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ABSTRACT _ o y
Nuclear alignment éxperiments were performéd oﬁ ﬁ253 .éndv
Cf2u9 » lncorporated as the tripositive ions,_in‘single crystals
Nd(CZHSSOA)3 . 9H20. ~ The actinidesnang lanthanides were_showﬁ to be

isomorphous in this salt. The low temperatures needed were attaipedvby
adiabatic demagnetization of the samples; Alpﬂa pérticléé emitted from
the samples and detected with germanium surface-barrier detectors were
found to be highly anisotropic; in the'casé of einsteinium thé ﬁuclear
orientation was saturated at a relativeiy high temperatﬁré. Thé alpha
particles from these nuclei were shown to be preferentially emittéd
from the "tips," thus providing two independent confirmations of the
prediction of Hill and.Wheeler. The S- and D-waves in the "favored"
transitions in these isotopes were found tovbe in phase. The L = 2, L
waves in einsteinium were interpreted as being out of phase; the L = 3,5
components in californium could not be determined with certainty, al-
though an out-of-phase relationship was indicated.

By: use of the theory of Elliott and Stevens, the electronic
ground state resulting from the crystal-field splitting of the ground
level of tripositive einsteinium in Nd(CZH5804)3 ‘9H20 was calculated.

It was found that the theory; developed for the lanthanides, can be
applied to the actinides as well. Values of (r_3) for the 5f electrons
were estimated; these values and the above theory were used in deriving
values of the nuclear moments. From assumed nuclear spins I = 7/2 and
I=9/2 for £°3 and Cf2u9

, respectively, nuclear moments of |9253|=
4.9 n.m. and l p2u9| = 1.3 n.m. were derived. Errors of about 20% ,

s
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of which one-half comes from uncertainties in the theory, should be

attached to these valueo._

Lo iy

L 2
45, following the alpha decay of Cf s

The gamma raysAof sz
were found to be anisotropic. Appreciable attenuation of tho gamma-rays
was found, iodicating some reorientation of the nuclear spin of the ¥
daughter nucieus.

55 on

Nuclear-alignment expefiments were also performed On -Dyl

d
1 : .
Dy 57. The angular distributions of the gamma rays following the decays
of both isotopes were found to be anisotropic. Spin 5/2—was assigned
to the states at 227 keV in Tb?'.55 and at 327 keV in-Tbl57. The

nuclear moments = 0.21%0.05 n.m. and |p157“= 0.32%0.02 n.m.

| 255]
were derived, based122 I = 3/2 for both isotopes as well as pure.
L = 1 beta decay to the 5/2 - states. '

' The'practicality of germanium surface-barrier detectors was
again démOﬁstratédl It was found that these are suitable for use at
low temperéfurés for detécting alpha and beta particles. - Experiments
-indioated.that under the conditions demanded in this line of investi-
'gation, thééé:détectors are superior to other means of detection-of charged

¢

particles.
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- L.+ INTRODUCTION -

- Various methods have been dev1sed and utllized in the study of
nuclear properties of the elements One method that has been used
successfully in the study of the lanthanide and actinide elements is

nuclear orientation .The technique involves observation of quanta

‘emitted from nuclei oriented at low temperatures The method requires

an assembly of radioactive nuclei, some means for detection and measure-
ment of the quanta, and some method for obtaining the necessary low
temperature. ’ _ N o v

There is no particular prqblem in the detection df sufficiently
energetic gamma rays, because these can penetrate the cryostat walls
and scintillation detectors can be used. However, alpha particles can-
not penetrate the walls of the cryostat and the detectors themselves
must be within the cryostat. Thus, particle detectors must meet certain
requirements of size, ability to work at low pressures and temperatures
near lOK, and very high detection efficiency. The usual methods cf
detection are either completely useless or very inefficient, but ger—
manium surface-barrier detectors have met these requirements for the
most part. The requisite low temperatures can easily be attained by
adiabatic demagnetization of a salt crystal in which the activity is
incorporated. The direction of orientation can be referred elther to
a crystalline axis of the host crystal or to the direction of an applied
external magnetic field.

