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The angular distribution of L; x rays of Th and U ionized by 1.5-MeV protons has been measured
and the anisotropy parameters of these lines have been deduced. The ratios of the anisotropy pa-
rameters of the different L lines were found to disagree with the theoretical predictions. For U, the
alignment of the L, subshell has been determined from the angular distribution of the La, line, and
from the measured anisotropy of the other L; x-ray lines the magnetic-quadrupole-electric-dipole
mixing ratios were deduced. The experimental mixing ratios for the ns,,,-2p;,, transitions are

significantly larger than the theoretical values.

I. INTRODUCTION

Several experimental studies of the L ;-subshell align-
ment of heavy elements were performed in the last decade
(see Refs. 1-4, and references therein). In these studies
the experimental alignment parameters were deduced
from the measured angular distribution or polarization of
the emitted L/(L;-M,) x-ray line assuming pure electric
dipole (E1) transition. This assumption® is supported by
the results of a calculation by Scofield,® where the x-ray
transition matrix elements of different multipoles were
calculated using relativistic single-particle Hartree-Slater
wave functions. This calculation gave small magnetic
quadrupole (M?2) mixing to the E1 amplitude for electric
dipole allowed L; x-ray transitions. As an example it
predicts that the M2-E 1 mixing ratio (8,) for the L/ line
is less than 1% for any element.’

These theoretical calculations were in accord with the
results of K-L angular correlation measurements.® The
experimental K-L angular correlation parameters ( 4,,)
agreed with the theory of the Ka;-La cascade, and in
tendency agreed with the theory for the K«a,-L! cascade.
The K-L angular correlation parameters, however, de-
pend on the mixing ratios of both transitions of the cas-
cade and therefore do not give direct information on the
M?2-E1 mixing in the individual transitions of a K-L cas-
cade.

The study of the angular distribution of L; x-ray lines
of heavy elements ionized by low-velocity protons gives a
very good possibility for the study of the M2-E1 mixing
in L, x-ray transitions.® In these cases the ionizing col-
lision produces large (—0.5) alignment on the L; sub-
shell, and the influence of the M2 mixing in a single M-
L, transition can be studied. In an earlier Rapid Com-
munication'® we reported experimental determination of
the M2-E1 mixing ratios (§,) for the L; x-rays of gold,
and found that the M2-E 1 mixing ratio for the L/ transi-
tion was about 4%, i.e., 6 times larger than the theoreti-
cal value. Our observation showed that the M2-E1 mix-
ing has to be taken into account in the determination of
the alignment parameters. The results were in accord
with the conclusion of an earlier K-L angular correlation
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study on lead.?

The existence of the M2 component in the transitions
is a relativistic effect, and one can expect that the M2-E1
mixing is even larger for the L x-ray transitions of
heavier elements. The above-mentioned calculation by
Scofield® also showed this tendency. In the present study
we have extended our measurements to thorium and
uranium, which give the further advantages that the an-
gular distribution of the LB4(L;-N,) and LB, 5(L3-Ns,4)
transitions can also be studied with a semiconductor
detector.

II. EXPERIMENTAL PROCEDURE
AND DATA ANALYSIS

The angular distribution of x-ray lines from the decay
of collisionally aligned L ;-subshell vacancies is given by
the

W =W,[1+BP,(cosb)] (D

formula, if the ionization and detection systems are axial-
ly symmetric, and there is only a single vacancy in the
ionized atom. Here P, is the second-order Legendre po-
lynomial, 3 is the anisotropy parameter, which for in-
dependent ionization and decay processes can be ex-
pressed as

B=kad, , (2)

where A4, is the alignment parameter, and a depends on
the total angular momentum of the initial and final states
and on the mixing ratios of the x-ray transition.”!® The
correction factor k takes into account that L, holes can
also be created by Coster-Kronig transitions.'

Among the L;-subshell x rays the La,(L;-M,) and
LB,s(L,-N,) transitions have a special character, namely
that magnetic terms do not occur in their multipole ex-
pansions.® Since the reduced matrix element of the E3 is
much smaller than that of the E1, and the E2 transition
is parity forbidden, one can assume that these transitions
have pure E1 character and their @ parameter is the E'1
value (—0.4). Therefore, the A, parameter of the L,
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subshell can be determined precisely from the measured
anisotropy parameters of the La, and LS5 x rays, and
using this A, parameter the experimental a values for
the other L; x rays can be determined from their mea-
sured anisotropy parameters.

For the E1 allowed L transitions practically only the
M?2 component can be mixed to the E1,° and the a pa-
rameter can be expressed as function of §; for the
different transitions® !

al(LD=0.5—V'38,(Ll) ,
a(La,)=0.1+V7/58,(La,) ,
a(LB)=0.5—V"38,(Lps) ,
a(LBy)=0.1+V7/58,(LB,) ,

where the quadratic terms in §,-s were neglected.

