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The results of an experimental determination of the ratio of the cross sections for ionization of the L1 and
L2 subshells of palladium, antimony, and lanthanum atoms by 2SO-S00-keV protons are presented. The
cross-section ratios were determined from the proton-energy dependences of the characteristic x-ray
intensities. The experimental results agree with Born-approximation calculations using Coulomb wave
functions for the electrons and indicate that the ionization cross section depends strongly on features of
the initial-state electron-momentum distribution.
PACS numbers: 34.S0.Hc

Born-approximation calculations of the ionization
cross sections of hydrogenlike ions and atoms in 2s and
2p states have shown[lJ that the ratio of these cross
sections (az.s and al1j» is strongly dependent on the relative velocity v of the colliding particles whenever that
velocity is smaller than the mean orbital velocity voZ/2
of the removed electron (vo=e 2 /1i=2.19.10 8 cm/sec and
Z is the nuclear charge). This dependence of al1j>/az.s is
due to a corresponding behavior of the momentum distribution ratio I <PaP (p) 12/ I <Pz.s (p) 12 for the electrons in
these states and should therefore also be observed in the
ionization of Ll and L2 atomic 8ubshells[2J; the latter
has been treated theoretically[304J using Coulomb wave
functions for the electrons.
To test this conclusion we undertook an experimental
determination of the cross-section ratio for ionization
by protons of the Ll and L2 subshells of atoms for which
the L-electron binding energy I is close to 4 keY. The
results of these measurements, together with the recently published results of similar measurements for
atoms with 1= 11-16 keY, [5-7J are compared with Bornapproximation calculations.
1. EXPERIMENTAL TECHNIQUE

Removing 2s and 2p electrons from the Ll and L2
atomic subshells, respectively, leads to the emission of
a series of characteristic lines, including the L81 and
LS3 lines (see the level diagram in Fig. 2), and from
measurements of the intensities of these lines one can
determine the ionization cross sections of the Ll and L2
subshells. In the case of thick targets, i. e., when the
target thickness exceeds the range of protons of energy
E in the target material, the relation between the cross
section aSi (E) for producing radiation in the line LSI and
the intensity J SI (E) of the x radiation in this line is given
by the formula[3J

atomic density of the target.
The quantities aS3 and aB1 are related to the cross sections aLl and a L2 for ionization of the Ll and L2 subs hells
by the formulas
(2)

in which r S1 ' r S3 ' r ll and r 2 are the partial and total
radiative widths, Wl and W2 are the fluorescence yields
corresponding to filling of the vacancies in the Ll and
L z subshells, andf12 is the Coster-Kronig factor.
From Eqs. (1) and (2) we obtain the following expression for the cross-section ratio:
ClL2

(i).

r~.

r,

(dJ •.ldE)S(E) +jl~"..

-;;:-=~r. r~1 (dh.ldE)S(E)+jl"J ..

liZ.

(3)

Thus, knowing the values of Wl/WZ' rB3 /r 1, r S1 /rZ'
and hz, we can determine the ratio aL2/aLl of the
L z- and L 1-subshell ionization cross sections from measurements of the intensities of the LSl and LB3 lines at
various inCident-proton energies E.

Mill'

In our experimental setup (Fig. 1) a 4-mm diameter
proton beam struck the target at an angle of 45°. The
x radiation excited in the target passed through a Soller
collimator set at 90° to the proton beam and, after reflection from the analyzing crystal, was registered with
a proportional counter. The counter pulses were amplified in a linear amplifier and were fed to a differential discriminator, whose output was brought to a scaling circuit. In our experiments we used single crystals
of lithium fluoride (2d= 4. 02) and quartz (2d= 6.66 AJ as
analyzing crystals. The analyzing crystal could be
turned by a stepping motor to angles ranging from 15
to 60°.

where SeE) is the proton stopping power of the target
material, Mill is the mass absorption coefficient of the
target material for the corresponding line, and n is the

In recording an x-ray spectrum, the counter pulses
were registered during the accumulation of a specified
charge by the beam-current integrator. Then a Signal
was sent to the stepping-motor control unit, which
caused the crystal to be turned through a specified angle
(4'-8'). The angular position of the crystal was monitored by a type F-5007 reversing counter, which kept
track of the number of working pulses received by the
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FIG. 1. Experimental setup: I-target, 2-collimator, 3analyzing crystal, 4-counter, 5-preamplifier, 6-amplifier,
7-current integrator, 8-scaler, 9-discriminator, 10scaler, ll-stepping motor control unit, 12-stepping motor,
13-reversing counter.