The nuclear properties can usually be deduced from the angular
distribution of the emitted gamma rays in cases where no deteetable
charged particles are emitted (e.g., electron capture, isomeric trans-
ition). If the nucleus of interest emits charged particles (a, B, or
fission fragments), the angular distribution of these particles and (or)
the gamma rays following the decay may be measured. - From the measured
angular distribution and its temperature dependence, one can determine
indirectly the nuclear moment, the angular momenta removed during radio-
active decay, angular momenta. or "spins” of excited states, and mixing

ratios of different multipoles. Thus, in charged-particle emission,



the direction of preferential emission and the partial-wave intensities
may be determined. As with any: experiment, comparison of experimental
values with theory is extremely important. The nuclear-alignment data
may be used to confirm values obtainedvby”othef methods. These data
may also be used to establish unambiguously quantities'which'bénnot
be obtained by other methods. ' R

In this thesis are described experiments in which only gamma

155

rays are observed (Dy and Dy157),'only alpha partiéles are measured
- 2 . N . ) .
(B 53), and in’which alpha particles and the ensuing gamma rays are

detected (Cf2h9)

-~

surface-barrier counters that were used is also 1ncluded

A brief descrlptlon of the’ preparatlon of the germanlum

W

[ ad



II. APPARATUS

A Magnet
The magnet was powered by a 100 kVA motor-generator set provided

with variable current control for the magnet windings. It was capable

of producing fields up to 18 kG over a 3-in. pole gap.

B. ,Mutual-Indﬁctance System

The temperatures attained after demagnetization were determined
by magnetic-susceptibility measurements on the sample. -The detecting
coll was 750 turns of B.S. No. AC Formvar-insulated copper wire on the
primary and on each of two secondaries. . An ac br%dge was used for
balancing the mutual inductance of the secondary coils with a known
inductance. More complete descriptions of the magnet and the mutual-

1-3

inductance bridge systems are found in earlier papers.

C. Cryostat

The cryostat assembly is shown in Fig. 1.

.All demagnetization cryostats musf have a thermal reservoir
and a chamber wherein the sample can be thermally isolated from the
resérvoir at will. The bath in these experiments was liquid helium
contained in a dewar A surrounded by another dewar B containing liguid
nitrogen. Both dewars were made from pyrex tubing. The inside walls
were silvered except for two 1/2 - in. wide vertical strips at 180 deg
for viewing the liquid-helium level. A vacuum stopcock C was provided
on the helium dewar for repumping between experimenté, because helium

gas diffuses through borosilicate glasses.
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Fig. 1. Adiabatic demagnetization apparatus.



The helium dewar was bolted to the steel heéd D with a rubber
o-ring and pyrex pipe flange E, providing a vacuum-tight seal. The
bath temperafure could be lowered to nearﬂlQK by pumping off the vapor
from the reservoir of liquid helium. A Kinney'KMB-23O vacuum pump F
was used. The'vaporepressure of the liquid helium was measured by means
of two manometers connected to the bath through a tube G: a mercury
manometer was uséd for pressures above about the A point of liquid
helium; below this point, a dibutylphthalate manometer pfovided a more
accurate pfessﬁre indicetion. The temperature of the bath was deter-
mined from the pressure reading and the known vapor-pressure-—temper-
ature relationship for liquid helium-4 (see -IV-C).

-The sample chamber ‘H 1is made from.a commercially available
copper-pyrex housekeeper seal J. .It was soft-soldered to the cap K
whieh is part of the mechanical support L. .A l/8-inb-diam stainless
steel tube passing through the cap was used ﬁo evacuate the sample
chamber. This tube was connected to a valve assembly which permitted
evacuation of the chamber or introduction of helium exchange gas to
allow thermal contact of the sample with the bath. The pressure inside
the chamber was determined by means of a Philips electron gauge.

