contains the representation I'; once, (A.1) is satisfied
for T,,. From the table it is evident that {(§m]| T | $n)
== ($n|T,| $m); therefore the matrix elements of this
operator are pure imaginary.

The authors express their deep gratitude to I. L.
Fabelinskil and to the participants in the seminar con-
ducted by him for useful discussion of the research.

1)The saturation range, however, is not considered in this
paper.

2)A large number of mechanisms of nonlinear autorotation of
the polarization ellipse have been discussed earlier for vari-
ous media (see, for example, Ref. 11 and references cited in
that paper, and also Ref. 12). But the treatment was every-
where limited to stationary fields.
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Polarization of characteristic x rays excited by proton

impact

N. M. Kabachnik, V. P. Petukhov, E. A. Romanovskil, and V. V. Sizov
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The degree of polarization of the x-ray lines L,, L, ,, and L, 5 of a proton-excited silver atom was measured.
It is established that the measured degree of polarization of the L, line decreases from 29 to 8% when the
proton energy is increased from 150 to 500 keV. The degree of polarization of the radiation of the investigated
lines, calculated in the Born approximation with allowance for the Koster-Kronig transitions, agrees well
with experiment. The effect of the polarization on the measurements of the cross sections of the generated x-

ray lines is analyzed.

PACS numbers: 34.50.Hc, 32.30.Rj
1. INTRODUCTION

Excitation of atoms by a directional beam of particles
produces an aligned state, and the light emitted in the
course of its decay is linearly polarized. However,
only relatively recently' was it understood that the an
jon with a vacancy in the inner shell and with total ang-
ular momentum j > 3/2, produced when the atom is
ionized by electron or proton impact, should also be
in an aligned state. This alignment is due tothe fact that
the cross sections for the ionization are different for
states with different values of the modulus of the pro-
jection of the angular momentum on the direction of the
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particle beam. Therefore the x rays accompanying the
filling of the vacancies should be anisotropic and po-
larized. The first successful measurement of the po-
larization of the characteristic x rays was carried out
in Ref. 2, where polarization of the L‘,,1 line of mer-
cury excited by an electron beam was observed.

A theoretical analysis®* has shown that the polariza-
tion of the x rays when atoms are ionized by protons
can be much larger than the maximum polarization
reached in ionization by electrons. A high degree of
polarization was predicted in the proton relative vel-
ocity region v/v, <1 (v, is the electron velocity on the
given subshell, and v is the velocity of the incident
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particle), which is energywise forbidden to ionization
by electrons.

Until recently the polarization of the x rays gener-
ated when protons collide with atoms was measured
only for several K, satellite lines®’ connected with
multiple ionization of Si and Al atoms. Schéler and
Bell® determined the degree of polarization of the total
emission of the three lines L,, L,, and L, generated
when protons of energy 100 keV collide with copper
and germanium atoms by measuring the angular dis-
tribution of this emission.

Measurements of the degree of polarization of x rays
of the diagram lines of the L spectrum of silver atom
were reported in Refs. 9 and 10. The dependence of
the degree of polarization on the energy of the incident
proton was investigated there for the first time ever.
Measurements of the degree of alignment of the ions
Au’ and Xe® on the energy of the incident proton was
recently reported by Jitschin et al.!!

We report and analyze here the results of measure-
ments of the degree of polarization of the lines L, L“1,2
and Lg, of a silver atom excited by protons of en-
ergy from 150 to 500 keV. In addition we discuss the
influence of the anisotropy of the x rays on the mea-
sured ratios of the intensities of the different lines
and generation cross sections.

