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Deviation from the single-particle model in the angular distribution
of thorium I.3 x rays in proton-impact ionization
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Angular distributions of I 3 x-ray transitions, including electric-dipole-forbidden ones, were measured
for 1-, 2-, and 3-MeV proton impact on a thorium target, where the excitation and detection systems
were cylindrically symmetric. A sophisticated spectrum-analysis technique was applied, where both the
ILorentzian broadening of the transitions and the Si(Li) detector response function with various tailing
features were taken into account. The anisotropy-parameter ratios are expected to be independent of the
ionization process, and to be characteristic of the x-ray transitions in the independent-particle model.
The ratios of the anisotropy parameters of the electric-dipole-allowed transitions were in disagreement
with this expectation, even when the higher-order multipole contributions were taken into account.
These results follow the same trend as earlier angular distribution and angular correlation measure-
ments. Additionally, the electric-dipole-forbidden Lt (L3M2) and Ls (L3M3) transitions had a
P4(cos(0)) term, which is not expected within the framework of the single-particle-model predictions.
Possible causes for this discrepancy are explored.

PACS number(s): 32.30.Rj, 34.50.Fa, 32.80.Hd

I. INTRODUCTION

It is generally accepted [1,2] that there is good agree-
ment between the theoretical and experimental radiative
transition probabilities for atomic inner shells, although
the scatter of the experimental data [3—5] is considerable.
On the other hand, there are very few available experi-
mental data on electric-dipole-forbidden transitions [1].
Usually the electric-dipole- (E 1) forbidden transitions
have small transition probabilities and are located close
in energy to strong E1 allowed transitions, making them
difficult to discern in x-ray spectra.

As is well known from nuclear physics, the angular dis-
tribution is sensitive to the multipolarity of the elec-
tromagnetic transition (e.g. , electric L-pole, EL, and
magnetic L-pole, ML). We used this technique earlier [6]
to determine the M2/E1 mixing ratio for the E1 allowed
Ll (L3M&) and Lal (L3M5) transitions. The mixing ra-
tios obtained were about 4 times larger for the Ll than
those expected from theory [7]. However, it should be
emphasized that, to describe the angular distribution of
inner shell x-ray transitions, the so-called single-particle
or independent-particle models are used [7,8]. Later we
extended the study to include a wide range of target
atoms and collected all the available experimental data
for the anisotropy parameter ratios of the Ll and L a
transitions [9]. Previously only the anisotropies of these
two transitions have been reported, and almost all the ex-
perimental data were in disagreement with the theoreti-
cally expected values. Finding the reason for this

disagreement may lead to an improvement of the theoret-
ical model, or of the experimental technique, and to fur-
ther this quest we decided to measure the angular distri-
bution of the electric-dipole-forbidden transitions as well
the E 1-allowed transitions.

It was not clear that the required accuracy could be ob-
tained by the experimental techniques presently available,
as crystal diff'raction spectrometers have drawbacks as re-
gards both low eKciency and an inaccurately known po-
larization sensitivity of the crystal, while Si(Li) detectors
have only moderate energy resolution; moreover in both
cases the accuracy of the detector response functions
needs to be considered. However, our present Si(Li)
detector has one of the best resolutions available, and its
response function was carefully determined earlier [10];
an earlier study on K-L coincidences with this detector
has shown that the detector tailing did not change during
two months of continuous operation [11]. We have found
that the intensity and even the Lorentzian width of the
E1-forbidden transitions can be determined by analyzing
the spectra recorded with this detector [12]. In order to
obtain large anisotropy, we chose proton impact for ion-
ization and used a cylindrically symmetric detection sys-
tem, thus reducing the number of parameters necessary
to describe the angular distribution.

II. THEORETICAL BACKGROUND

The angular distribution of x-ray transitions for a cy-
lindrically symmetric ionization and detection system can
be found in many textbooks [13—16] and is expressed as

L +L '+ n+m' +k.
W(g) y LL ~ ( 1)a b +k +1++1

4m. 2

Xpko(a, a')Pk(cos8)b 0,

a' L' b
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where k =even. Here W'(8) denotes the photon intensity
emitted into the b, Q solid angle, E=&2L+1, ( ) is a
Clebsch-Gordan coefficient and [ } is a Wigner 6j
coefficient, (

~~ ~~
) is the reduced matrix element, Pk is

the kth-order Legendre polynomial, and pko(a, a') is the
density matrix, in the same notation as in Ref. [14].
There are only even k terms present, as a consequence of
cylindrical symmetry and parity conservation. Equation
(1) can be rewritten in the more usual, shorter form as

W'(8) = 8'o[1+PkPk(cos8)]bQ, (2)

where k =even.
For independent ionization and decay processes, P can

be expressed as

Pk —cak Ak (3)

where A& is proportional to the spherical components of
the electric kth-pole tensor [13]. The correction factor c
takes into account that L3 holes can also be created in-

directly by Coster-Kronig transitions [17], in which case
the angular distribution is isotropic.