The cap K also provided means for supporting the counter and
sample assemblies, details of which are shown in-Fig. 2 and discussed
in sections D and E. The sample assembly was held in place by a
glass rod sealed to a .tungsten rod which was hafd-soldered to the cap.
A nut soldered to the underside of the cap held the counter cage.

The tubes M and M' were l/B-ino-diam tubes which acted as shields
for the signal leads from the alpha-particle detectors. These tubes
were continuously evacuated by oil-diffusion vacuum"pumps backed by
mechanical pumps because otherwise moisture tended to collect inside
the shields when the apparatus was not in use, causing electrical shorts.
The signal leads inside these shields were of manganin wire held con-
centric with the tubes by ceramic spacers N and N'. The wires terminated

in Kovar seals 0 and ©' soldered to the ends of the shielding tubes.
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Fig. 2. Sample and counter cage assemblies.



Connections to the preamplifiéré were made withjproﬁerly shielded wires
terminating in standard BNC connectors.' Jointsfbefween the shielded
leads and the Kovar seals on the cap were shielded during the experi-
ments by wrapping a grounded piece of aluminum foil P afound the
areas of the joints; '

The.inductance coils were connected to the bridge through Kovar

seal Q.

D. Sample Assembly

Figure 2 shows the sample chamber, the sample assembly, and
the counter cage. ' 4 ' ‘
_: -A length of tungsten rod A hard-soldered to the cap K held
the glass framework. The sample framework held the pill of manganous
ammonium ;ulfate B , the small glass cap' C contéining a few cubic
éentimeters of chromewaium4glycefol'slurry,fand'the samplé' D . The
pill of manganous ammonium sulfate and the slﬁrry.shielded the sample,
after adiabatic demagnetization, from black-body radiation originating
from parts of the apparatus that were not at the temperature ofvthe
bath, as well as froﬁ heat leaks arising from residual gas or conduction

down the support.

E. Counter Cage Assenbly

The counter cage E was made from a thin brass tube. Most of
the metal was cut away leaving only two narrow vertical strips and
cylindrical sections at the ends. A disc was soldered to the lower
end to hold the 90—dég countér; 6ne df the veftical strips held the
0-deg counter. Two -collimators (F, F') were mounted on brass supports
held in front of the counters by the screws that secured the counters to
the cage. The collimators were made from brass. tubes with a 0.064~in.

bore. The signal leads from the counters.passed through Kovar seals



(G, G' and L, L') and were brought to the amplifying system through
the shielding tubes M, M' of Fig. 1. The counter cage was held'to the
cap by the screw Q. B '

" F. Alpha-Counter- Amplifying Systems

The pulses from the detectors were fed to low-noise charge-
sensitive UCLRL Model-5V101l2 preamplifiers, the outputs of which were
applied to respective Model-V linear -amplifers (UCLRL-5V1034). The
amplified signals were fed directly to pulse;height analyzers. In
cases.where separation of the different alpha groups was desiréd, the
amplified signals could be fed first to biased amplifiéré (UCLRL Model-
5V1002) before pulse-height analysis. In these expéfiments;.thé nature
of the source_precluded any poésibility of distinguishing'the different
alphavgrqups, sé-that Biased amplifiers!weré not used. A completé
circuit description of thé biased émplifier agd preamplifier is givén

by Goulding and Hansen.

G. Gamma-Counting: Equipment

For the detection of gamma rays, 3-by 3-in. cylindrical NaI(Tl)
scintillation crystals were‘used. These were optically Jjoined to photo-
multiplier tubes. The output pulses were fed to cathode followers and
amplified by DD2 amplifiers. The‘Qutput of these amplifiers were than
fed to pulse-height analyzers.