2. EXPERIMENTAL PROCEDURE

To measure the ionization of the x rays excited by
heavy ions we developed a large-transmission diffrac-
tion spectrometer-polarimeter. 2 In this instrument
(Fig. 1), a proton beam of 2-4 mm diameter is aimed
on target 1 at an angle 45°. The x rays excited in the
target pass through a Soller collimator 2, mounted at
an angle 90° relative to the proton beam, and after a
reflection from the analyzer crystal 3 is registered
by a flow-through proportional counter 4 with a long
narrow window (60x6 mm). The analyzer crystal is
rotated during the plotting of the spectrum through a
worm gear 5 by a stepping motor 6. The Soller col-
limator, the analyzer crystal, the counter, the step-
ping motor, and the preamplifier 7 are mounted in-
side a cylinder 8, which can be rotated through 360°
around the A4 axis in the measurements of the polar-
ization of the x rays. The cylinder is mounted with

the aid of bearings on a flange 9 in vacuum chamber 10.

FIG. 1.
2—Soller collimator, 3—analyzer crystal, 4—counter, 5—
worm gear, 6—stepping motor, 7—pre-amplifier, 8—cylinder,
9—flange, 10—vacuum chamber.
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Construction of spectrometer-polarimeter: 1—target,

The pressure in the vacuum chamber is maintained at
107 Torr.

The polarization measurement is based on the use of
the polarization dependence of the intensity of the Bragg
reflection from the crystal. The crystal, mounted at
45° to the direction of the incident x-ray beam reflects
the radiation in a narrow spectral interval, for which
the Bragg condition is satisfied; it reflects further-
more only that component of the radiation whose polar-
ization plane is perpendicular to the plane of the in-
cident and reflected rays. The component whose po-
larization plane is parallel to the plane of the incident
and reflected rays is absorbed. If the crystal is ro-
tated around the incident x-ray beam, then the polar-
ization of this radiation manifests itself in a change of
the intensity of the reflected beam as a function of the
angle of rotation of the instrument about this axis (the
AA axis in Fig. 1). The spectrometer has an energy
resolution 20-30 eV in the x-ray energy range from
0.7 to 7 keV. The transmission of the apparatus, de-
pending on the employed analyzer crystal, ranges
from 5% 1072 to 107 count/photon. The analyzer cry-
stals are single crystals of lithium fluoride (2d =4.02
A), quartz (2d=6.66 A), graphite (2d=6.76 A) and ru-
bidium biphthalate (2d=26.6 A).

This instrument was used to measure the spectra of
the L lines excited in collisions of protons with a solid
target, at two positions of the analyzer crystal: in the
first position the direction of the proton beam was par-
allel to the plane of the incident x rays and the x rays
reflected from the analyzer crystal (the angle between
the beam axis and this plane is ®=0°). In the second
position the direction of the proton beam was per-
pendicular to this plane (# =90°). The target was a
foil 300 ug/cm?® thick. The angular divergence of the
proton beam incident on the target did not exceed 1°.
Estimates based on the distribution of multiply scat-
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FIG. 2. Spectra of x-ray emission produced when the L shell
of Ag atoms is ionized by 400-keV protons. The spectra were
registered at two positions of the analyzer crystal relative to
the proton-beam axis: e—&=0°; 0—&=90°.
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tered protons in the given target!® have shown that the
beam divergence angle in the target does not exceed 5°.

A typical spectrum of the L emission of silver atoms
excited by protons of energy 400 keV is shown in Fig.
2. As seen from this figure, when the line L,1 is reg-
istered the intensity of the beam reflected from the
analyzer crystal is independent, within the limits of the
measurement accuracy, of the analyzer-crystal orien- .
tation relative to the proton-beam axis, while the reg-
istered intensities of the lines L,, L, L2 and L,,2 15 Vary
noticeably, depending on the orientation of the analyzer
crystal.

In connection with the definition of the degree of po-
larization

P=(I—1,)i(I,+1,)

(where I, and I, are the intensities of the radiation in
the direction perpendicular to the proton-beam axis
with electric vectors parallel and perpendicular to this
axis), the linear polarization of the x rays for a Bragg
angle ¢ is given by
(J;—1.) (1+cos? 2¢)
(Jy+7,) (1—cos*2¢) ' @

where J, and J, are the intensities of the radiation re-
flected from the analyzer crystal when the reflection
plane is perpendicular and parallel to the proton-beam
axis, respectively.