For the case of electric-dipole- (E 1) allowed transitions
the A(L =1,L'= l, k) triangle condition restricts the
value of k to 0 and 2. The next strongest transition is the
magnetic quadrupole (M2) transition, for which the in-
terference term with the E1 is restricted by
b, (L =1,L'=2, k), with k =0,2. Although the
b, (L=2,L'=2, k) condition allows k=0, 2, 4 values, the
k =4 term is proportional to the M2 transition probabili-
ty, whose strength relative to the E1 transition is of the
order of 10 [7] which is negligible for L and higher
shells.

For E1-forbidden transitions the leading term is E2
and this obviously allows k =0,2, 4 values. However, the
b, (a,a', k) triangle condition needs to be satisfied. The
Hamiltonian of the ion should commute with the total
angular momentum of the ionized atom, which corre-
sponds to a and a '. In the theoretical calculations
[7,8, 18] it is customary to replace the total angular

momentum with the angular momentum of the vacancy,
which has the same angular momentum as the removed
electron in the single-particle model. In the present case
for the L3 (2p3&z) subshell the a =a'=

—,
' value is used, as-

suming that this single-particle angular momentum has a
well-defined value, or in other words that we are dealing
with a pure angular momentum state [14]. This assump-
tion introduces another restrictive condition, namely
b, (a = T3, a'=

—,', k), which allows the k =0,2 values only.
In the following we will assume the validity of this as-
sumption; the lack (or presence) of the P4(cos8) term in

the experimental angular distribution may indicate the
validity (or otherwise) of this assumption. Using a'
values other than —,

' shows for instance that a'= —,
' with a

0.01 admixture would result in a measurable P4 term in
the angular distribution of the E1-forbidden transitions.
It also shows that the signs of P4 for the Lt (L3Mz) and
Ls (L3M3) transitions should be opposite.

Relativistic effects are important [19] and following
[20] it can be easily shown that the strength of the small
part of the L3 electron Dirac wave function is around
30%—40%%uo of the large part. Although the spherical part
of the small component has a d3/7 type wave function
while the large component has a p3/p type wave function,
for the description of the angular distribution only the to-
tal j=—,

' angular momentum will be important with the
used approximation [21]. However, recent studies [22]
show that the magnetic correlation energy is greater than
the Coulomb one for medium and heavy atoms, which
may affect the angular distribution of E1-forbidden tran-
sitions.

Following the assumption of the theoretical works
[7,8], that the vacancy state, created by the ionization
and filled during the observed electromagnetic transition,
has a well-defined (pure) angular momentum, we have
only one angular momentum value for each a and b state.
Thus it is straightforward to obtain expressions for the o.
parameters. These were already reported for transitions
where only two multipole components are present [16],
but for completeness we rewrite them again

a(L/) =(0.5 —&35,—0.55, )/(1+5, ),
a(La&) = —0.4,
a(Lai ) =(0.1+&7/55i+0. 35715i)/(1+5i),

—0.5 —v'35'(M1/E2)+0. 55'(M1/E2)
1+5~(M1/E2)

l.5495'(M1/E2) —0.45'(M1/E2) 1.2655~(M3/E2) —0.6—5~(M3/E2)
a(Ls)=

1+5~(M1/E2)+5~(M3/E2)

(5)

5r (ML'/EL) denotes the mixing ratio of the ML' and
EL components for the marked transitions. Among the
L~-subshell x rays, the La& (L3M4) and LP» (L3%4)
transitions have a special character, namely, that magnet-
ic terms do not occur in their multipole expansions [4].
The ratio of the P anisotropy parameters of different x-

I

ray transitions, having the same final states, does not de-
pend on the alignment parameter and is dependent of the
ionization process (as long as single ionization is the dom-
inating ionization process). The ratio of the anisotropy
parameters of these lines can be written as
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P( 1) a( I)&g

~(2) ~(2)g g ~(2)
CX C

where the superscripts (1) and (2) refer to two different
transitions.

The above ratios contain information about the decay
process only, in the single-particle model, and provide the
possibility to compare the experimental results with the
theoretical calculation. These ratios depend sensitively
on the angular momentum character of the participating
atomic and photon states.