H. Pulse-Height Analyzers

In the work on dysprosium, the signéls from both DDZ2 linear
amplifiers were sent to 100-channel differential pulse-height analyzers.

With the acquisition of.a_Technical Measurements Corporation
Model-213 pulse-height analyzer, four separate input sources could be
handled simultaneously. This model incorporates an automatic print-out

unit, so that once started, the analyzer would count for the intervals

«



desired, print-out the infdrmation, and automatically recycle itself.
Blocking time can also be corrected automafiCally. With this unit, it
was possible to continuously count the signals from the alpha-and gamma-
ray counters simultaneously. The detecting,vamplifying, and analyzing

systems are shown in block diagram.in Fig. 3.
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ITI. ALPHA-PARTICLE DETECTORS

>NA; -Pregaration’
5

The alphafpéftiglé couhters were the surface-barrier type.

Three differenﬁ techniquéS'weré employed in their preparation.
1. Method I

A 50-mil-thick wafer was cut with a diamond wheel from a carefully
oriented single crystal Of:30 ohm-cm n-type germanium along the {111]
plane. It was cut into 8-by-8 mm plates and hand-lapped with a 400-
mesh silicon carbide siprry in water. It was rinsed with water and

"dipped in an etching sQlution of HNOS-HF aq%i;mixturebfor several minutes.
Then it_was washed successively with water;:mekhanol, and ethylene
trichloride. A stfeam of dry nitrogen gas was used to dry the plates
prior to mounting them dn’'the evaporator. Gold evaporated from a tungsten
filamentvwas deposited on one side of each plate to a thickness of from
several hundred to a few thousand angstroms. ,A’molybdenum strip, pro-
vided with holes for an insulated terminalhlugﬁdnd a screw, was similarly
coatéd with gold{ A piece of gold‘foil was sandwiched between the coated
sides of the plate and the molybdenum strip.' It was heated under compression
" in a furnace until the gold had alloyed with the germanium sidthe plate
"sweated” onto the strip. Upon cooling, it was'etchéd,-washed, and dried
a s before, and the germanium portion was coated with gold. A circular
mask of picein wx was put on the front of the germanium and the exposed
surface was etthed again. It was then freed of acid and dried with dry
nitrogen kas. A short piece of 5-mil gold wire was pressure-bonded to

the gold-coated surface on the platée- An insulated terminal lug was
.pressed in place and the othef.ehd of fﬁe~gdld wire'ﬁas spot-we;ded to the

lug. A counter made by this method is shown in Fig: La.
2. Method II

Plates 1 ém square and 1 mm thick were cut and hand-lapped as in
*
Method I. These were then etched with CP-4% etch until the reaction had

*
The CP-4 etch is five parts by. volume.concentrated HNO3,Athree parts by

volume 48% HF, and three parts by volume' glacial acetic acid.
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ZN-3205

Fig. 4. (a) Germanium surface-barrier counter used in alpha
experiments, Method I; (b) germanium counter components
and assembled counter, Method II; (c) alloyed germanium
discs and assembled counter, Method ITIT.
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subsided. The plates were then washed with deionized Water and allowed
to dry in air. - The surfaces of each plate were cleaned by:ion-bombard-
ment just prior to gold deposition. A layer of gold several thousand
angstroms thick was deposited on the surfaces of each plate. The front
and back surfaces were masked with picein wax, and the exposed edges
were etched with CP-4 etch. Thé plates were  then washed in a continuous
st;eam of deionized water for several minutes and then laid on a piece
of filter paper and allowed to dry. When the plates had dried, they

‘Each crystal holder consisted of:

(a) & front plate. This was made df l/l6-in.—thick hard rubber,
lucite, or laminated canvas disc about 3/M in. in diameter. A 3/16-in.-
diam hole was drilled at the center of each disc. A shallow groove was
also cut along the periphery of the hole to hold the front-face electrode.
A small hole was prdvided for the signal lead from the front-face

elecfrode-

(b) a_back plate. This was made of l/l6-iﬁ.-thick brass bent

to'form’a-brabket for mounting to the crystal cage. Four spring-loaded

screws secure the front plate to the backing plate.