If the La; and La, (and similarly the LB, and LS,s)
lines cannot be separated by the detector only, the net an-
isotropy of the La,;, and Lf3, s lines can be obtained
from the angular distribution measurement. Using the
branching ratios from Ref. 11, the deduced a parameters
for Th and U are given by

a(La, ,)=0.048+1.068,(La,) ,
a(LBZ'w):OOSl'Q' 10681(LB2) .

4)

Accurate experimental values for §;-s can be obtained
for these systems, where the collisionally induced align-
ment is large, and the correction factors are small.
Corrections have to be made for the multiple ionization,'?
and for the Coster-Kronig transitions. For uranium the
minimum of these corrections occurs at 1-1.5-MeV pro-
ton impact, where the alignment is still large.

Another crucial point in this experiment is the separa-
tion of the L a, transition from the L a, (or the L35 from
the other transitions). This separation can be achieved
for certain elements using appropriate absorbers in front
of a Si(Li) detector.!®!® In the present study this separa-
tion of the La, and La, lines of U were performed using
a bromine absorber, with its K-absorption edge falling be-
tween the La, and La; lines. Using appropriate (25
mg/cm?) thickness the attenuation for the La, is much
larger (200) than for the La, (2), and the La line of the
spectrum measured by a Si(Li) detector behind the ab-
sorber is mainly (90%) the La, line.

The experimental setup in this measurement was simi-
lar to that used in our previous angular distribution mea-
surements,'* and only the main points are summarized
here. The 1.5-MeV proton beam, obtained from the 5-
MYV Van de Graaff generator of ATOMKI was collimat-
ed to 1 mm on the target, tilted at 45°. Th and U targets
of 100 ug/cm? produced by a chemical method!® on 10-
png/cm? carbon backing were used. The x rays were
detected with a Si(Li) detector having a 190 eV full width
at half maximum (FWHM) resolution at 5.9 keV. The
detector was assembled on a turn table and could be ro-
tated around a small scattering chamber. The detector
target distance was 7 cm, and the x-ray exit slit on the
scattering chamber was covered with 4 mg/cm? Al and
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107 mg/cm? polyethylene terephthalate (PET) foils.

The angular distribution of the L a, line of U was mea-
sured using a 25-mg/cm? Br absorber in front of the
Si(Li) detector to absorb the L, line. The absorber was
produced by pressing the 1:1 mixture of NaBr and a plas-
tic matrix into a 10-mm-diam disk, which has been
mounted on the beryllium window of the detector. The
effect of the La escape peak on the L/ angular distribu-
tion has been studied in a separate measurement, where a
9-mg/cm? Se absorber was mounted on the Be window to
reduce the I (La)/I(LI) ratio.

The angular distribution of the uranium L x rays was
measured in three different runs: without an absorber,
with a NaBr absorber, and with a Se absorber. The angu-
lar distribution of the thorium L x rays was measured
without absorber. To avoid the pileup effects, a low
counting rate was used (between 10° and 2X10°
counts/sec). The spectra were measured at ten different
angles in the range of 15°~105°. In each spectra the LI/
line had more than 10° counts. A typical Th spectrum
can be seen in Fig. 1.

The x-ray spectra, measured without an absorber, were
analyzed with a Gaussian fitting program, which fitted a
quadratic polynomial background and an appropriate
number of Gaussian peaks simultaneously. A linear func-
tion plus a step function convolved with a Gaussian was
used to fit the background in spectra measured with ab-
sorbers. The width of the Gaussian corresponded to the
detector resolution.

The attenuation of the x-ray lines in the absorber does
not affect the determination of the anisotropy parameter,
since the absorption is in the same at each angle. It has
to be taken into account, however, in the determination
of the Coster-Kronig correction. This correction was cal-
culated from the measured line intensities,! and we used
the mass attenuation coefficient of Montenegro et al.'®
and McMaster et al.'” to correct the measured line inten-
sities for absorption by the window and absorbers.

In the analysis of x-ray spectra measured with ab-
sorbers two further problems have to be considered: (i)
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FIG. 1. L-shell spectrum of Th, ionized by 1.5-MeV-proton
impact, and measured with a Si(Li) detector at 90°.
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The spectrum contains the fluorescent Ka and K peaks
of the absorber. (ii) The absorber cuts out part of the
La, satellites and the normally applied Coster-Kronig
corrections have to be modified.

