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Time differential observation of the perturbed linear polarization distribution of vy radiation
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The precession of the plane of polarization of y radiation in an external magnetic field was observed time
differentially. As this experiment is in full analogy to that done by Hanle in 1925 on atoms, we called this
behavior nuclear Hanle effect. The measurement was performed with a pulsed proton beam of 5.5 MeV,
which defined the moment of excitation of the 197 keV level in the '°F nucleus. The result is well described
by a simple theory in accordance with the theory of perturbed angular distributions.

of 1F (197 keV level), deduced g.

IEIUCLEAR REACTIONS !®F(p,p’'), E=5.5 MeV; measured nuclear Hanle effect]

INTRODUCTION

In the formulation of the theory of perturbed
angular correlations (PAC’s) with time independent
interactions given by Leisi,! the PAC is interpre-
ted as a quantum mechanical interference pheno-
menon.

One of the oldest experiments which demonstrates
the importance of atomic coherence was done by
Hanle in 1925,% who investiged the polarization
of the scattered radiation in resonance fluores-
cence. The excitation of the atoms in a mercury
vapor cell was effected by linear polarized light
of a mercury lamp in order to get an alignment of
the atomic states which is realized if the population
parameters of the magnetic substates Ib,) fulfill
the following condition:

P(b,)=P(=b,), but P(b,)# P(b,) for i#j .

Hanle found that the degree of polarization of the
resonance light scattered by the atoms in the vapor
cell could be diminished by a magnetic field ap-
plied parallel to the direction of observation of

the emitted light. More detailed reviews of the
Hanle effect are given by Kastler® and by Carring-
ton.*

It was shown in recent papers®® that the equi-
valent experiments could be done with nuclei where
the alignment and the excitation were done by a
nuclear reaction. In these experiments the depen-
dence of the linear polarization of y radiation from
the strength of an external magnetic field was in-
vestigated with an experimental setup, where the
axis of the magnetic field was parallel to the di-
rection of observation and perpendicular to the
beam axis. For a qualitative discussion of the
time integral nuclear Hanle effect (NHE) it is
useful to consider two extreme cases:

(1) 7wy, > . The hyperfine splitting Zw, is
larger than the natural line width I' of the excited
nuclear level; then the AM=1+1 components of the
transition are right-hand circularly (RHC) and
left-hand circularly (LHC) polarized. There is no
interference and therefore also no linear polar-
ization.

(2) Zw, < I'. The RHC and LHC polarized com-
ponents cannot be distinguished energetically.
Therefore they interfere, which leads to a linear
polarization of the radiation.

With increasing magnetic field, which means in-
creasing Zeeman splitting, the linear polariza-
tion decreases.

In this paper we discuss a NHE experiment with
a pulsed accelerator beam. In this case it is pos-
sible to define the moment of excitation of the
nuclei and therefore their decay can be observed
differentially.

THEORY

We consider a pure transition from an excited
nuclear level |J,, ,b) to a level |<§1¢ ,C), where the
ensemble of the excited nuclei is described rela-
tive to a z axis (in our case this will be the axis
of the accelerator beam) by the population param-
eters P(b) of the magnetic sublevels Ib). If such
a state |b) interacts with an external magnetic
field or an axial symmetric electric field grad-
ient, it is useful to choose the axis of quantiza-
tion (z” axis) parallel to the field direction, as
in the z’ system the interaction Hamiltonian is
diagonal. Generally the ensemble of excited nu-
clei must be transformed fromthe z to the z’ sys-
tem and the radiation field from the z’ to z” sys-
tem, if the direction of observation (2" axis) does
not coincide with the 2z’ axis. The transformations
are performed by the three-dimensional rotation
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matrices adg (S) and % (R), where S and R stand for the triple of the corresponding Euler angles.
The transition amphtude for ¥ quanta with the circular polarization ¢ is given by’

A%, ¢) __(_)”2 Z q" &'y Ee*iT/ 2/ (_ 1)3c-c<‘gc L g,

-c M b’

)w,_. I 7,11 9,) D5 (R0, (5) (1)