(c) 4 front-face electrode. . A short piece of copper wire was

soldered to a thin brass ring. The brass ring fitted into the groove

of the front plate and the copper wire was passed through the hole ﬁfo-

vided for tﬁe pﬁrpose.

() front and back face gaskets. These were made of square

sections of 5-mil gold or indium foil. The front-face gasket has its

center cut out to allow passage of particles.

The deféctor was sandwiched between the gaskets and then secured
in position by four spring-loaded screws, between the back and front
plate. The back plate served as a ground connection. All detectors
made by this method were unsuccessful. Figure 4v shows the parts of

ﬁ the detector and the aséembled counter.
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3. Method III

‘ DiscS'ahout 0.25 in. in diameter were cut supersonically from
a 50-mil-thick wafer. After hand-lapping and -etching, gold was evaporated
onto the cleaned-and dried surfaces, then heated in a furnace to alloy
the gold with the germanium.: These were then’ mounted in cryStal:hOlders
similar to those of Method II. No gaskets and brass ring were used.
Electrical connection to the front surface was made by pressing a short
piece of 5-mil gold wire between the front plate and the detector.
-Figure hc.shows some alloyed discs and the -assembled counter. As in

Method II, no successful counters were obtained.

B._ Operating Characteristics

1. Effect of Stray Capacitance-

If the rise time of the pulse is appreciably shorter than the
time constant R (C + C ), the size of the pulse, v , which occurs

across the counter ‘is. glven by

ewn.
<Cc + Cp)?

where CC. is the capacitance of the counter, Cp 1is the stray capacitance
to ground in parallel with the counter, W is the total energy lost by
ionizing particle within the region of appreciable electric field,

e 1is the magnitude of the charge on the electron, € -is the average
amount of energy required to create a free electron-hole pair, 17 1is

the apparent efficiency of charge collection, and l/R = l/R + l/R s
where Rp 1s the total re51stance to ground in parallel with the counter
In these detectors the rlse tlme is very much shorter than the time con-
stant, so that the above equatlon 1s obeyed Note that it is important

to have as llttle stray capac1tance as p0551ble ._The length of. the

leads and the method of shleldlng greatly affect the amount of stray

capacitance. In the setup used in the alpha experiments, the minimum
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total capacitance of each counting system, before the preamplification
stage, attained at 1.1%K with no biae voltage was 70 pF. The effective
resistance was several hundred megohms. The effective resistance varies
from experiment to experiment, depending on the amount of leakage to
grouhd; The resistances of the counters used were approximately 30 and
50 ohms at room temperature and increased to several hundred megohms at

helium temperatures.

2. Effect of Bias Voltage

The pulse height obtained increased w;th'inereasing negative
voltage on the front of‘the counter. This is shown in Fig. 5. The
signal-to-noise retio improved with increased negative‘voltage until
the breakdown voltage was approached. The breakdown voltage was usually
;around -30 V at 77OK, and somewhat lower at l.lOK. The effect of bias
voltage on the resolution is shown in Fig. 6. The figure shows the beta

203

spectrum from a Hg source deposited on aluminized mylar.

3. -Effect of Age

New counters could withstand around -30 V before breakdown.
For new counters, the optimum voltage was around'fS V. As the counters
aged, the optimum voltage increased to around -30 V. A two-year-old
counter was recently tried and found to withstand a negative bias as high

as -250 V.