The K a line of the absorber can be seen in the spectra
as a shoulder on the higher-energy part of the L/ line and
can be fitted together with the L/ line. It can also be es-
timated from the applied geometry and the absorber
thickness.!> The intensity of the K3 can be determined
frorlnl the K a intensity, using the known I (Ka)/I(Kp) ra-
tio.

Considering the effect of the La, satellites one has to

take into account that there are different types of La, sa-
tellites depending on their origin. L ;M satellites are em-
itted when an M-shell hole has been created simultane-
ously with the ionization of the L, subshell by the projec-
tile. This LM double ionization has very small probabil-
ity relative to the single ionization (a few times 103; ac-
cording to semiclassical approximation (SCA) calcula-
tions made in the independent-electron approximation'?)
and can be neglected. We have also checked the effect of
double ionization experimentally. To enhance the effect
of the double ionization we used helium projectiles in the
energy range of 6—18 MeV, accelerated by the compact
cyclotron. For He projectiles the ratio of double to single
ionization increases with increasing projectile energy in
this region. Using a bromine absorber in front of the
Si(Li) detector we have measured the intensity ratio of
the La, and LI transitions as a function of the energy of
the bombarding particle. We observed only a 2% change
of the intensity ration in the whole energy range.'* From
this experimental finding one can conclude that the dou-
ble L ;M ionization has a negligible effect at 1.5-MeV pro-
ton projectiles.

L ;M hole vacancies can also be created when L, va-
cancies decay into L;M, and LM double-hole states by
Coster-Kronig transitions.!” These L;M Coster-Kronig
satellites are isotropic and the usually applied Coster-
Kronig correction takes into account this effect. The ab-
sorber, however, cuts some of the satellites and therefore
reduces this correction. To estimate this reduction, we
have determined the L, and L; subshell ionization
cross-section ratio o,/0; from the measured intensity of
the La,Ly,,Ly,3¢ lines (as in Ref. 20), and obtained
0,/03=0.1221+0.002 for U and Th. Our estimation
based on the measured o,/0; ratio, the known Coster-
Kronig transition probabilities'” and the transition ener-
gies of the satellites?! yielded that 3.5% of the total La,
intensity is cut out by the absorber. The corresponding
reduction in the Coster-Kronig correction has been taken
into account.

The effect of a spectator vacancy in the N (or higher)
shell on the L;-subshell alignment or L ;-subshell x-ray
angular distribution can be neglected, since the energy
splittings of these two hole states?! are much smaller than
their widths.”??

The position of the escape peak of the La line coincides
with the position of the L/ line in the U spectrum, and
could add a nearly isotropic contribution to the aniso-
tropic L/ line. This may cause a systematic error in the
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FIG. 2. The result of the angular distribution measurement
of U ionized by 1.5-MeV protons as a function of the second-
order Legendre polynomial.

angular distribution measurement of the L/ line. To
check this possible systematic error the angular distribu-
tion of the L x-rays of uranium was also measured using a
Se absorber in front of the Si(Li) detector. This absorber
reduced the La to LI intensity ratio from 16 to 3.4, and
therefore reduced the escape peak intensity by a factor of
5 relative to the L/ intensity. The anisotropy parameter
of the LI line, measured with and without a Se absorber
were the same within 3% statistical error, confirming
that the effect of the escape peak can be neglected. The
same conclusion can be drawn from the fact that the es-
cape peak of the L/ line was not seen in the spectra after a
long measurement with more than 5X10° counts in the
L] peak.

The intensities of the L; x-ray lines were normalized to
the total intensity of the x-ray lines of the Ly group,
which has isotropic angular distribution. These normal-
ized intensities were fitted with function (1) and are
shown for uranium in Fig. 2 as function of the second-
order Legendre polynomial. Where two measured points
appear at the same P, value, there the measurement was
repeated to check the reproducibility. The La, transi-
tion clearly shows the opposite anisotropy, in accordance
with the opposite sign of the a parameter.

III. RESULTS AND DISCUSSION

In an earlier study’ it was found that the ratios of the
anisotropy parameters of the L/ and La lines sensitively
depend on the M2-E1 mixing ratios (8,). The ratio of the



anisotropy parameters of the L/ and La lines are shown
in Fig. 3. The results of Scofield’s calculation (denoted by
a dashed curve in Fig. 3) show that with increasing Z the
effect of the quadrupole mixing is increasing. Our result,
however, does not follow this tendency. The deviation of
the measured ratio from the value of 10 (negligible mix-
ing) is approximately the same or somewhat smaller for
U and Th than for Au. From the tendency of the mea-
sured points one can expect that the mixing is important
even at lower atomic numbers. This conclusion is further
confirmed by the result of the Ka,-LI angular correlation
studies,® where the deviation from the pure E1 assump-
tion was found larger for the elements Z =60-80 than
for the elements around Z=90.