~
....uo

£

IfI ,

1500

M III
1I
I
1000

III

LlI
500 -

stepping motor. Then the system for recording the xray photons and beam current was again put into operation and the entire cycle was repeated. As an example,
in Fig. 2 we show a portion of the x-ray spectrum in
the vicinity of the La1 and La3 lines, which was obtained
by bombarding an antimony target with 450-keV protons.
The photon-energy difference between the two lines is
90 eV, while the spectrometer resolution is 30 eV.
Since the energies of the x-ray quanta corresponding
to the LS1 and La3 lines differ by not more than 3%, the
Slight difference in recording efficiency for the two lines
can be neglected and the quantities J al and dJa;!dE in Eq.
(3) can be replaced by Nai and dN/3i/dE, where Na/ is the
number of counts corresponding to Lai radiation during
passage of a definite number of protons through the target. Nai was determined from the area under the LSI
peak after subtracting the background.
To determine the ionization cross sections we measured the x-ray intensity as a function of the incidentparticle energy. In our experiments the targets were
palladium, antimony, and lanthanum foils O. 1-0. 5 mm
thick, and the proton energy was varied from 250 to 500
key in 50-keV steps. The experimental Nal (E) curves
for the L61 and La3 lines excited by protons colliding with
antimony atoms are shown in Fig. 3. The error in
evaluating Na1 and Na3 does not exceed 5% and is due
mainly to inaccuracy in calculating the areas under the
peaks; the error in dNal/dE amounts to -15%.
The fluorescence yieldS W1 and W2 and the CosterKronig factor 112 that occur in Eq. (3) were taken from
Bambynek's review, [8) and the total and partial radiative widths r l and rill' from Scofield's paper. [9) The
x-ray mass absorption coefficients IIai of the target
materials were calculated by Johnson's method. [10)
The values of all these quantities are listed in Table 1.
The proton stopping powers S(E) of the target materials
were determined using the tables of Northcliffe and
Schilling. [11) To estimate the uncertainty in the crosssection ratio due to inaccuracy of the fluorescence yield
and the Coster-Kronig factor, the cross-section ratio
aL2 /a L1 was calculated for the two values of these quantities available in the literature. [8) The error in aL2/
aLl due to inaccuracy of the quantities NSi and dNai/dE
is due mainly to the error in the derivative dNa3 /dE and
amounts to 20% on the average.
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FIG. 2. Part of the x-ray emission spectrum produced by
bombarding antimony atoms with 450-keV protons. To the
right is a level diagram showing the principal L-series transitions.

2. RESULTS AND DISCUSSION
The experimental results on the ratios of the ionization cross sections for the L1 and L2 subshells of palladium, antimony, and lanthanum atoms (z '" 46,51,57)
are shown as functions of the incident-proton energy in
Fig. 4, where theoretical curves calculated in the Born
approximation using the tables of Choi et al. [2) are also
shown for comparison. It is evident that the experimen- .
tal results on the energy dependence of the cross-section
ratios aL2/a Ll agree well with the theoretical results.
It follows from Born-approximation calculations U - 3)
that the ionization cross sections for the L1 and L2 sub-

shells of different atoms should depend mainly on the
ratio of the proton velocity v to the quantity (Zr /2)v 08
=. u(f8;, where Zr is the effective nuclear charge for the
electron under consideration, ui ",.J 2IJm is a velocity
determined from the electron binding energy Ii' and 81
'" I/(Z7 /2)2Ry is the outer screening parameter, which
is equal to the ratio of the experimental electron binding
energy 1/ 13 ) to the binding energy (Zt/2)2Ry of an electron in a hydrogenlike system with nuclear charge zt.