4, .Effect of temperature

The germanium counters used in these experiments and made by
using'Mefhod I could detect particles only at low temperatures. They
start detecting particles when the temperature reached about 77OK°

~Although the counters could withstand higher voltages at 770K, they

were not as stable as when used at helium temperatures; With aging, how-
ever, the counters were able to withstand much higher voltages at helium
temperatures. Most of the counting runs on einsteinium .and californium

were made with a bias of -30 V.
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Fig. 6. Beta spectrum of ngg3 deposited on aluminized
Mylar as a function of applied bias voltage, obtained
by using an amplifier time constant (tc) of I psec.:
Note the conversion lines.
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The best resolution obtained with counters made by Method I
was about 8% for the main alpha group of Am 41' For purposes of com-
parison, several alpha spectra are shown in Fig. 7. In Fig. 8a, the
alpha spectrum from the Amzul source used in Fig. 7 @as taken with a
good resolution (about 22 keV full‘width'ai half-maximum)»silicoﬁ guard-
ring detector at room temperature. For comparison, fhe alpha spectrum
from another Amzl*l source was taken with the same silicon guard-ring
detector (Fig. 8b). The alpha spectrum from this source, taken with one
of the germanium surface-barrier detectors at 770K was very much similar
to that of Fig. Ta; that is, the germanium counter was unable to separate
the more-prominent alpha groups in Amzul.
A few surface-barrier silicon detectors made using Method II
were also tried at 77OK They could detect alpha particles when-a blas
voltage ranging from -600 to -1200 V was used. The pulse height obtained
increased with increasing negative bias. However, after a few minutes
of operation at the optimum potential, removal of the biasing voltage
did not affect the pulse-height distribuﬁion. It took around 30 minutes,
after removal- of the biasing voltage, for the pulses to gradually diminish
to noise level. - Because of this polarization effect, the éilieon detector
was unsuitabie-for use in the nuclear-alignment experiments. When used
at liquid-helium temperatures, the silicon surface barrier detector
operated only for a. few minutes at best, and in most instances did not

operate at all.

C. Bench Testing and Mounting of Counters

Each counter used for the detection of alﬁha particles from
the einsteinium and californium samples was tested in a bench setup
before mounting in the cage. The counteré_were then secured to the
cage with a screw and nut. A length of insulated manganin wire was
soldered to each of the terminal lugs on the counters with an alloy of

zinc and cadmium. For the last experiment in einsteéinium, collimators



-19.-

¢ 15,000 T T T T T T T T
. (a)
10,000( Am24! .
» ‘7T7°K
5,000} A
0 et :
|5.OOOL - (b)
, 10,000¢ Am 241 .
€ LI°K
o P .
© 15'000- ~[ 8%+ ]
b LN
15,000 ' (e)
E253 in Nd(C2Hs5S04)329H20
1% K
10,000 .
5,000 _
w0 L— — " . NJ .:l ; . :
2 3;: 4 5 6 7 8 9 10
' Pulse. height (arbitrary units)
e MU.27523
o ; " - ekl o
7. Typical alpha-particle from- éa) Am’ at 77 K,
(b)~FAma&l‘at,lnlOK, and (c) -E223 grown into a

crystal of neodymium ethylsulfate . A germanium
surface barrier counter was used. ‘
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Fig. 8. Typical alpha-particle spectra from (a) a thin,
collimated Am?*l source and (b) the Am24l source
used in Figs. 7 (a) and (b). A silicon-guard-ring
detector was used at room temperature.
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were used. These were secured by the same screws used for attaching
the counters to the cage. Just before a run, the cage was attached
to the cap K. When the counters were not in use, the whole cage was

usually kept in a dessicator. -

D. Summary

The procedure outiined in Method I produced counters which
worked satisfactorily for counting beta and alpha particles at low
temperatures. The counter ﬁounting design met the requirements of
limited space, thus making it possible to have several counters inside
the cryostat. It should be noted, however, that the counter having its
counting surface perpendicular to the magnetic field (during megneti-
zation) was temporarily affected. = When the counter was along-the
direction of the field, it was only slightly affected. Both counters,
however, were restored to normal operation after demagnetization.