P ==

The accuracy with which the polarization is deter-
mined from formula (1) depends on the accuracy at
which the registration efficiency is known for the in-
dicated two orientations of the instrument. Any mis-
adjustment leads to a systematic error that can pre-
dominate over all the errors in the measurement. To
exclude the systematic errors in the polarization mea-
surements, due to errors in the adjustment of the in-
strument, they measured simultaneously with the in-
tensities of the lines L,, L, , and L32 ;s the intensity
of the Ly, line, the ra.dlatlon of which is not polarized;
when the degree of polarization of the emission of these
lines was determined from formula (1), their inten-
sities were normalized to the intensity of the L; line.
The statistical error in the measurements of the degree
of polarization did not exceed 2% as a rule.

3. THEORY

The angular distribution and polarization of the char-
acteristic x radiation generated by bombardment of
atoms with a beam of charged particles are determined
by the degree of alignment of the produced vacancies.
Since the alignment is possible only for states with
total angular momentum j >1/2, the x radiation con-
nected with the filling of vacancies in the L, and L, sub-
shells (j=1/2) is isotropic and unpolarized. The only
radiation that can be polarized is the one connected
with the filling of the vacancies in the L; subshell (j
=3/2), the filling of which is accompanied by emission

of the lines L, Ly, ,, LBz 5 €te.

For a quantitative description of the alignment it is

convenient to introduce the alignment parameter Ayt
This parameter can be expressed in terms of the cross
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sections ¢(jm) of ionization of the given subshell of
atoms with different projections of the angular momen-
tum m on the direction of the primary beam. For
example, for the L; subshell

0 (*/2 *1)—0 (/2 ')

0y ) +0Ch ) )
If we neglect the spin-orbit interaction, then #,, can
be expressed in terms of the cross section for the pro-
duction of vacancies with definite values of the projec-
tion of the angular momentum o(lm,). Thus, for I=1
we have

St =

o(11) —o(10)
= a1 To(10) ®)
The angular distribution and the degree of polariza-
tion of a definite x-ray line are expressed in terms of

the alignment parameter in the following manner:

W ()= 22 [hastuPuloos )],

3asts (4)
g 100.

P(%)=

Here 7 is the angle between the direction of the incident
proton beam and the radiation, and « is a coefficient
that is characteristic for the given x-ray line and is
determined only by the angular momentum of the initial
and final states of the ion. The values of the coefficient
a, taken from Ref. 14, are listed in the table for the
cases of interest to us. As seen from the table, the
largest polarization at a given alignment should be ex-
pected for the line L, (the transition M, ~L;).

A comparison of the theoretical and experimental
ionization cross sections shows that the Born approx-
imation describes well the experiment at proton vel-
ocities v/v,>0.2.'° This approximation is therefore
used to calculate the vacancy alignment for ionization
of the inner shell of an atom by electron impact. The
general formulas for the calculation of o, in the Born
approximation are given in Ref. 4. The Born matrix
elements were calculated by us in three models: hy-
drogen like (HL), hydrogen like model with allowance
for external screening (SHL)m, and the Hartree-Slater
model (HS). These atomic models are widely used in
the analysis of the cross sections for ionization and
generation of x rays in ion-atom collisions.