FIG. 3. Intensities of the
antimony LS! and LS3 emission lines vs proton energy

E.
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In this connection, the experimental values of the ionization cross-section ratios for the LI and L z subshells
obtained in the present study using the largest values of
the fluorescence yield ratio WI/WZ and Coster-Kronig
factor liZ (cases marked '0" in Table I), together with
the similar data published up to now[5-71 for tantalum,
gold, lead, and bismuth (Z =73, 79, 82, and 83) are
shown in Fig. 5 as functions of the reduced proton velocity v/uf8, where U = (ULl + uLz)/2 and 8 = (8 LI + 8LZ )/2.
The figure also show shows the results of our Born-approximation calculations using Coulomb wave functions
for the electron and allowing for outer screening by the
method described in Lewis and Merzbacher's review. [31
The calculations were made for effective charges ZLl
= Z - 3. 65 and ZLZ= Z - 4. 65, in accordance with[14]. On
replacing these values by the Slater values t151 Z!I =Z!z
=Z - 4. 15, the calculated values of aL2/aLI for atoms
with Z> 50 increase by no more than 6% while the values
of 8 = (8 LI + 8LZ )/2 remain virtually unchanged, so that
this substitution of effective charges does not change the
positions of the experimental points on Fig. 5. Values
of aLZ/aLI calculated for atoms with Z =51 using the tables of Choi et al. U21 are also shown in Fig. 5 for comparison.
It is evident from Fig. 5 that all the experimental
values of aLZ/aL1 for atoms with Z from 48 to 83 known
up to now lie, in agreement with the results of theoretical calculations, along an average curve giving a L2/
aLl as a function of v/u..f8. For equal values of v/u..f8
in the range 0.15 $ v/ulO $0. 45, the values of aLZ/aLI
for different atoms differ from one another by no more
than a factor of 1. 5-2 and agree with the calculated values within about twice the experimental errors. It
should be noted that the values of aLZ/a LI obtained in the
present work for atoms with Z=46, 51, and 57 using the
maximum values of WI/W z and liZ virtually agree with
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FIG. 4. Experimental ionization cross section ratios for
Pd, Sb, and La atoms vs proton
energy: the black and open
circles represent cross sections obtained using the values
of Wi and 112 marked "a" and
"b", respectively, in the Table
I. The curves were calculated
using the tables of Choi
et al. [t21
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FIG. 5. L t - and L 2-subsheU ionization cross section ratio
UL2/uLt vs reduced proton velocity v/wI8. The curves represent Born-approximation calculations for the following parameter values: full-for arbitrary Z with zr.~Zt. and 9 ~1;
dashed-Z~82 with Z~.~78. 35, Zi" ~77. 35, 92.~0. 76, and 9'1J>
~0.75; dash-dot-Z~51withZr.~47.35, Zi,,~46.35, 9 2•
~ 0.62, and 9:>J> ~ O. 60; dash'-dot-Z ~ 51 with Z;.=Z;P ~46. 85,
9:>J> = 0.63, and 9'1J> = 0.59; and dotted-Z = 51 with Zr8=Z~
=46.85,9 28 =0.63, and 9:>J>=0.59, according to the tables opt21.

The points represent experimental data for Pd (black triangles,
base down), Sb (black squares), La (black circles), Ta (black
triangles, base up), Au (open triangles), Pb (open squares),
and Bi (open circles). The data for Ta, Au. Ph, and Bi, on
the lower plot, were taken from[S-71.