- The germanium counters produced by Method I still counted after
two years of operation.. Counters made with plates cut supersonically
did not detect particles. Silicon surface-barrier detectors also did
not work satisfactorily at temperatures required for nuclear alignment.

Several points gathered from the experiments with the germanium

counters must be emphasized:

4 (a) The resolution of the counters is very dependent on sur-
face contamination. Counters that had been exposed to air did not
operate even with the proper bias. However; this condition was usually
temporary. The counters could be made to operate by applying a negative
voltage exceeding the breakdown voltage or by putting forward bias on '
the counters. Counters "revived" in this manner tended to be noisy.
When cleaned successively with ethylene trichloride, méthanol, and
deionized water, and drying in a stream of dry nitrogen gas, the coun-

ters could be restored to normal operating conditions.

(b)-‘For best resolution, the amplifier time constant must be
adjusted to the proper value. For very new coﬁnters, a time constant

of 1 psec gave the best resolution. As the counters aged, the time
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constant required became shorter. The amplifier used in these experi-
ments had equal differentiating and integrating time corstants.

(¢c) The shielding of the signai leads before amplification
should be excellent in order to get a good signal-to-noise ratio.

(a) Stray capacitance of the detecting system should be mini-

mized to prevent too much signal attenuation. This is very important

in the stage preceding the preamplifier.

This study is by no means comprehensive. Factors such as sur-
face damege, bulk properties (carrier lifetime, resistivity) of the
germaniumlsingle drystal, and types of impurities. for doping the semi-
conducﬁor'weré not studied.: An investigation of these would greatly aid
in"determining the parameters needed for producing detectors with good
resolution.  The prabticalityfof germanium detectors for nuclear=-
alignmeht'work'is“demonstrated‘in this. thesis.  Although the resolution
of the counters was not excellent, these counters were certainly far
superior to other particle detectors in this type of investigation. It
is hoped that the few data given.here will aid in developing better

germanium particle counters.: -
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IV. EXPERIMENTAL PROCEDURE

A. Sample Prgparation

1. Dysprosium
The dysprosium isotopes.Werelbbtained by'bombarding natﬁ;al
gadolinium oxide powder (99.% pure) with h8-MeV alpha particles

accelerated at the Berkeley 60 in. cyclotron ‘This bombafdment pro-

155 oyt

duced a mixture of Dy > the latter constituting-fhe greater
part of the activity.

The dysprosium fracﬁion was purified‘and separated fromfthe
main Gd mass by the usual ion-exchange method, employing a‘hydroxylso-

3t

butyric acid as eluant. The resulting Dy~ 1isotopes were converted in-
to the ethylsulfate_and grown into a single crystal of 'Nd(CZH SOuL 9H,0.

The sample was then ready for mounting.

2. Californium and  Binsteinium

Californium and Einsteinium were obtained by neutron irradiation

of curium,isotopes.7 The neutron-capture sequence is given by

E253
| B- ’f
: Cfghg(n)Y 250 (n,7).. Cf253
B- /I\ e
Bk2)+9(n,r)Bk250
B_

.szuu(n,r)CmZFs(n,r) ----- cn’
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249

The Cf was - obtained by"iSOlating-the.berkelium fraction

from the'neutron-irradiated samples, and at a later date the daughter

253"

‘was obtained by prolonged irradia-

253

was recovered. Similarly the "E
tion of curium samples with neutrons until Cf was produced The
einsteinium fraction was then chemically separated by 1onvexchange

methods

3+ 3+

The-'Cf and’ E

elute ahead of the first rare- earth element ‘The usual eluting agent

ions adsorb o Dowex-SO cation resin and

is buffered alpha hydroxyisobutyrate solutions - In SOmeVCaSes,'l3M

HCL in C H5OH (20% vy volume) was used in conJunction with the cation-
exchange column Both californium and einsteinium form anionic chloride
complexes in 13M HCl and advantage was taken of this in separating these
ions from the rare earths The concentrated HCl was passed through an
anionic res1n, and the chloride complexes were adsorbed " The rare-
earth ions that were not adsorbed passed through the column.” ‘Additional
.concentrated HCl solutions were then used to elute the ‘complexes from
the resin. Lo . _

