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MEASUREMENT OF THE PLANE POLARIZATION OF GAMMA RADIATION
e ’ . ‘James ‘N. Haag

Lawrence ‘Radiation Laboratory.and Department of Chemistry
University of Califernia
-Berkeley, Califernia

ABSTRACT

A simplified experimental technigue, utilizing Cempton scattering as
the analyzing process, has been aeveloped.for-the‘measurement of the plane
-polarization.ef gamms radiation emittednfrom oriented nuclei. Nuclei of

1139 141 L . .
Ce .and Ce were aligned in a neodymium ethylsulfate:lattice at: low
-temperatures by. the magnetic hyperfine-structure method. The plane polari-
zation of the emitted gamma . radiation-was measured as a functien of tem-

perature. The measured .polarization of thisArediation was found.to be con-

'sistent.withwpublished results.
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MEASUREMENT OF THE PLANE POLARTZATTON OF GAMMA RADIATION
JamesN.-_HaagJr
Lawrence Radiation Laboratory and DPepartment of Chemistry

University of California
Berkeley, California

I. INTRODUCTION

A plane-polarized quantum has &ssociated with it an electric field
vector perpendicular to its direction of propagation and in the plane of

vibration whose orientaticn is constant in space. This gquantum inelastically

‘interacts with-an. electron so that the quantum is preferentially scattered

into-a plane perpendicular-to -its electric field'vectof, .An analogous

situation is.a~dipole antenna which radiates preferentially in a plane per-

pendicular- to-its length. -The Compton  scattering of gamma radiation is there-

fore a polarization-sensitive process. A comprehensive review article on
gamma ray polarization and its detectlon is that by Fagg and Hanna.
The plane pelarization of gamma radiation emitted from oriented nuclel

is ordinarily measured by using a polarimeter based on the one of Metzger and

'Deutsch.g This type of polarimeter basically consists of a scattering crystal

(usually an organic scintillator) of low gamma-ray detectionAefficiency S0
that the impinging gquantum is scattered only once, and two detection cryséals
(usually NaI(T1) scintillators)yof high gamma(rayrdetection.efficiency and
situated perpendicular}to‘éach other, The inherent limitation of. this type
of polarimeter is its low éverall.detection effiéiency, sipceva majority of
the quanta pass thfoﬁghsthe:scattering crystal without: intefacting. This
limitation is partially overcome with this new fechnique by‘utilizing-the
gamma -ray source  itself as:the scattering medium, and. thus eliminating the

need of a scattering crystal.
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The plane polarization of the 166-KeV gamma ray from the decay of
139 '

Ce and the:142-keV. gamma ray frem -the decay. of Ce‘lLLl were measured as
functions of tempeérature, using a Metzger-Deutsch type of polarimeter. These
results have been published..5 Then the'plane polarizatiens of these gamma

rays were measured as functions of temperature :utilizing the new technique

‘where the crystal containing the radiocactive nuclei acted asthe scatterer.

‘A comparison was then made between the two sets of data.

-IT. THE SIMPLIFIED POLARIMETER

This polarimetef;‘schemétically shown in Fig.:1, was utilized teo
measure the. plane polarizatien-of the‘l66*keV.gamma.ray ofzcél39 and. the

1h2-keV gamma ray of Célulainﬁa.low—temperature nuclear orientation experi-

‘ment. The source in Fig. -l is a 15-gram.single crystal of neodymium ethyl-

sulfate containing the cerium nuclei in lattice sites. - The source crystal

-is surrounded, by the-cylindrical glass eryostdtt encircled by two concentric

coils of copper wire (not shown in Fig. 1) utilized for magnetic susceptibility
measurements, .and the two cylindrical Dewars of the orientatien system. The

anthracene scattering crystal of the standard polarimeter is replaced.in this

‘polarimeter by the source crystal- itself, the-10-mil thickness of copper wire,

the total 10-mm. thickness of several glass walls,.the liguid helium,.and.the

"ligquid nitrogen of the orientatien.system. The two-l;OXl.5aino-NaI(Tl)

detection crystals of the standard polarimeter are replaced.by the two mutaully

. perpendicular 3X3-in. NaI(Tl) detection crystals,.the front face of each at

10 cm. from the center of the source crystal. The two arrows A and B in

fig. 1 represent polarized gamma rays which have been preferentially -Compton

‘scattered into the Nal detectors.
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Pulse-height analysis was performedvseparately on each Nal counter
so -that the appropriate Compton-scattered gamma ray events could be selected
from such events as Compton scattering of direct radiétion in the Nal crystal
itself. It should be explicitly noted that thiS'typé of peolarimeter possesses
the distinet advantage that no coincidence circuits are involved. - Further-
more, no shielding of the tﬁo.NaI crystals from direct radiation is required.

