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FIG. 2. Narrow two-photon Doppler-free resonances
ofv =0 tov =2 in NO.

the 150-mW incident CO laser radiation the sig-
nal corresponded to an absorption of about 1%.
The technique of using a wave guide to do two-
photon spectroscopy provides a means of obtain-
ing high-field intensities over long path lengths
with lasers of relatively weak powers. It should
be mentioned that for the oversized wave guide
(d/x =100) used here, the phase velocity does not
significantly depart from its value in free space.
Furthermore, with propagation in the wave guide,
Doppler-free resonances can be observed over a

sizable absorption path without a residual Dop-
pler broadening due to misalignment of the two
oppositely propagating beams or angular beam
spread arising from diffraction (which can occur
in free-space propagation).
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We point out that the Ka satellite spectra of Al target x rays exhibit strong polariza-
zation in ion-atom collisions. The Ka’ (P, —1'S)), Ka, (°P, =~ *Py,,0), and the Ka,
('P,—~ 'D,) transitions are, respectively, (+52%5)%, (—9+5)%, and (+9+5)% linearly
polarized following 1.9-MeV He* bombardment and (+28+ 5%, (—6+5)%, and (+6* 5)%
linearly polarized following 1.9-MeV H* bombardment,

The polarization of characteristic x radiation
by proton and electron impact has been discussed
frequently in the last several years.”® Mehlhorn®
has suggested that electron and proton impact
should cause alignment of the target atoms with
respect to the beam (2) axis, in which case the
resulting x radiation should have a nonisotropic
angular distribution and should be polarized (z,
1>0,j> 3). It was suggested that an important
test of alignment would be the study of the polari-
zation of La, (3dy/,-2ps,5) and La, (3dy/,-2ps,,) ra-
diation. Hrdy, Hennis, and Bearden® did in fact
observe a polarization of 14% for La, in Hg. The
characteristic K x radiation is in general not po-
larized since it is due to the decay of a j =3 va~
cancy state. However an important test case,
which to the best of our knowledge has been com-
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pletely neglected, is the polarization of the first
single-K-, multiple~L-shell-vacancy satellite.
This satellite is due to the decay of the (1s)™*(2p)~!
double-vacancy configuration® which couples to
two terms 'P, and 3P, , ,. These terms decay via
three multiplets to the (2p) 2 final vacancy config-
uration and are labeled as follows: Ka’ (*P,—~1S,),
Ko, (*P,,,,0~3P,,1,0), and Ka, (*P,~'D,). An
ideal system for the study of the polarization of
these multiplets is a He beam on an Al target
where the intensity of the first satellite is of the
same order of magnitude as the intensity of the
Ka, , line.

In this Letter we report the first observation of
polarization of target K x radiation from an ion-
atom collision. Polarization measurements of
this type should be an important test of collision
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FIG. 1. Al Ka satellite spectra for 1.9-MeV He*
bombardment. Upper spectrum: Rowland circle copla-
nar with beam axis, I, . Lower spectrum: Rowland
circle normal to beam axis, I;. These spectra yield
polarizations of (52% 5)% for the Ko’ transition, (-9
+ 5)% for the Ko, transition, and (+9+ 5% for the Ka,
transition.

theories since the populations of the different sub-
states must be correctly predicted to account for
the alignment of target atoms as manifested in
the polarization of the emitted radiation."*2

The polarization fraction is defined as''2

P=9,-9)/@,+9.), (1)

where 9, (9,) is the intensity of the radiation
propagating in the x direction with the electric
vector parallel (perpendicular) to the beam, z,
direction. With the use of a 4-in. curved crystal

spectrometer as a polarimeter, the measured in-
tensities I, (Rowland circle normal to the beam
axis) and /. (Rowland circle coplanar with the
beam axis) must be corrected to give the polari-
zation fraction. Under the assumption of an im-~
perfect or mosaic crystal the polarization frac-
tion is given in terms of the measured intensities
a'slo

_I,=1.1+cos?(26)
TIy+IL 1-cos?(26)°

@)

where 6 is the Bragg angle. We take the values

I, (I.) to be the intensities of a given multiplet
relative to the intensity of Ka, , which is assumed
unpolarized.