The results of the calculation of the degree of align-
ment for the case of ionization of the L; subshell of the
silver atom are shown in Fig. 3. In the calculations
in the SHL model the external screening is taken into

TABLE 1. The coefficient
a for different values of
the total angular momentum
of the fina] state of the ion
Jjg- The initial state of the
ion is a vacancy in the L,

subshell (j=
Line ’f a
L 1o 1y
Lay, Ly % =%
La,, Lp, %2 e
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account by introducing the parameter 9=4I/IOZ*2,
where I is the experimental binding energy of the re-
moved electron,!® Z*= Z - 4.15 is the effective charge
of the nucleus, and I;=13.6 eV. It is seen from the
figure that the HS and the SHL models given close re-
sult that differ quite considerably from the case 6=1.
We used these data to calculate the degree of polariza-
tion for the lines L,, Lc1,2’ and L52, 5

4. RESULTS AND DISCUSSION

The experimental values of the degree of polariza-
tion of the L lines of silver are shown in Fig. 4. Itis
seen that the degree of polarization of L, changes from
29 to 8 when the proton energy E is increased from
150 to 500 keV. The polarization of the radiation of the
lines L,,,1 , and L,z 15 does not exceed 4% in this case
and is practlcally independent of the proton energy.

Before we proceed to compare the experimental and
calculated results, we note two circumstances. In our
experiments the lines L, and La2’ as well as Lsz and
Lg 5’ cannot be resolved and what is measured in this
case is a certain average polarization P, which is ex-
pressed in terms of the polarization of each line P; and
their radiative widths I'; (Ref. 8):

P-Y oo /S r

In the calculation of ﬁ, the radiative widths were taken
from Ref. 19 (I‘a1=0.0946;I‘a2=0.0107, 'y, =0.00098,
Fgis=0 .0086).

g=T,(1—P/3). (5)

The second circumstances connected with the possib-
ility of indirect formation of a vacancy in the L; sub-
shell. In fact, when the atom is bombarded with pro-
tons, vacancies are produced also in the L; and L,
subshells, which then decay via the Koster-Kronig
transitions and increase the number of the L; vacan-
cies. The alignment of the L, and L, vacancies is equal
to zero, so that this two-step process leads to a de-
crease of the alignment of the L; vacancy:

.ﬂ_,q=k.5¢za, k=0s/[0s-G2f2st0, (fist+fiafas) 1. (6)

Here o0, ; are the cross sections of the ionizations of
the L, , ; subshells, f;, are the Koster-Kronig factors.

‘dlﬂ
a1

0

=02}

=04

=05

FIG. 3. Alignment parameter «,,as a function of the relative
velocity of the protons v/v,, for ionization of the 2p;,, subshell
of Ag. Solid line—calculation in the HS model; dashed—in the
SHL model, =0.54; dash-dot—in the HL model.
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In the calculation of the alignment .9720 with allowance

for the Koster-Kronig transitions, the cross sections

01,23 Were calculated in the Born approximation, and B
the factors f;, were taken from Ref. 20 (f;3=0.152; fy5
=0.756; f,,=0.052).

Figure 4 shows the results of the calculation of the
radiation polarization of the L lines of silver in various
models, with allowance for the Koster-Kronig transi-
tions. For comparison, the figure shows the calcula-
ted polarization of the L, line in the HS model, without
allowance for the two-step process. It is seen that the
influence of the latter is noticeable in the entire in-
vestigated energy range, but is particularly large in
the region of low velocities (E <300 keV). This is un-
derstandable, for it is precisely in this proton-energy
region, in view of the singularities of the ionization of
the 2s and 2p subshells,”! that the state of ionization of
the L, subshell becomes larger than the cross sections
for the ionization of the L, ; subshells. This results
in an increase in the number of vacancies produced in
the L; subshell on account of the Koster-Kronig trans-
itions, and leads to a considerable decrease of the
alignment, and consequently also of the polarization
of the emission of the L, line. We note that the mea-
surements of Jitschin et al.!' show that at low veloc-
ities the alignment is much smaller than predicted by
the theory without allowance for the Koster-Kronig
transitions.