More will be said about these easily-met requirements. later.

IIT. EXPERIMENTAL PROCEDURE

59

'Thé nuclear reactiens usged to:produce Cel and Celhl.are given in

Table T. Following the reaction, cerium was separated from the target

-material by oxidation to the 44 state, solvent extraction, and.reduction . .to

thé +5‘s‘tatee4 It was then grown.into-the l5-gramvsingle crystal of'neodymium
| 5 jons. Finally, a layer of
neodymium ethylsulfate was grown ¢nto the surface of the crystal_so that the
cerium.ions would not be located_oﬁ'the surface with its relatively higher
temperature following.an adiabatic demagnetization. The cfystal.was then
mounted in a conventional nuclear orientation system.

The crystal was cooled by adiabatic demagnetization from l.EOK and
magnetic fields of up to 18 kilogauésa The magnetic:temperature-T% of the
crystal, .as a function of time after demagnetizing, was determined by
measuring the mutual inductanée of the pair. of coils surroundihg the crystal.
These values. of T%, when extrapolated to zero time, yielded a I? which could

5

%
be adjusted to the slightly different Ti from the data of Meyer” for. an
ellipsoidal neodymium ethylsulfate crystal. In other words, our crystal wad

only approximétely ellipsoidal and a small constant correction was applied
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*
to our experimental Ti so that it equaled the T§ of Meyer for the same
applied magnetic field. This censtant correction was then applied to all

% .
our experimental T . Utilizing Meyer's experimental relationship between

* *
‘T and T, we used our corrected T. to find T for the crystal.

The intensity of the gamma rays was measured utilizing the two
3x3-in NaI(T1) crystalS~mentioned.previously. A.256—channel‘pulse—height
analyzer, split into two 128-channel units, was used to record the data.
Following an .adiabatic demagnetizatien, the gamma.rays were counted for 6
minutes. Then.the crystal was warmed to 1.2%K and = further 6-minute normali-
zation count was taken. The gamma radiation was isotropic within experi-
mental error at this peméerature. The gamma-ray.intensityvmeasuremenﬁsvwere
corrected for'background. Since the low temperature measurement and the
l,EQK measurement were separated in time, corrections were made for slight
shifts in the gain‘of the counting system and. for decay. effects due to the
halflives. Since the low temperature and.thé lQQOK-intengities were different,
a correction was also made for the different electronic "dead times” of the
pulse-height analyéer. The magnitude of these four corrections améunted to

only a few percent of the measured intensities.

IV. EXPERIMENTAL RESULTS

, 1 :
The  gamma -ray- pulse-height spect:r'avovae'59"an<iL'Cell+l at 8 =0 deg

.'and 6 = 90 deg at a.temperature of‘l.EQK andrat:0.0QoK are shown in

Figs. 2 and 3, where 6 is the angle between the NaIl counter axis and the
axis of orientation. The third.line in each spectrum is for a point source
of the isotope. -Haag, Shirley and Templetoﬁshave measured as functions of

temperature the angular distributions and the plane polarizations (using a
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standard polarimeter) of the 166-keV and the 142-keV gamma rays. -They find
the nuclear megnetic moment of Cel§9.to be IMN’”z 0.95 % .20 nm and the

mixing ratio for the mixed M1, E2 .166-keV transition to be

5 (F2/M1) = + 0.034 . .03k (1)

g =1 M1,E2
> 5/2 g 112

Thus, for the spin sequence 3/2
.the polarization p may be expressed as

1+ 0.7THB6B,[(-1/2)F)(1,7/2,5/2) + 3FR(1,7/2,5/2)] @)
p = ‘ o - =7 2
1+ 0.7486B,[(-1/2)F5(1,7/2,5/2) - 3F5(1,7/2,5/2)]