the average values of aU/aLI for atoms with Z= 73-83
reported in[5-71 for the same values of v/uf8, but if the
minimum values of WI/ Wz are used, these cross-section
ratios fall about 30% below the average values for the
heavy atoms.
It is evident from the experimental data presented in
Fig. 5 that in all cases a LZ/aLI reaches its maximum
value of about 3-5 at v/uf8 '" o. 28. The results of the
present study show that the value of aU/aLl near the
maximum rises somewhat as Z increases from 46 to 57,
whereas according to the results reported in [5-71 , the
values of aU/aLI throughout the entire v/uf8 range from
0.2 to 0.4 decrease by a factor of about 1. 5 on the average as Z increases from 79 to 83. In this connection it
should be noted that, according to the theoretical calculations, a LZ/aL1 should decrease with increaSing nuclear
charge Z because of the decrease in the relative difference between the binding energies of L 1- and Lz-subshell
electrons, and should approach the value, shown on Fig.
5 by the full curve, appropriate for hydrogenlike ions.
According to our calculations, the values of aLZ/a LI in
the region 0.2 < v/uf8 < o. 4 should decrease by 9-17%
as Z increases from 51 to 83.

The experimental data confirm the theoretical conclusion that a LZ/aLI depends strongly on the incident-proton
velocity in the region v/uf8 $0.5. A comparison of the
experimental and theoretical results (Fig. 5) shows that
the change in the experimental ratio of the cross sections for ionizing the LI and L z subshells on changing the
proton energy is due to the same causes as is the change
in a zp/a 2s in the case of ionization of hydrogenlike particles. But, as was shown in[1], the change in a?J>/az. for
Petukhov et al.
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hydrogenlike particles is associated with the fact that
when v/u{8 ~ 0.5 the ionization cross section is determined by the value of the generalized oscillator strength
j(Q, k) in a small range of values of the momentum transfer Q and the momentum k of the ejected electron close
to their minimum values Qmla=I/v and km1a=O, and when
the proton velocity v decreases, the cross sections
change in accordance with the charge in the function
J{Q,k)I,,=o when Q increases. But the functionj(Q,k)I,,=o
qualitatively reproduces characteristic features of the
electron momentum distribution in the initial state, so
that in the region of small values of v/ufO the ratio
adai of the cross sections for loss of an electron from
different states i and j reflects features of the ratio
I 'PI (p) 12/1 'Pi (p) 12 of the electron momentum distributions for these states. [1] The maximum in aU/aLl at
v/ufO '" O. 28 is accordingly due to the node of 2s-electron wave function 'P2&(p) at p= (Z*/2)mvo, where m is
the electron mass, while the decrease in aL2 /a L1 on decreasing and increasing the proton velocity v is due to
the decrease in the ratio I'P~ (p) 12/ I'P2s (p) 12 when p is
increased and decreased, respectively.
Thus, the conclusion drawn from the Born-approximation calculations that features of the electrons momentum distribution for the initial state strongly affect
the ionization cross section now receives experimental
confirmation. However, the experimentally observed
increase in aL2/aL1 on decreasing Z from 83 to 79 and
the decrease in this cross-section ratio on decreasing

Z from 57 to 46 apparently require further experimental confirmation and theoretical analysis.
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Collisional de-excitation of metastable levels and the
intensities· of the resonance doublet components of
hydrogen like ions in a laser plasma
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De-excitation of the 2s metastable level of hydrogenlike ions by collisions between the ions and charged
particles is considered. The measurement of the relative intensities of the fine-structure components of
hydrogenlike ions in a laser plasma is described. The experimental data can be explained qualitatively by
taking into account de-excitation of the 2 s level and assuming that the plasma is optically thick relative to
the resonance line.
PACS numbers: 52.20.Hv, 52.50.1m

1. INTRODUCTION
In a plasma, as a rule, the concentration of atoms in
metastable states are quite high. Particular interest
attaches therefore to the emission lines from these
states in collisions with charged particles. The appearance of a charged particle in the vicinity of the atom
lifts the "hindrance" on the photon emission and leads
to such a sharp increase of the decay probability that
the atom has an overwhelming ability of emitting a photon during the collision time. This process is inessen511
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tial for levels from which a dipole optical transition is
allowed, for in this case the radiative lifetime is much
shorter than the characteristic time between the collisions.
The rate of de-excitation of the 2S1S level of the helium atom in collisions with charged particles was calculated in[1]. A detailed bibliography is given in[2]. We
consider below the de-excitation that occurs during the
collision time for an arbitrary multiple interaction, with
special attention to the most interesting case of the deCopyright © 1977 American Institute of Physics
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