III. EXPERIMENT

A. Experimental setup
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For angular distribution measurements it is desirable
to use thin targets where the self-absorption correction is
relatively small. In this case a high-efficiency detection
technique is needed to observe the weak E1-forbidden
transitions. This implies the use of Si(Li) detectors. The
Link pic. Si(Li) detector (with resolution of 133 eV at 5.9
keV) whose response function was extensively studied
earlier [10] was used to make these measurements. For
the angular distribution measurement a thorium target
was chosen since it is almost isotopically pure Th with
nuclear spin zero. It has a further advantage that the es-
cape peak of the L a transition does not overlap with any
electric-dipole-forbidden transition designated for study.
The target was a 1-mg/cm -thick self-supporting metal
foil. It was placed in the center of the scattering chamber
described earlier [23], and is similar to those previously
used by others [24,25]. The chamber, made of 1-cm-thick
aluminum, is cylindrically symmetric around the axis
perpendicular to the plane in which the detector is rotat-
ed, with an entrance hole window for the excitation
beam. A 1-cm-wide horizontal slit window from 10' to
145 on one side and a window at 60' on the other side
permit observation of the x rays. The slit and the win-
dow are covered with 0.050-mm-thick Mylar foil; the
inner diameter of the chamber is 5 cm, and the inner sur-
face of the chamber is covered by a 1-mm-thick carbon
layer. The beam was collimated to 1 mm in diameter and
had 2.5X10 rad angular divergence. The angular dis-
tributions were measured at 1-, 2-, 3-MeV proton projec-
tile energy. The proton energy stability of this Van de
Graaff accelerator is less than 0.3%, and during the
course of the measurement the beam current fluctuated
less than 10%.

Two Si(Li) detectors viewed the target. The principal
detector, manufactured by Link pic. , was placed on a
turntable to take observations in the 22.5' —120 range.
The second detector, manufactured by Ortec (resolution
180 eV at 5.9 keV) was used as a beam monitor detector.
There were 3-cm air gaps between the detectors and the
Mylar foil covering the slit and the window on the
chamber. An additional 450-pm Mylar absorber was
used in front of the Link detector to reduce the yields of
the highly intense M x rays. The detector was collimated
to 2 mm by a tantalum collimator to restrict the x rays to
its central region, where the response function has very

FIG. 1. L x-ray spectrum of thorium target bombarded by 1-
MeV protons and measured with a Si(Li) detector at 60 .

small low-energy tailing. A Nuclear Data 575 analog-to-
digital converter equipped with an ND595 digital stabil-
izer recorded the spectra. The order of the observation
angles was selected randomly, with each individual spec-
trum containing more than 10 counts in the LI line. The
count rate was 1500 counts per second for the 1-MeV
protons and 2200 cps for the 2- and 3-MeV proton pro-
jectiles. Spectra were collected at ten angles for each pro-
ton energy, with about 5 h needed to collect each spec-
trum at these rates. A typical spectrum is shown in Fig.
1. A test measurement of 3-MeV proton impact on 20-
pg/cm Ni on a Mylar foil was performed, to check the
geoInetrical alignment of the beam, target and the two
detectors. The Ka,KI3 spectra obtained by the two
detectors were fitted and the ratio of the intensities
detected by the movable detector were normalized to the
one of the fixed detector. Both the Ko.
(P=0.0004+0.004) radiation and the intensity ratio of
Ka and KP radiation (P= —0.006+0.005) in the spectra
of the movable detector were found to be isotropic as a
function of the detection angle.

B. Data evaluation

We have fitted the x-ray spectra in three energy ranges.
The first range contained the Ll (L3M&), Lt (L3M2), Ls
(L3M3) lines and the unresolved Lal z(L3M4 5) doublet
(Fig. 2). The second range covered part of the La dou-
blet, the Lrl line, and the Lp group (Fig. 3), while the
third range was limited to the Ly group. In all ranges, a
quadratic polynomial background was assumed. The
response function of the detector (Link Series E) used
here had been characterized earlier using monochromatic
x rays [10]. The detector tailing was found to be very
small above 10-keV energy where the L x rays of thorium
occur. The same model was used for the detector
response function as was reported earlier [10], viz. , the
sum of a Gaussian component and a low-energy tail com-
ponent, the latter of which is constructed from an ex-
ponential tail, a long Bat shelf extending to zero energy
and a truncated Bat shelf extending just beyond the sil-
icon escape peak. Additionally we have the silicon es-
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the principal lines (Ly5, Ly„Ly2 3 6) and simple Gauss-
ians for the weaker transitions. The Lorentzian widths
used are presented in Table I.