In this formula it is assumed that the line width T is equal for all substates |b) and zero for the sub-
states |c) (that means |élc, ¢) is assumed to be the ground state of the nucleus). The observed intensities
of the radiation polarized parallel (I,) and perpendicular (I,) to the zz” plane respectively are the absolute
values of the amplitudes weighted with the population parameters P(b) and averaged over all substates Ic),

Iy, =ZP(b)Z IA"'l(b,C) |2
b c

with

(2)

1 ’
All,J.(b’ c)= (A b,c)FA™(b,C) .
vZ
With the usual definition of the linear polarization one gets

Ey; - E
2 P(b)l:z Foray + E |5°cb§ | cos(zpb,‘b9+ _ﬁ_'!t )]
- IJ. —Iu - b
L+l 2o P(b)| 23 F 2 | Fyeys, | cos v BoizBop, ’ @
b v ooy (b] 6 b3y Poiry 13 )
where the following functions were introduced for abbreviation:
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E]
contains all information about the nuclear spins
and the geometry of the problem, where the hyper-
fine interaction appears only in the interference
terms.

If the direction of observation of the ¥ quanta

The factor Pbi"? is different from zero only if

("

bj-c=—(bj-c)==1.

coincides with the z’ axis in Eq. (1), all compo-
nents of the rotation matrix Df,q (R) with g#+1
vanish. For this special geometry of the NHE
the interference terms in the denominator and
the hard-core term in the numerator of Eq. (3)
vanish. Then the polarization can be written in
the following form:

Considering a ¥ transition with §, =3 and §, =3
and a pure time independent magnetic interaction
with the magnetic field perpendicular to the di-
rection of observation one gets

p=pocos(P+2w, t), (8)

where p, can be expressed in terms of the popula-
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tion parameters P(b,) by the equation®
_ 0.4P(3) +0.6P(3) - 1.0P(3)
" 0.4P(3)+1.0P(2) + 1.0P(3)
and w, is the Larmor frequency:
wy= guyB/R. (10)

In this equation g is the g factor of the state Iél,,),
Ky is the nuclear magneton, and B is the external
magnetic field.

bo (9)

EXPERIMENT

The measurement of the time differential nuclear
Hanle effect was performed with the 197 keV ¥
radiation from the second excited state in *°F
(J7=3", 7=128.8 nsec, g=1.476+0.016).® This
level was populated by the reaction **F{( p,p’) 1°F*
with a proton energy E, =5.5 MeV. The protons
were stopped in the target, which was made of
powder cubic crystalline CaF,, pressed in form
of a small disk. With this condition one gets a
sufficient alignment of the °F-3* state, which was
determined from the measured angular distribu-
tion shown in Fig. 1.

With the population parameters of the 3” level
obtained from a Legendre fit, the linear polariza-
tion could be determined according to Eq. (9). In
addition one has to ensure that the population
parameters are not changed during the lifetime of
the excited state due to nuclear relaxation. This
is true if T,, > 7. As the 3 level in '°F possesses
a quadrupole moment |Q | =(0.100.02) X 107** cm?
(Ref. 9) the angular distribution as well as the
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FIG. 1. Angular distribution of the 197 keV vy radia-
tion in 1F after a (p,p”) reaction with E,=5.5 MeV
(thick target).

polarization can be perturbed by quadrupole in-
teraction. To avoid such perturbations it is nec-
essary to have the '°F nuclei in a cubic lattice or
in a liquid. If microcrystalline CaF, is used for
the target it was shown by Heubes et al.'° that the
relaxation time is sufficiently long. The linear
polarization of the radiation was measured with a
usual Compton polarimeter described in Ref. 11.
The sensitivity of the polarimeter was determined
to be =10 for the 197 keV ¥ radiation, which
means that for a 100% linear polarized radiation
about 90% of the quanta are scattered perpendicular
to the plane of polarization. In this energy range
the Compton effect is therefore very sensitive to
linear polarization.

The experimental setup was the same as de-
scribed in Ref. 5. The external magnetic field was
produced by an electromagnet with an axial hole
in one pole cap which performed simultaneously
the entrance diaphragm for the polarimeter. A
schematic drawing of the setup is given in Fig. 2.