147

-where the k =4 terms are exactly equal to zereo. For -Ceé ' they find

[y | = 130 £ .20 nm and the mixing ratio for the mixed M1, E2 142-keV

transition .to be
5 (E2/M1) = + 0.066.% .022 (3)

iy = 0 M1,E2

Thus, for the spin sequence : 7/2 ———— > 7/2

: > 5/2, the
142 keV e

polarizatien p . becemes

1+ Bg[(;l/z)Fé(1,5/2,7/2).+'5Fg(1,5/2,7/2)1 "
1+ B[(-1/2)RL(1,5/2,7/2) - 3EA(1,5/2,7/2))

where the 'k =4 terms are approximately equal fo zere. The value of 'B2

at each temperature can be calculated using ‘the measured fuNl and .the

STt . " . _ s
Fz(LnInIn—l)' and Fe(LnInI are functions only of the mixing ratio

v n+l)
& (E2/M1) and.the spin sequence.
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Using the neW‘polarimeter, spectra such as shown. in Figs. 2 and 3 were
measured as functions of temperature simultaneously at 6 = 0 deg and 8 = 90
deg; The change of»intensity»with'temperature of the spectra . in the .peak at

139 o SIS . . L
166 keV for Ce ”7 and at- 142 keV. for Ce agreed with the.previously published

3

results. ‘However, the'intensities in the Compton region of the spectra dis-
played an entirely different relationship than did the peak intensities.
Schooley -et 31.6 have independently found.this same effecf and these reéults
corroborate thpir,intepfefation of it.

It>was noticed that an appropriate calculation based on the resﬁlts of
_these-spectraAin.the regienﬂbetween the two vertical lines in: Figs. 2 and.3
yielded a value for the gamma -ray mixing ratio § (E2/Ml),-without having re-
course to a standard polarimeter measurement. This.can be demonstrated as
follows. A comparison of the geometry of the simplified pdlarimeter in Fig. 1
with that 6f a standard polarimeter reveals that the N - N“/Nl- measured with

3

the standard polarimeter” whose scattering crystal is located at 6. = 90 deg
R
-is equivalent to the N:-N-O/N9O measured with this simplified technique.

Here, N, and N, are, respectively, the "appropriate :intensity" of quanta

9
recorded in.the 6 = 0 deg-and in the 8 = 90 deg Nal counters. The phase

"appropriate intensity" can be made explicit with the equation

1 (0°) - 1(0°) my(0°) M (90°). - 1(90°)m(90°)

gy o (0°) - p(0°) N, (90%) - 1(90°)

(5)

where ZNL(Q), NN(G),.and NP(Q) are the intensities of scattered gamma .radi--
atien recorded by the 0 deg NaTl counter with, respectively, . the source crystal

at a temperature lower than l.EOK,.the source crystal at the normalization
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at 6 = 0 deg-and 6 = 90 deg.
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Q '
temperature of 1.2 K, and.the source crystal and.its entire orientation sys-

159

tem surroundings replaced.by a point source of Ce or Celul of equal peak
intensity at room temperature. The function I(@) equals the intensity at a
temperature T of the gamma-ray peak, normalized to the intensity at 1.2OK,
at which temperature I1(0) was fouﬁdvto be isotropic for both isotopes. For
this particular polarimeter, Eq. (5) is an approximation since the measured

N.. represented not onlytthose quanta emitted at-0 = 90 deg -and scattered,

90

but also those quanta emitted at all values of 6 and scattered into the

N counter.

90
‘Tt can be seen from Eq. (5) that NN(G) - NP(Q) is that intenéity

. of gamma radiation (unpolarized) Compton scattered by the source crystal

and  its copper, glass, and liquid helium and nitrogen surroundings. The

.NL(G) - 169) NP(Q) is the intensity of gamma radiation (artiflly "or totally:pslarized)

. preferentially Compton scattered by the source crystal and its surroundings.