After the fitting procedure, each of the line intensities
was corrected for self-absorption. The line intensities in
the L y group were summed and the resulting overall L y
intensity was used later for normalization. For the 2-
MeV proton case the Ly yields were normalized to the
monitor detector La yields and were found to be isotro-
pic as a function of the detector angle, which is in good
agreement with earlier results [25] and with the theoreti-
cal expectation for single ionized atoms. Thus it is possi-
ble to employ the Ly value as a normalization; using data
obtained with one detector only has the advantage that
any small change in the solid angle because of beam
movement, or any dead-time effect in one or the other
detector, does not affect the results. Also, since the self-
absorption varies with angle, normalizing the line of in-
terest to that of the L y group has the advantage that the
self-absorption correction for the ratio is less than 2% at
every angle for this target thickness. Any inaccuracy in
the local thickness or the self-absorption correction will
be negligible.

A sampling of the electric-dipole-allowed transitions
angular distributions is shown in Fig. 4 with the line in-
tensities normalized to that of the L y group. Our earlier
studies [11,12] have shown that the separation of the La
doublet into Ln& and Lo,2 lines can be made using this
Si(Li) detector and the fitting procedure described, pro-
vided that the spectrum has high statistics. Not only the
expected intensity ratio but also the expected Lorentzian
width were reproduced. The angular distribution mea-
surement shows that this procedure gives reliable results,
and as shown in Fig. 4, the angular distributions at every
proton energy are well described by the expected second-
order Legendre polynomial with the error bars from the
fitting procedure consistent with the scatter of the data
points. The intensity of the Le, transition was divided
by 12 to allow its presentation in the same figure.

The angular distributions obtained for the E1-
forbidden Lt and Ls transitions are shown in Fig. 5(a) for
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FIG. 4. Measured angular distributions for the Ll, La2, and

La& transitions of thorium bombarded by 1-, 2-, and 3-MeV
protons as a function of the second-order Legendre polynomial.
The intensity of each L x-ray line is expressed relative to the in-
tensity of the Ly group x rays. The intensity of the La, transi-
tion was divided by 12 to allow its presentation in the same
figure.

TABLE I. The Lorentzian widths of the L x-ray transitions
of thorium used in the fits. 0.005 o o o

Transition

L3Mi (Ll)
L3M2 (Lt)
L3M3 (Ls)
L3M4 (Lul)
I,M, (L~,)

L2M i (L r/)

L3N, (L/36)

L,N4, (L/3„,)

L,M, (L/3~)

L,M, (L/3, )

L~M4 (L/3, )

L&M4 5 (L/3)o 9)

L2%4 (Ly])
L, X2 (Ly2)

Widths (eV)

25.5
20.7
20.7
12.1

11.8
26.7
33,7
20. 1

24.2
24.2
11.0
14.6
23.4
32.9

0.000
—0.4—0.2 0.0 0.2 0.4 0.6 0.8 1.0

P (cosg)

FIG. 5. Angular distribution of the dipole-forbidden Lt and
Ls transitions of thorium ionized by 1-MeV protons, and nor-
malized to the intensity of the Ly group x rays. The upper part
corresponds to the fit with averaged tail parameters (see text).
The middle part represents the results of the fitting procedure
with variable tail parameters. The lower part shows the tail
area in the variable fit as a function of the second order Legen-
dre polynomial. The dashed line and full curve are the best fits
by the Po+P2 and the Po+P2+P4 functions.
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1-MeV proton impact. It is reiterated that the spectra
were fitted using averaged tail parameters deduced from
the sum spectrum over all angles. The unexpected
feature is the deviation from linear behavior. The dashed
lines represent the best fit by the function of zero- and
second-order Legendre polynomial. The full curves
represent the fit by the Po(cos(8)) +Pz(cos(8))
+P4(cos(0)) function. The presence of the P4 term
would imply in the independent-particle model that in
Eq. (I) a and a' could not have the same value of —,', be-
cause of the ~a —a'~ ~4 ~a+a' angular momentum con-
servation. In other words, the vacancy state is not in a
pure —,

' angular momentum state, but there is a certain ad-
mixture of states with —,

' or larger angular momentum
value. In the dipole-allowed transitions there was no in-
dication of a P4 term, but there it would be about 10
times smaller because of the strong dipole selection rule
h(L, L 'k).