As seen from Fig. 4, calculations, in the HS and the
SHL (6 =0.54) models agree well with experiment in the
entire investigated energy interval. At the same time,
the degree of polarization of the L, line, calculated
using the HL model, differs markedly from the exper-
iment. Unfortunately, the experimental conditions did
not make it possible to verify the prediction of the

P,n/. \

Jo +
20

/A ol

. \
|

| !
4 200 400

|
£, keV

FIG. 4. Degree of polarization of the L radiation of Ag atoms
as a function of the proton energy. Experimental results:
o—L,; w—L 0y o; A—Lp, 453 o—LB,;. Resultsof calculations in
the Born approximation: solid line—in the HS model; dashed—
in the SHL model (§ =0.54); dash-dot— in the HL model (6 =1).
Dash and two dots—in the HS model without allowance for the
Koster-Kronig transitions.
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theory that the polarization of the L, line decreases in
the low-velocity region. It would be of interest also

to determine experimentally the energy at which the
polarization reverses sign. The theory predicts a sign
reversal at E=750 keV.

5. INFLUENCE OF X-RAY POLARIZATION
ON THE RESULTS OF MEASUREMENTS
OF THE GENERATION CROSS SECTIONS

In the preceding sections it was demonstrated theoret-
ically and experimentally that the emission of certain
characteristic lines is polarized and anisotropic. Let

us examine how this anisotropy can influence the results

of measurements of the cross sections for the genera-
tion of x rays in ion-atom collision. As a rule, the x-
ray yield is measured at a single angle (90°) to the
direction of the primary beam, and the total genera-
tion cross section is determined under the assumption
that the x rays are isotropic. The x-ray anisotropy
observed by us can lead to an error in the determina-
tion of the cross section of generation of certain lines.

It was observed in measurements of the intensities
of individual lines of the L series of lead atoms excited
by proton impact®? that the ratio of the intensities of
the lines L, and L, depends on the energy of the pro-
tons and has a pronounced minimum in the proton en-
ergy region 0.5 MeV <2 MeV. At the same time, ac-
cording to the universally accepted premises, the
ratio of the intensities of the two lines should be de-
termined only by the ratio of the radiative widths of
the decay of the L; level via the respective channels.
No explanation was found for this phenomenon. We
shall show that the experimentally observed decrease
of the ratio of the intensities of the L, and L, lines can
be explained by taking into account the anisotropy of
the emission of the L, line. In fact, when formula
(4) is taken into account the ratio of the intensities of
the L, and L, lines, registered at an angle 90° to the
direction of the proton beam, can be written in the
form

I _ Ta[0s (1—/20ta S 10) +0efas 04 (fist fiaf2s) ]

I; P;[O’g(i"’/zgld:o) +0.f2st0, (fustfiafas) ] (7)

If we neglect the anisotropy of these lines, i.e., as-
sume that ,)=0, then I,/I,=T,/T,* (Ref. 22) and
does not depend on the proton energy. However, since
actually the emission of the L, line is strongly aniso-
tropic and &, increases with decreasing energy, the
ratio I,/I, should also depend on the energy.

Analysis shows that the anisotropy of the L, line can
be neglected (@, <<1). Then, dividing the numerator
and denominator of expression (7) by the total cross
section for the production of the L; vacancy, we ob-
tain

IG rd

I =rx(1—‘/:ahi:o) ' (8)

In the high-energy region, the alignment ), is posi-
tive and the ratio I,/I, should exceed I'y/T, slightly.
With decreasing energy, the alignment reverses sign
and increases in amplitude and magnitude; this leads
to a decrease of I,/1,.
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FIG. 5. Ratio of the intensities of the emission of the lines L,
and L; of Pb atoms as a function of the proton energy. Solid
line—calculation in the HS model; dash-dot—calculation in the
HL model; dashed—ratio I', /TI; the experimental data were
taken from Ref. 22.

