LP and L~/Ly ratios for Au. Present re-
sults are indicated by solid dots while open circles are
data taken from Ref. 11 and are scaled to equal velocity.
Calculations are discussed in the text.

L-shell ionization and M-shell x-ray cross sec-
tions have been measured for 1-5-MeV a par-
ticles onto several targets. A comparison be-
tween the SCA, BEA, and PWBA calculations
indicates that the BEA provides the best agree-
ment with the experimental results. An investi-
gation of the subshell cross sections indicates
some possible problem with the c~, prediction of
the SCA.

Considering the limitations of the three theories,
the BEA worked surprisingly well and the SCA
results were disappointing, since many of the data
were taken in the adiabatic energy region.

A comparison of thick- and thin-target cross
sections indicated good agreement and provided
support for the accuracy of the 'measurements.
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