The possibility that the detector response function
(tail) was time dependent over the course of the measure-
ment, thus producing a small variation in the pattern of a
P4 term, cannot be entirely excluded. For this reason the
spectra were refitted with variable tail parameters but
with fixed Lorentzian values. The quality of the fit was
the same for the Ll La range. F—or the LP complex it
reduced the g value and the residuals by a factor of 2;
however, it did not give clear evidence of better represen-
tation, since in the fit the Lorentzian values of the L133 4
lines were assumed to be the reported values [27], and for
the L3-0,P transitions the same value was assumed.
Especially the L/33 4 intensity ratios and Lorentzian
widths have considerable scatter in the literature. If
these model assumptions are not correct, the tail parame-
ters may in part act to compensate the deviation. In ad-
dition it was found that we could not use the outer-shell
binding energies from Ref. [28] for the fit. When the en-
ergies of these x rays were left as variables of the fit, the
resulting values diff'ered from Ref. [28], although they
were dependent on the assumed tail and Lorentzian
widths. Nevertheless they were close to the more recent
values reported by [29]. The results of this fit gave the
same angular distributions for the dipole-allowed transi-
tions; even the individual ratios were not altered at any
angle. This is not surprising as the total tail area is less
than 0.5% of the peak area. Although the Ls line intensi-
ty is 0.07%%uo of the La peak, the tail area under the Ls
peak area is of the order of 20% of the Ls peak intensity,
and at that level the change in the tail parameters will
affect the calculated peak area. It is obvious that the tail
parameters will modify the Ls line intensity, but they can
only modify the Lt intensity through modifying the back-
ground, or the Lorentzian tail by modifying the Lorentzi-
an widths. Fitting the spectra in this way (variable tail as
opposed to average tail) gave the same results for the Ls
and Lt anisotropy in each of the 2 and the 3 MeV mea-
surements, and together with the 1 MeV measurement
they are presented in Fig. 6. However, for the 1 MeV
measurement this fit resulted in a smaller P4 term Fig.
5(b) with much of the P4 dependence accounted for in an
angular dependent tail area, Fig. 5(c).

0.012
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Lt Ly

0.008
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0.01 0
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0.008

0.006 Ls/Ly

0.010

0.008
Lt/Ly

0.006
I

0.0
I

0.4

Ls/Ly
1

0.8

P (cosg)
FIG. 6. Angular distributions of the dipole-forbidden Lt and

Ls transitions of thorium ionized by 1-, 2-, and 3-MeV protons,
and normalized to the intensity of the Ly group x rays. The
dashed lines are the best fit by second-order Legendre polyno-
mial, while the full curves represent the fit by second- and
fourth-order Legendre polynomial.

The possible origin of this angular distribution in the
tail area is not clear to us, since the scattering chamber is
cylindrically symmetric around the axis perpendicular to
the observation plane, except for the small area openings
for the beam entrance and the x-ray exits. If it has an
origin in some scattering process of x rays, we would ex-
pect the same angle dependence at every proton energy.
However, it was not observed in the 2 and 3 MeV mea-
surements. The radiative Auger transitions have low
transition probability for this subshell. We did not find
any angular distribution formula for the radiative Auger
transitions in the literature, and we did not attempt to
calculate it. In our case the outgoing Auger electron is
not observed, and this corresponds to the "stretched" an-
gular momentum case [30]. If this P~ dependence has an
origin in the radiative Auger process it should show up at
other proton energies, and should have the same energy
dependence as the alignment parameter, but again it was
not visible in the data. As an additional test we analyzed
the LI range including the radiative Auger transitions at
the associated energies, and again the intensities obtained
cannot explain this angular distribution.

The possibility of time-dependent detector response be-
ing the cause of this effect was pursued further, through
an analysis of the M-shell x rays, which are present in all
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the accuracy of the data reported in Ref. [11]. It also
shows that the Lorentzian broadening is important for
the determination of peak areas, especially when angular
distributions are studied, since the underlying Lorentzian
tail has the same angular distribution as the peak to
which it belongs.

IV. RESULTS AND DISCUSSION
N
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FIG. 7. Lorentzian widths of the Ll and La& transitions of
thorium as a function of the observation angle for 1-MeV pro-
ton impact.

our L x-ray spectra. We fitted the M x-ray region and ex-
tracted the intensities of the Ma, Mp, and My groups
and the corresponding silicon escape peaks. The intensi-
ty ratios of each escape peak to its parent were found to
be constant, showing no trends with detector angle. Fit-
ting these data with the function (2) gave a value of
—0.0054+0.014 for the anistropy parameter p2. When a
P4 term was included in the fit, the resulting coefficients
were P2 = —0.0055+0.015 and /34

= —0.0005+0.01.
There is thus no evidence from the escape peak ratios of
any changes in the dead layer characteristics that would
cause the detector response function to alter. The unifor-
mity of the escape peak ratios and their lack of anisotro-
py thus provide an additional indication that the P4 term
does not arise from time dependence of the response
function.