Tt is necessary to'multiply*NP(G) by. the appropriate I(6) in this expréssion
to take account of the change in .intensity of the spectrum due to the align-
ment of the nuclei at the low temperature. The I(6) were calcuated from
the results of Haag, Shirley; and Templeton,  the NP<9) were measured at
room.temperéture and the-NN(G) at 1.2% for each of the two NaI.counters
in their experimental position at iO cm. . from the source crystal, and, of

course, .the N, (6) were measured as functions of temperature simultaneously

L

139

The experimental resilis for N as a function of temperature for Ce

and CellLl afe shown in Fig. 4. The horizontal rectangles and lines depict

) 39

the change in l/T during a measurement” of N .for, respectively, Cel and

Celul. The open circles aﬁd-points are the results .of this work for,

11

respectivelngelB9 and Ce ‘The statistical errors of these measurements
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are denoted by the vérticél lines. These errors were approximately the same
for every point in each of the four sets shown. The consistency between the
two techniques of measurement appears to be rather good.-

Tt is now necessary.to find the geometry correction quantity, defined

as R, for the simplified polarimeter so that the experimental N = N

.O/N9O can

be used to find the function p. A comparison of the N = N”/Ni and
N = NO/N90 of Fig.. 4 shows that, to a reasonable'approximatiop, R 1is the
same - for the two polarimeters. - Thus, the standard polarimeter values for R,
found by a calibration with cof®, give R = 5,35’1'.A5 for 166 keV and
R'= 3.45 % .hévfor 142 keV.

- It is interesting to note that the average gamma-ray scattering angle
& 1s different for the two polarimeters and thus &\ and A4n are different,
even.though$the two polarimeters have approximatelyfthe same R in this energy
.region. An average gamma-ray scattering angle of &.= 80 deg was utilized
with-the standard-pelarimeter, whereas geometrical considerations illﬁstrated
.in Fig. 1 .indicate an average ® > 90 deg for the new polarimeter. Table II
gives the experimental fesults on the percentage of Compton scattering caused
by the various components of the orientation system, utilizing the l5-gram'

139

neodymium ethylsulfate source crystal containing Ce nueleil in lattice
sites. Table iI shows that the .Compten scattering is prodﬁced"in various
media at different distances from'£hevsourc¢,:but nevertheless, indicates an
average scatteringvanglevof about. & = 95 deg. The function R is not very
sensitive to small changes in this average scattering angle, thus this approx-
'imation is reasonable. Thus, using & = 95 deg and thé-value of R in this
energy region for the standard polarimeter, one finds that 8A =8y = 80 + 8 deg

for the new polarimeter, where the uncertainty in this angular spread comes

from the uncertainty in R.



142 -keV gamma ray.of Cel

-9- UCRL-10880

Consequently, for this simplified polarimeter, one takes the angular

“spread to be Ad = &n = 80 + 8 deg with &= 95 deg. This spread in"d was

vutgiized to locate the vertical lines in Figs. 2 and 3 and thus define the

energy range of the scattered gamma. rays utilized for the calculation of

N = NO/Ngooof‘Fig, L, 1In evaluating the N -from spectra such as those of
Figs. -2 and 3, one exberimental problem was discovered and.a solution found.
Sometimes, a slight shift in the electronic gain of the counting system in

the time‘between a low temperature measurement of NL(G) and. the 1.2%
normalization measurement of NN(Q) was detected as leading to erroneous
values for N. This was overcome by-only utilizing the portion of the spect;um
corresponding*to 1550 > 67950 in the calculation of N. This 1s justified in

this case as, in the measurements where no electronic shift occured, it was

found.that within experimental uncertainty, the portion of the spectrum corres-

ponding to 1550 >3 >'55O gives the same results for N as the portion corres-

'pondingst0a135o>”8)950,»i,e,, the preferential Compton scattering is, within

_experimental error, symmetric about & = 95 deg for this polarimeter.