In order to do a time differential measurement
of the NHE it is necessary to fix the moment of
exciting the nuclear level. This was done by the
use of a pulsed accelerator beam. The pulse
frequency was 2 MHz corresponding to a pulse
distance of about 500 nsec. The lifetime of the
excited level was 128.8 nsec; therefore it was
ensured that nearly all the activity was faded away
until the occurrence of the next pulse. With a
pulse width of full width at half maximum (FWHM)
=10 nsec we obtained an averaged target current
of about 5 nA. Because of the time resolution of
the experiment, the Larmor frequency must be
essentially smaller than 628 MHz; on the other
hand, tt should be as high as possible to get many
ripples during the lifetime.

The magnetic field was therefore chosen to be
B=8.7 kG corresponding to a Larmor frequency
of about 61 MHz. The electronics we used were
standard; a schematic diagram of the circuit

D2
beam
a?us/’/'
magnetic e
field ~ (¢
e o P Pl
/\/

—/‘
~ D1

FIG. 2. Schematic drawing of the experimental setup.
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FIG. 3. Schematic circuit of the used electronics.

is shown in Fig. 3.

The TPC is started with the coincidence signal
from the Compton polarimeter and stopped with the
time signal of the accelerator pulse. Therefore in
our TPC spectra the time axis goes from right to

COUNTS
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T T T T T T
0 100 200 300 400
CHANNEL
FIG. 4. TPC spectra of the two NaJ(T1) detectors D,
and D, in the Compton polarimeter. (The scale at
the left side is only valid for the rate N, .)

left. The obtained TPC spectra N, (¢) and N,(¢)
are shown in Fig. 4.

From the two spectra N, () and N, (¢) the expres-
sion

N.L "Nn

R(t)= N, +N,

(11)

was calculated channel by channel and fitted with
the function
R(f)=R,cos(2wt+ ¢) , (12)

where ¢ concerns beam bending, apparative asym-
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FIG. 5. Time dependence of the ratio R, which is proportional to the linear polarization, including a fit according to

Eq. (12).
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metry and the phase ¥ in Eq. (8), The data in-
cluding the fit are shown in Fig. 5.

The resultant frequency obtained from the fit is
w=61.37+0.15 x 10° sec™ . (13)

This leads, together with the magnetic field of
B=8.71+0.2 kG, (14)

to a g factor of the 3" level of

oxp= 1.47+0.03. (15)
The experimental value is in good agreement with
£=1.476+0.016 (16)

given by Ref. 8.

We also tried to fit the experimental values with
a damped cosine function due to relaxation pro-
cesses, but no damping could be observed. The
maximum polarization was obtained from the fit
(12) together with the sensitivity » of the polari-
meter to

v+

bo= R,=0.216. amn

X

DISCUSSION

As was shown in a recent paper,® the time
averaged values of the linear polarization in a
NHE experiment decrease with an increasing mag-

netic field, which can be described by two fac-
tors:

(1) a depolarization given by a factor of
[1+(2w,T)?]"*/2 and

(2) a precession of the plane of polarization
around the direction of the applied magnetic
field given by the time averaged angle ¢,
=0.5 arctan(2w, 7).

In a recent paper we discussed these two pheno-
mena.® In a time differential observation no damp-
ing of the polarization occurs, therefore the pre-
cession of the plane of polarization can be seen
directly. Equation (8) may be interpreted in this
picture asthe precession of the plane of polariza-
tion around the direction of the magnetic field
with the frequency 2w, .

The absolute value of the maximum polariza-
tion can be increased by using an aqueous solution
of BeF, as a target instead of solid CaF,. This
effect shows that there exists a short time re-
laxation process in a cubic lattice. Perhaps this
depolarization process which takes part in less
than some nanoseconds is caused by radiation
damage of the CaF, lattice. There is some evi-
dence that even in the cubic CaF, an electric field
gradient is seen by a certain part of the excited
nuclei after the nuclear reaction. Investigations
of this electric field gradient and its temperature
dependence are in progress.
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