Figure 1 displays the Al spectra observed in
the two orientations of the spectrometer for 1.9-
MeV He on Al. The spectra were taken with a
Johansson-type ammonium dihydrogen- phosphate
(ADP) curved crystal. The entrance aperture to
the spectrometer was a cylindrical-tubular colli-
mator. The characteristic Ka, , line, as well as
the first two single-K-, multiple-L-ionization
satellite structures, is included in the energy re-
gion shown. The spectra are plotted in units of
the integrated intensity of the Ka, , line divided
by 100. The most obvious spectral difference is
the Ka’ relative yield. The intensity in the 7, ori-
entation is greatly enhanced compared to the in-
tensity in the 7, orientation.

The spectra were fitted with a least-squares
fitting program to obtain the relative intensities
of the peaks Ko’, Kag, and Ko, relative to Ka | ,.
The results are tabulated in Table I for both He"
and H" bombardment of Al. The measured polari-
zations of Koo', Koy, and Ka, are +52, — 9, and
+9% for He" bombardment and +28, -6, and +6%,
respectively, for H* bombardment. The Bragg
angles for the transitions occur at 102,62, 102.31,
and 102.03°, respectively, for an ADP crystal.

It is interesting to compare the observed rela-
tive line strengths of the multiplets of the first

TABLE 1. Polarization data.

Ratio to Koy 5  Iy—=1I,

Projectile (%) Iy+I,  1+cos?(26) p
(Energy) Line  Initial— final I, I, (%) 1= cos’(20) (%)
He* (1.9 MeV) Ko’ p,—1s, 6.5 18.2  +417.5 1.100 +52%5

Ka; Py 07%P,., 1436 1221 - 8.1 1.095 - 9%5
Ko, — D, 43.1 51.2 + 8.6 1.091 + 9%5
H" (1.9 MeV) Ko’ p,—1s, 0.66 1,11 +25.4 1.100 +28%5
Kag Py 0~ %Py, 1166  10.50 — 5.2 1,095 - 6%5
Ka, p,—~'D, 3.97 4.44 + 5.6 1.091 + 6%5

485



VoLUME 38, NUMBER 9

PHYSICAL REVIEW LETTERS

28 FEBRUARY 1977

TABLE II. Line strengths.

Label  Statistical  H(I.) He(I,) H(I) He(I))
Ka' 1 0.6 0.5 1.0 1.4
Ka, 10.7 11.1 9.8 9.6
Ko, 5 3.7 3.4 4.2 4.0

satellites to their predicted line strengths assum-
ing statistical populations. These results are giv-
en in Table II where the total yield of the three
multiplets in the satellite is normalized to 15 in
each case. Note also that the intensities in the
parallel and perpendicular orientations as given
in Table I summed over the three multiplets are
identical within the experimental uncertainty
le.g.,(201,=201.) /(201 +21,) == 0.004 for He"
and - 0.007 for H*].

The polarization fraction, P, of each of three
transitions Ko’ (*P, = 'S,), Ka, (P,,, ,~°P,,,,0),
and Ka, (*P,—~1'D,) are given in terms of the par-
tial ionization cross sections for the L =1 states
with M, =0, o,, and with [M .| =1, o,, by Fano
and Macek' and Percival and Seaton? as

P(KO! I) = (00 - O1)/(‘:"0 +01) ’ (3)
P(Kas) == 3D(Oo - 01)/{01(8 +D) +Uo(4 "D)L (4)

P(Kay) =(0,-0,)/(T0,+130,). (5)

From Egs. (3)-(5) we see that the polarization
fractions of Ka’ and Ko, have the same sign,
whereas Ko, has the opposite sign. This is in
agreement with the observed polarization frac-
tions. In Eq. (4), D is the depolarization!! due to
the superposition of the three possible J states of
the 3P term. The range of the depolarization is
given by the two limits Aw ;7 <<1 for which D =1
and Aw,;+7>>1 for which D =2, In these two lim-
its the polarization fractions are given by

PKa,)==(0,~-0,)/(0,+30,) (6)
for D =1 (Awy;+7<<1) and by
P(Ka,)==15(c,=0,)/(670,+1490)) (7

for D=% (Awy 7> 1). All of the above equations
demonstrate that when the ionization cross sec-
tion is independent of the substates, M, then the
polarization fractions are zero. The Ko’ transi-
tion can attain a +100% polarization for o, =0 and
a —100% polarization for 0,=0. The Ka, transi-
tion can attain a maximum positive polarization
of only +14% for o, =0 and a maximum negative
polarization of only — 7.7% for 0,=0. Therefore
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the polarization of Ka’ is a more sensitive mea-
sure of the ratio of the partial ionization cross
sections, ¢,/0,.