139 1

The valuésbof p as a function of temperatufe Tor Ce and Ce are
given in Figs. 5 and 6. For the 166-keV gamma ray of Celjg, a value of

R = 3.35 £ .45 was used with ‘the experimental N .to calculate p. TFor the
41’ the value R = 3.45 + .45 was used. Ihe vertical
lines in Figs. 5 and 6 represent both the uncertainty in R énd.the statistical
error of the measurement of N. The statistical error contributes only. about

20% to the-total error shown,ra.gain/of a faetor of three ovef'the.standard
polarimeter. The two solid lines in Fig. 5 represent for Ce159 the theoretical
extremes calculated from Eq. (2) for 1.15 > ]QN"> 0.75 nm and'+‘O¢O& >

5 (E2/M1) > - 0.02." The twé lines of Fig. 6 represent for Celu; the theoretical

extremes calculated from Eq. (4) for 1.50 > 1“N’ > 1,10 nm and + 0.06 >
8 (E2/M1) > - 0.04k. The theoretical curve for any value of Juy | and
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& (E2/M1) between these limits would fall between these curves. Thus a

comparison of the value
’ 5 (E2/M1) = + 0.01 . .03
for the 166-keV. gamma ray_ovae159,with the value given in Eq. (1) and a
comparison .of the value
5 (E2/M1) =+ 0.01 £ .05

lul'with the value given in Eg. (3) and with

:for"the'lhé—kev gamma ray of Cé
the value of & (E2/MY) =.+,?.o68 + 0.008 of Schooley et a1.% indicates that
the results obtained by the‘two methods are not inconsistent. Two needed
improvements can.be appliedAfo‘this simplified.polarimeter so that the ex-
perimental errors-are,substantiaily reducednbelow.thése of -the errors for a
standard polarimeter. The first is to use & direct calibration technique to
-obtain R, rather than the double calibration.techﬁique used . in this paper.

. Depending .on the particular:substance utilized‘as the source crystal, one
could.grow;into this-érystal nuclei of known magnetic moments and.spins ﬁhose
gamma - transition.is either -pure or whoese mixing:ratie has been accurately
determined and thus measured directly the angular spread of & and 1., and
thereby determine R as a function of energy. Of course, the choice of an
isotope for this purﬁose must take into account that the nucleus chosen must
be capable of being,oriented:in the crystal at 1§w.temperatures.

The second”impfovement~isvto utilized either two wedge-shaped scatterers
placed directly above and.below4the source . crystal or a ring-shaped scatterer.
of appropriate.length-and‘thickness placed closely around the épurce crystal
with its axis parallel to the orientation axis. This ring-shaped scatterer has

‘ been .incorporated . into- a polarimeter co?ftructed by Brimhall and-Page.7 Their

polarimeter achieves a- high detection efficiency, accepting gamma radiation

oover all azimuthal angles and also a range in 6 , by use of a lucite or
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aluminum scatterer in the form of a shell of revolption. For low ~temperature
nuclear orientation experiments the scattefer should be constructed of say,
glass or lucite, so that it would not inferfere with the mutual susceptibility
measurementsw. As now constructed each of the two Nai counters in this simpli—
fied polarimeter sees.d different geometry. Thus an error is introduced into
the measurements both because R is different for each of the twobNaI counters

and because as previously noted, the N counter records scattered gamma rays

Q0
not only at 6 = 900, but .at all values of 6 . These two sources of error
were taken into consideration in this work by using an average geometry
factor R in the calculatione.

It haS‘been demonstrated in theory and.in practiee that this new
type of polarimeter can be successfully utilized to measure the plane polari-
zation of gamma radiation in low temperature nuclear orientation experiments.
In addition, under equivalent conditions, the intensity of radiation pre-
ferentially scattered and aﬁai&zed.by this new polarimeter ie from 10 to
25 .times greater than that for a standard polarimeter, .Consequently, the
statistical error is from’l/B»to 1/5 that. of the standard polarimeter. The
reason for this difference.in intensities is that a standardepolarimeter
scatteringvcrystal accepts only direct gamma radiation emitted in the . narrow
cone defined by the lead shield which,protecfs the two NaI counters from
direct radiation, wﬁile»the new polarimeter utilizes the gamma radiation
emitted in all 360 deg of a plane.

One might remark»that utilizing this new technique facilitates carry-
ing out a double secattering experiment ofn pleneepolarized gamma radiation,
where. the first scattering would take ﬁlace in the source crystal and its.

r ing-shaped scatterer and the -second in-the scattering crystal of a standard

polarimeter. At present, it is not clear that this type of experiment would
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yieid.anyvnew-results, since the polarization of the quanta is vectorial
rather than tensorial, and all plane-polarization components are detérmined
in a single-scattering experiment.
| Finally, this technique of scattering the quanta in the source crystal
Vto analyze their polarization might be utilized to measure the circular polari-
zation of quanta in low. temperature nuclear polarization.experiments, where
the nucléi are polarized rather than simply aligned. If so, it would greatly

. simplify the experimental apparatus required for these experiments.