As a final check we repeated the fit for the LI and La
range, letting the Lorentzian widths, line intensities, and
tail parameters be variables of the fit. The La2 width was
fixed relative to the La, width assuming the same ratio as
was reported in Ref. [31]. In Fig. 7 the Lorentzian
widths are plotted as a function of the angle and, as is
shown, the widths were not affected by the variation in
tail parameters. The remarkably small scattering of the
Lorentzian widths indicates the reliability of the fit, and

The angular distributions of the analyzed transitions
are presented in Fig. 4 for the Ll, Lo,'2, and Lo.

&
transi-

tions, and the parameters of the fitted angular distribu-
tions are listed in Table II. For the 1-MeV data we per-
formed various fits: neglecting tailing completely, using
various tail functions, variable Lorentzian widths, etc.
From this study we determined the dependence of the an-
isotropy parameters on the assumed model, in order to
estimate the systematic errors in data evaluation. These
errors are shown in parenthesis and we consider them as
upper limits for the systematic error.

The first important piece of information is the angular
distribution of the L2 transitions normalized to the Ly
group. The Lr/ (L2M&) transition has a special character
in that both the initial and final state are —,

' angular
momentum states, which excludes the possibility of any
alignment effect on the initial or final states. This transi-
tion would thus give a direct measure of any anisotropy
of the Ly group. Additionally it is located on the pro-
nounced tail of the L/32 &5 and Lp6 transitions, which
have large anisotropy. If part of that tail area had been
included in this peak it would have shown up in the angu-
lar distribution, but this was not the case, as the normal-
ized peak intensity ratio was found to be isotropic at
every projectile energy. Similarly the L/3& peak which
originates from the filling of the L2 subshell vacancy by
an M4 subshell electron was found to be isotropic at all
energies. This transition is a very intense one, which is
little affected by the fitting methods. It can serve as the
measure of any alignment effect on the M4 shell, if there
is a simultaneous ionization in this shell. Such an effect
was not found, in accordance with the theoretical expec-
tations [6,32]. The LP&/Ly and the L/3&/Lrj intensity
ratios were found to be isotropic. Since the Ln2 transi-
tion is filled from the M4 subshell this transition would be
affected in the same manner.

The principal aim of the present study was to deter-

TABLE II. Anisotropy parameters [pz, Eq. (3)j for the relative x-ray yields of various L-shell transi-
tions for proton impact on thorium. The systematic errors are shown in parentheses.

Transition

Ll /Ly
La2/L y
La, /Ly
Le, 2/Ly

L/36/L)
L/3z, |s/L )'
L/3, /L y

1 MeV

—0.138+0.007 (+0.002)
0.156+0.002 (+0.005)

—0.0377+0.0022 (+0.002)
—0.0190+0.0016 (+0.001)
—0.0065+0.0064
—0.1407+0.0066
—0.024+0.003

0.004+0.015

—0.0956+0.0043
0.0814+0.0047

—0.0244+0.0019
—Q.0154+0.0016
—0.0028+0.0041
—0.0825+0.0050
—0.0145+0.0014

0.008+0.014

3 MeV

—0.0288+0.0020
0.0289+0.0035

—0.0067+0.0018
—0.0032+0.0019

0.0029+0.0062
—0.0301+0.0026
—0.022+0.017

0.009+0.013
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mine the angular distribution of the E1-forbidden transi-
tions and to probe the consistency between anisotropy
parameters of E1-allowed transitions. For this reason we
did not derive alignment parameters to compare with
ionization theories. In the single-particle model the ra-
tios of the anisotropy parameters are equal to the ratios
of the a parameters [Eq. (6)]. These ratios are presented
in Table III, with the single-particle model ratios [7,8, 16],
calculated using the multipole mixing parameters of the
RHF calculation [7]. Any disagreement between the ex-
perimental and the theoretical values may come from the
invalidity of the single-particle model or from the mixing
ratios. Since these ratios characterize the decaying atoms
only, at first sight it might be thought that these ratios
should be independent of the ionizing proton energies.
This idea governed our earlier studies [6,9], where we
carried out measurements at only one projectile energy,
chosen to provide the maximum alignment value
(A2= —0.5). This value is accidentally the same as the
Az value of the L3 subshell in K-L angular correlations.
Since the components of the alignment tensor are propor-
tional to the spherical components of the electric quadru-
pole tensor [14], when there is a large alignment there
will be a large deviation from the spherically symmetric
potential. This deviation will depend on the proton ener-
gy through the energy dependence of the alignment ten-
sors. Similar mixing of the atomic state might then be
expected as was found in the case of anisotropic angular
correlations between K x rays and y rays caused by nu-
clear quadrupole deformations [33,34]. Theoretical cal-
culations for the angular distributions using the two po-
tential formalisms similar to [3] but allowing directional
wave functions as used in Ref. [35] would be necessary to
describe this type of mixing. Indeed the 2@3/2 wave func-
tion has strong directional dependence. If we assume
22= —0.5, which is near the value of the alignment at
1-MeV proton impact, using the equation of
& 2o