Finally, at still lower energies the alignment de-
creases because of the increase of the role of Koster-
Kronig transitions, and the ratio I,/I, again increases
(Fig. 5). This was precisely the picture observed in
Ref. 22. Figure 5 shows the theoretical plot of the
ratio of the intensities of proton-excited L,and L,
lines of a lead atom as a function of the energy, as cal-
culated by us in the Born approximation. The theory
and experiment are seen to agree qualitatively. The
absence of quantitative agreement is due apparently
to the fact that in the calculation of the intensity ratio.
we used the theoretical ionization cross sections, rad-
iation widths, and Koster-Kronig factors, which can
differ somewhat from the true ones. It appears that
the anisotropy effects explain similar anomalies ob-
served also in other experiments. %

CONCLUSION

Direct experiments have established that the char-
acteristic x-ray lines emitted upon filling of a vac-
ancy produced by proton impact in the L; subshell are
polarized, and that the degree of polarization increases
with decreasing proton energy. The experimental de-
pendence of the degree of polarization on the proton
energy agrees with that calculated in the Born approx-
imation. A decrease of the alignment and of the po-
larization of the x rays at low velocities, due to the
influence of Koster-Kronig transition, is predicted.

Since the measured intensities of the emission of the
individual lines depend on the degree of the polariza-
tion of the radiation which, as established here, can
reach 30% and varies with the proton energy, this cir-
cumstance must be taken into account both in the mea-
surement of the spectra of the x rays, and when the
cross section of generation of this radiation, excited
by heavy particles, is determined.

Measurement of x-ray polarization is a new and im-
portant method of investigating the ionization of the
inner shells of atoms and makes it possible to study
the population of the magnetic sublevels of x-ray levels.
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Translated by J. G. Adashko

their self-compression in

For the first time we have observed experimentally in a magnetized collisionless plasma, of the “beam
afterglow”, slow (approximately fixed relative to the plasma) oblique Langmuir solitons with an HF carrier on
the branch of waves with the linear dispersion @ = w,cos@, which occur as a consequence of the
modulational instability of the nonlinear waves. The longitudinal size of the solitons is less than the initial
(beam) wavelength and it is impossible to call them envelope solitons. We show that after a time equal to their
“free-flight” (along with the plasma) along the magnetic field—after the “pump beam” was switched off—the
solitons experience appreciable self-compression. The solitons observed differ in priniciple from the well
known, fast, soliton [H. Ikezi, P. J. Barrett, R. B. White, and A. Y. Wong, Phys. Fluids 14, 1997 (1971); S. M.
Krivoruchko, Ya. B. Fainberg, V. D. Shapiro, and V. I. Shevchenko, Sov. Phys. JETP 40, 1039 (1975); V. D.
Fedorchenko, Yu. P. Mazalov, A. S. Bakai, A. V. Pashchenko, and B. N. Rutkevich, JETP Lett. 18, 281
(1973)], which exists on the same branch of waves: the fast soliton moves several orders of magnitude faster,
constitutes a potential hump without an HF carrier and arises as the result of another mechanism, such as a
Korteweg—de Vries ion-sound or shallow-water soliton [H. Ikezi, R. P. H. Chang, and R. A. Stern, Phys. Rev.
Lett. 36, 1047 (1976); B. B. Kadomtsev, Collective Phenomena in a Plasma, Nauka, Moscow, 1976, Ch. 3, §3;
Ch. 5, §5 (English translation published by Pergamon Press)]. The observed solitons with oscillation
frequencies @ = (1/3 to 1/2)w, are as yet not described in the theory.

PACS numbers: 52.35.Mw

evolution of the solitons after the “pump beam” was
switched off, i.e., in the afterglow of the beam plasma.
Such a study (if we neglect isolated observations in our
first paper®) has not been made before. To carry it

out it is necessary that the plasma be collisonless,
i.e., that there be sufficiently low densities of both
charged and neutral particles. It was just the high den-

1. STATEMENT OF THE PROBLEM

The present paper is an extension of Refs. 1 and 2, in
which we observed and studied Langmuir solitons in a
magnetized collisionless plasma which was excited by
an electron beam. In contrast to the preceding work!
the aim of the present paper consisted in studying the
0038-5646/80/050874-05$02.40
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