ACKNOWLEDGMENTS

I wish to thank Professor David A. Shirley for his many suggestions
and for his insistence that one should always utilize two gamma-ray counters
in low temperature orientation experiments. I gratefully acknowledge the

ability of Mr. Mitch Nakamura in theifield of eléctronics.



-13- | UCRL-10880

-FOOTNOTES AND REFERENCES

* ‘ :
Work. performed under the auspices.of the U. S. Atomic Energy Commission.

TPrésent address: Dept. of Physics, Purdue Uhiveréity, Indianapolis,

Indiaha.

1. L. W. Fagg{and S. S. Hanna, Revs. Modern Phys. 31, 711 (1959).

2. F. Metzger and M. Deutsch, Phys. Rev. 78, 551 .(1950).

5. J. N. Haag, D. A. Shirlej, and D. H. Templeton, Phys. Rev. 129, 1601

(1963) - - |

L. L. E. Glendenin, #nal. Chem. 27, 50 (1955)..

5. H. Meyer, Phil. Mag. 2, 521 (1957).

6. J. F. Schooley; D. D. Hoppes,_and A. T, Hirshféld, J. Research Nat.
Bur. Standards 664, 317 (1962).

7. J. E. Brimhall snd L. A. Page, Bull. Amer. Phys. Soc. 7, 9 (1962).



r

UCRL-10880 /,/

e

-14 -
Table I. Nuclear reactions for-producing'0e159 and Celul.
Product Reaction Target - Target Bombardment
Thickness Conditions
5
cel?? Lal59(p,n)Cel59 la metal 3 mils ORNL 88-in. cyclotron,
(natural) 8 hr. of 21-MeV pro-
L ) . tons at 200 pamp-.
Cel 1 Cel O(n, 'y)(;'elLFl Ceeo5 powder 100 mils "LRL, Livermore pool-

(natural)

~)

‘type reactor, .16 hr.

. of thermal neutrons

at 5 X lOan/cmE/sec.

Table II. :Compton scattering of the 166-keV. gamma ray of cet9.
.Scatterer _Radius. (cm.) % of Total.Scattering
Neodymium ethylsulfate crystal 1.2 24 .8
Cryostat and two coils . 1.5 2h .7
Helium Dewar and liquid helium . 2.5 29.6
Nitrogen Dewar and liquid nitrogen 3.8 20.9

100.0
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Nh’i/k/
, 90°
Axis of

—
nuclear _ B -
orientation

Source crystal
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Helium dewar

Nitrogen dewar

MU-.30949

Fig. 1. Schematic of the simplified polarimeter.
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Fig. 2. Gamma-ray pulse-height spectra for Cel39 at l.EOK
(solid line) and at 0.029K (dashed line) for 6 = O deg
and 6 = 90 deg. The third line at € = O deg and 12
6 = 90 deg is the spectrum of a point source of Ce 59.
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60

40}

MU-30951

Fig. 3. Gamma-ray pulse-height spectra for CellLl at 1.2%K
de

(solid line) and at 0.02°K (dashed line) for 6 = O deg
and © = 90 deg. The third line at 6= 0 deg and 11

€@ = 90 deg is the spectrum of a point source of Ce
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Fig. 4. Experimental values of N versus 1/T. ‘Technique
- : A refers to the results obtained with the standard
polarimeter. Technigque B refers to the results obtained
with the simplified polarimeter
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60

MU.30953

Fig. 5. Experimental results of p for Ce159 and the
corresponding theoretical extremes for + 0,04 >
& (B2/M1) > - 0.02 and 1.15 > ’MN’ > 0.75 nm.
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4'0 I i T ¥ |

60

/T (°k™)
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Fig. 6. Experimental results of p'for CellLl and the
corresponding theoretical extremes for + 0.06 >
® (E2/M1) > - 0.0k and 1.50 > [uy| > 1.10 mm.
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may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, '"person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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