The LB and Ll lines should have the same angular dis-
tribution, assuming pure E1 decay in the independent
electron picture. Our experimental B(LI)/B(LB,) values
for U and Th are about 20% larger than unity. This indi-
cates [cf. Eq. (3)] that the mixing ratio is significantly
larger for the LS, than for the L/ line.

From the experimentally determined anisotropy pa-
rameters (f3) the a values for U were determined using
Eq. (3) and the theoretical pure E1 a value for the La,
transition. The results are summarized in Table I. The
quoted errors of the anisotropy parameters are the stan-
dard deviation values obtained from the least-squares
fitting of Eq. (1) to the measured angular distribution.
The measured intensities were weighted with the inverse
square of their one-standard-deviation errors obtained
from the fitting of the spectra assuming Poisson counting
statistics. The stated errors of a and 8, were calculated
from the errors of the B parameters according to Eqgs.
(2)-(4) using standard error propagation rule.

Comparing the present results with our earlier data for
Au (Ref. 10) one can conclude that the mixing ratios for
the L/ and La, lines are somewhat smaller for uranium
than for gold. This tendency contradicts the theoretical
prediction'! that the mixing as a relativistic effect in-
creases with increasing atomic number. For the La, line
the mixing ratio is in good agreement with the Scofield
theory. We note here that a similarly good agreement
with the Scofield theory was found in the study of angu-
lar correlation in the Ka,-La;, cascade for uranium.?
For the L] and especially the L B, transition, however, we
observed large deviation from the Scofield theory. For
the Lf3, line the measured mixing ratio (8%) is surpris-
ingly large. It is interesting to note that the deviation be-
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FIG. 3. Ratio of the anisotropy parameters of the L/ and La
transitions for Th and U (solid circle) and for Au from Ref. 10
(open circle). The pure E1 assumption is represented by a solid
curve, and the theoretical results of Ref. 4 by a dashed curve.

tween the experimental and theoretical values is large for
the ns,,-2p;,, transitions and increases with increasing
n. However, it should be emphasized that the mixing ra-
tios were obtained assuming single ionization. This as-
sumption is well established in the case of the M
shell,'>'® but may be questionable in the case of the N
shell. Multiple N-shell ionization can decrease the anisot-
ropy of the Lf, transition, and in this way can play a dis-
turbing role in the determination of the mixing ratio. Us-
ing the angular correlation method for the Ko -L S cas-
cade transition,? the effect of the multiple outer shell ion-
ization can be excluded.

For U and 4, alignment parameter can be determined
from the B anisotropy parameter using the experimental-
ly determined a values in Eq. (2). The k& Coster-Kronig
correction factor was calculated from the measured line
intensities and k =1.12+0.02 was obtained for U (and
also for Th). The error here does not contain the errors
of the transition probabilities!! and that of the Coster-
Kronig coefficients.?? The obtained 4,=0.343+0.025 is
16% larger than the value obtained from the L/ transi-
tion neglecting the M2 mixing. For Th, the mixing ratios
could not be determined directly, therefore we assumed
that a is the same as for U. For this case we obtained
A,=0.367%0.025 for Th. These alignment data are in

TABLE I. The anisotropy parameter () of the different L; x-ray lines of the Th and U ionized by
1.5-MeV protons. The a values and the mixing ratios (8;) for U were obtained assuming the theoretical
a value (marked by an asterisk) for the La, transition.

Th U
Transition B B a 10%5,
LI —0.141£0.006 —0.131+0.004 0.43£0.02 3.6+1.4
La, —0.02410.003 —0.021+0.003 0.069+0.010
LB, —0.118+0.009 —0.105+0.005 0.35+0.03 8.6t1.6
LB s —0.0231+0.004 —0.019+0.003 0.062+0.010
La, 0.131+0.004 —0.4*
La, 0.121+0.010 1.8+0.9
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fairly good agreement with the present ionization
theories. 2%

The presented results show that the angular distribu-
tion of the different x-ray transitions depend on the mix-
ing ratios. The knowledge of the mixing ratios is impor-
tant for the deduction of the parameters characterizing
the ionization processes (e.g., subshell ionization cross
sections, alignment tensor components). On the other
hand, they can give an accurate test of the existing rela-
tivistic x-ray transition probabilities. From this point of
view, the experimental study of the angular distribution
of the E'1 forbidden transitions gives a possibility to get
information about the strength of the higher-order transi-
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tion matrix element. Using a Si(Li) detector having
better resolution than the one used in this work, the an-
gular distribution of the L, (L;-M,) transition can also
be studied. The study of the effect of M2 mixing in E'1
on the angular distribution of the x-ray transitions of rare
earth elements is in progress.
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