Using Eq. (3) and our experimental value of
P(Ka’) for He" bombardment, we obtain the ratio
0,/0,=3.2. This ratio can in turn be used in Egs.
(4)-(7) to predict the polarization of Ko, and Ka,.
From Eq. (5) we obtain P(Ka,) =+6.2% which is
in agreement with our experimental value of
(+9+5)%. From Egs. (6) and (7) we obtain P(Ka,)
==35.2% (for Aw,,;+7<1) and P(Ka,) =-9.0% (for
Aw ;77> 1) compared with our experimental val-
ue of (-9+5)%. The calculated polarization using
0,/0,=3.2 is thus in agreement with the experi-
mentally measured polarization in the Aw ;7> 1
depolarization limit.

The H'-induced spectra can be analyzed in a
similar manner. Using our experimental value
of P(Ka') we obtain the ratio 0,/0,=1.8. From
Eq. (5) we thus predict P(Ka,) =3.1%, which is al-
so in agreement with our measured value of (+6
+5)%. From Egs. (6) and (7) we obtain P(Ka,)
=—14.6% (for Aw,,»7<1) and P(Ka,) =~ 4.4%

(for Aw,, 7> 1) compared with our experimental
value of (- 6+5)%. As for the He* case, the cal-
culated polarization for the H' case using 0,/0,
=1.8 is in agreement with the measured polariza-
tion in the Aw;;+7>>1 depolarization limit.

We next discuss a mechanism which may give
rise to the observed polarization. In the impact-
parameter formulation of ionization cross sec-
tions,'? the single-1s, single-2p ionization can be
represented by

Orozn= w21 [ Poy(O)Pyy u V0db,  (8)

where P, (b) is the probability of K-shell ioniza-
tion as a function of impact parameter, b, and
Pop, uy, (b) is the probability of ionization of the 2p
subshell in the M substate (where M, =0,%1) of
the 2p subshell. The probabilities P(b) of ioniza-
tion are usually taken to be cylindrically symme-
tric about the beam axis (z axis) as implied by
Eq. (8). However because of the different spatial
charge distributions for the different substates,
the P,,, ML(b) ’s are different functions of b for dif-
ferent values of M. In the present situation the
range of b is selectively small since we require
1s-shell ionization simultaneously with 2p-sub-
shell ionization. The charge distribution of the
M =0 substate of the 2p wave function is in fact
concentrated along the z axis which corresponds
to small impact parameters, whereas the [M,| =1
substate charge distribution is distributed over
larger impact parameters. This qualitatively de-
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scribes the polarization results obtained in this
experiment.

The calculated polarization should take into ac-
count the single-K-, single-L-ionization ampli-
tude due to the “shake” effect'® in addition to the
amplitude due to Coulomb ionization. We expect
that the “shake” up process will not lead to polar-
ization. Therefore, the larger the relative con-
tribution to ionization due to “shake” the smaller
the observed polarization.

We note the following points concerning the po-
larization in this particular system: (1) Target
atoms are not subject to the multiple-collision
problems of beam polarization experiments.

(2) Cascading from higher states is not a prob-
lem as it is in a few-electron system. (3) The
beam divergence due to scattering is much less
for ion impact than for e -induced x-ray spectra.
(4) The total Ka L' satellite is polarized by = 1%,
indicating that large polarization effects may be
hidden by inappropriate averaging. (5) Our mea-
surements predict that the Auger emission from
the 'P, state should exhibit anisotropy.

In conclusion, we have made the first observa-
tion of the polarization of K x radiation emitted
from stationary states of targets when bombard-
ed by 1.9-MeV H' and He" beams. The measure-
ments are shown to be internally consistent in the
prediction of the substate populations. These
measurements can be used as a direct test of col-
lision theories for inner-shell ionization.

The authors wish to thank Professor J. Macek
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the mechanisms for producing polarization. We
would also like to thank Professor T. f\berg for
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ing the use of the mosaic correction factor.
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