= [o ( —'„—,'
)
—o ( —'„—,'

) ]/[ o ( —,', —', ) +o ( —,', —,')] we calculate
that the j=—'„m =

—,
' state has an ionization cross section

[denoted by o( —,', —,')] 3 times larger than the j=—'„ I=
—,
'

state. The largest effect would have been on the 3s, /2
state since there is a strong correlation between the 2p3/2
and 3s»2 states [19]. In this case Eq. (3) may not be val-
id, and one may need a more complicated expression,
which can be approximated in first order as

(7)

Since the ionization and decaying processes can be treat-

ed independently, the separation of the Ak term is
justified. We think from this simple model, which needs
confirmation or otherwise from theoretical calculations
that the energy dependence of the anisotropy parameter
ratios cannot be excluded.

Although the size of the energy dependence of the an-
isotropy parameter ratios is comparable with the error
bars in some cases, it suggests an energy-dependent trend.
Using our sophisticated spectrum fitting technique, and
taking advantage of the good resolution Si(Li) detector,
with high counting statistics, we believe that the anisotro-
py parameters are reliable for the well-separated transi-
tions such as Ll, La, 2, Lp6, normalized to the L y group.
At the outset we did not expect similarly reliable data for
the La2 transition since it is unresolved from the La&
line, which is an order of magnitude more intense; how-
ever, the analysis proved otherwise. The Lo.2 and Lo:&
line intensity ratio determined from the angular distribu-
tion fit [the ratio of Wo from Eq. (2)] was 0. 112+0.02;
this value was independent of the proton energy and was
in good agreement with the theoretical value of Scofield,
which is 0.114. The angular distribution was extremely
well described with the P2(cos(g)) function (Fig. 4). Ad-
ditionally the Lorentzian widths were constant at every
angle, and the scatter of the experimental points was very
small (Fig. 7). The most reliable data are expected at 1-
MeV proton energy, where the anisotropy is large. At 3
MeV the transitions are almost isotropic and as a conse-
quence the ratios of anisotropy parameters bear large er-
ror bars. The angular distribution of the Lt and Ls tran-
sitions are presented in Figs. 5 and 6 and in Table IV,
where the first row at every transition has the parameters
of the fit by zero and second order, while the second row
has the parameter values by zero, second and fourth-
order Legendre polynomials. At 1 MeV both fitting
methods result in a P4 term that is larger than one-
standard-deviation error for the Lt transition. At 3 MeV
the presence of the P4 term is pronounced. The P4 pa-
rameter has a monotonic dependence as a function of the
proton energy, as does the alignment parameter. The
presence of the P4 term is not expected on the basis of the
independent-particle model, as was discussed earlier in
the data evaluation section.

To make a comparison, we calculated the transition
probabilities with the computer code ciRAsp [36], assum-
ing closed outermost shells and single configurations; this
was done using a RISK6000 computer. The following
values were obtained for the mixing ratios in Coulomb
gauge:

~
5(Lt:M 1/E2 )

~

=0.233, o(Ls:M 1 /E2 )
~

=0. 128,

TABLE III. Anisotropy parameter ratios of various relative x-ray transition yields of the L3 subshell
of thorium. The theoretical values were obtained from Ref. [7].

pz ratios

LI /Lal 2

LP6/La, i
Ll /La,
La& /La2
LP6/Lap
Ll /Ln)

1 MeV

7.27+0.69
7.41+0.69

—0.88+0.04
—0.242+0.013
—0.90+0.034

3.66+0.29

2 MeV

6.22+0.70
5.37+0.66

—1.17+0.08
—0.299+0.029
—1.013+0.085

3.80+0.43

3 MeV

5.07+ 1.31
5.26+ 1.39

—1.04+0. 14
—0.24+0.07
—1.075+0.157

4.31+1.12

Theoretical

7.74
7.65

—1.208
—0.286
—1.193

4.217
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TABLE IV. Coefficients of the angular distribution fits for the electric-dipole-forbidden transitions
of thorium ionized by proton impact. The first row at every transition has the parameters of the fit by
zero and second order, while the second row has the parameter values by zeroth-, second- and fourth-
order Legendre polynomials. The individual spectra were fitted by two methods: (i) using average tail
parameters for Si(Li) detector response function (see text), (ii) allowing variable tail parameters for the
fit. In the 2- and 3-MeV cases, the two methods gave the same results.

Energy

1 MeV
Average tail-

Transition

Lt /L7

Ls/Ly

Lp9 &p/L)

0.057+0.037
0.041+0.021
0.083+0.055
0.085+0.027
0.0177+0.0261
0.0173+0.012

—0.131+0.031

0.192+0.041

—0.097+0.019

2
Xv

4.2
1.10
5.6
1.25
9.5
1.831

1 MeV
Variable tail

Lt /L7

Ls/Ly

LI39, Io/L)'

0.070+0.022
0.067+0.016
0.085+0.013
0.084+0.014
0.025+0.026
0.014+0.027

—0.043+0.025

—0.016+0.022

—0.033+0.042

1.21
0.96
0.4
0.45
5.8
4.6

2 MeV Lt /Ly

Ls/Ly

LP9 &p/L 'V

0.023+0.032
—0.021+0.021

0.047+0.022
0.064+0.023

—0.004+0.010
—0.0011+0.020

—0.041+0.032

—0.018+0.034

—0.039+0.031

1.135
1.06
1.06
1.16
1.22
1.05

3 MeV Lt/Ly

Ls /Ly

LP9, io/&Y

0.012+0.020
0.016+0.005
0.029+0.030
0.040+0.014

—0.008+0.012
—0.006+0.018

0.069+0.007

—0.0522+0.020

0.025+0.026

1.85
1.28
1.76
1.36
1.32
1.51

5(Ls:M3/E2)~=0. 0155. Using these values we calcu-
lated the n parameters for these transitions using Eq. (6),
as a(Lt ) = —0.098, a(Ls) = —0.2207. The P2 anisotropy
parameters are in a good agreement with the ones ob-
tained from theoretical calculations, if the alignment pa-
rameters are determined from the I.a2 transitions.

V. CONCLUSIONS

Similar to earlier studies [9,11,37] the present analysis
shows that the anisotropy of various E1-allowed transi-
tions deviates from the theoretical calculations carried
out using the independent-particle model. The ratios of
the anisotropy parameters are expected to be independent
of the ionization process; however, they showed a depen-
dence on the proton energy. This energy dependence
cannot be explained by the presence of higher-order mul-
tipole transitions. Rather, its description may require the
use of more complex wave function which rejects the
directional properties (alignment) of the ionized atoms.

An attempt was made to determine the angular distri-
bution of the E1-f roibdden Lt and Ls transitions. The P2
anisotropy parameters are in good agreement with the
ones obtained from theoretical calculations, if the align-

ment parameters are determined from the Lo.z transition.
However, the angular distributions contain in addition
small fourth-order Legendre polynomial terms, an obser-
vation which contradicts the assumption that the ion
with an aligned vacancy on the 2p3/2 subshell can be
characterized as a pure angular momentum state.

If this P4 term had arisen from anisotropies inherent in
our experimental design, then similar contributions
would be expected in the E 1-allowed transitions from the
same spectra. However, none of the E 1 transitions
showed such a trend. Nor was it present in the angular
distribution of the nickel Ka radiation which we used to
test experimentally for cylindrical symmetry. The other
obvious possible origin of the effect lay in a time-
dependent detector tailing, but our experimental protocol
and data analysis appear to preclude this.

The present measurements show the same disparity
with theory for E 1-allowed transitions as was found ear-
lier. Presently available single-particle models exclude
the variations in anisotropy parameter ratios for such
transitions. Turning to the El-forbidden transitions, the
P4 term is absent in nonrelativistic single-particle models;
however, the question of whether all models exclude it is
a complex one, and, as we indicated, relativistic effects
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need to be better understood. We suggest that the next
step might be to carry out measurements using polarized
photons for excitation where the combination of the vari-
ous mixings (e.g. , M2/E 1 or mixed angular momentum
states) are diff'erent than in the cylindrically symmetric
systems; many transitions will have large P, terms, which
are very sensitive to the participating angular momenta.
In addition, the components of the polarization tensor
can also be determined. Also, it would be useful to make

theoretical angular distribution calculations available
with more refined wave functions [35,38].
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