» In one stage of.this experiment,_it‘was necessary‘to recover
tracer amounts of californium from several grams of neodymium ethyl-
sulfate. The procedure followed was to decompose the ethylsulfate by

‘prolonged heating. Then it was heated with a mixture of HNO3 and HCL
until a rose-colored residue was obtained on heating to dryness. The.
residue was then dissolved in concentrated HCl and adsorbed onrDowex-SO

cation resin.’ Thefeluent&solution was concentrated and passed through
another cation coihmn; Thefproéedure was repeated several times until
most the neodymium wastremoved. The resulting solution was again con-
centrated to a very small volume and passeditmnmmﬂlabowex-l anion-
exchange column. The activity was»collected on platinum planchettes and
evaporated to dryness. Thetdried'spots were taken up-in water-and
evaporated again to dryness. |

The separated activity was then grown into a single crystal
of neodymium ethylsulfate. A single crystal with a suitable crystal
face was selected. Minute volumes (~ 0.005 cc) of an aqueous solution
249 or B203

containing trivalent Cf were pipetted onto the selected spot

and allowed to dry. This was repeated until an adequate amount of activity
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was accumulated. The method proved to be practical and satisfactory as
shown byfthe results-of the experlments. It is 1nterest1ng to note the
ease with which the actlnldes substltuted 1nto the neodymlum ethyl-
sulfate lattlce, thus demonstratlng that the lanthanldes and actinides are
1somorphous in thls salt.

After the spot had drled, the crystal was ready for mountlng
The crystal contalnlng the activity was fastened with Duco cement to a
glass framework made of 2mm glass rod. This was attached to the assembly
containing the manganous ammonium sulfate pill and‘glycerol-chrome
alum slurry (see Fig.‘Z). HThe sample was'mounted so that the active spot

could be viewed by the two alpha counters.

-B. .Assembly of Apparatus

‘ The:counter,assembly (Sec-IIE)_was screwed in place, and_the‘
signal leads were soldered to the Kovar seals (L,VL', Fig. 2). The
sample assembly was next.joined to the tnngsten-glass supporting rod and
“adjusted as explained invthe_previous section. The position of the

sample was measured for placement of the detecting coil (Sec IIB).

- The sample chambervwag soft- soldered to the cap K and coated w1th Aqnadag
(col101dal graphite). The Aquadag coating served to eliminate black body
radiation from parts of the apparatus that were above the temperature of
the bath. The detecting ccil was taped in place so thatbthe upper
secondary surrounded the sample.

The sample chamber was filled with helium gas at about 1. l atm
and then surrounded with a dewar containing;llquld nitrogen. Thls
precaution was taken so that the glycerol slurry, which could contain
considerable amounts of dissolved air, did not bubble out when the
pressure inside the chamber dropped as the apparatus was cooled to
liguid-nitrogen temperature. When the system had come to equilibrium
with the nitrogen bath, as indicated by an auxiliary manometer, the
helium-gas supply line was shut off, and the inner chamher was evacuated
by an oil-diffusion pump for several hours to partially degas all sur-

faces.
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‘The final step in preparation forvthe'actual experiment was the
replacement of the nitrogen.dewar with the liquid-helium dewar, which
had been precooléd to 77OK."The:helium dewsr was bolted in place, making
sure that the rubber‘o4ring was properly seated. The liquid-nitrdgen de-
wr was next hooked into position, and filled with llquld nltrogen ~ Then

the helium dewar was filled with about 3 liters of helium.

C. Temperature Callbratlon T

The actual experlments were begun with the callbratlon of the
mutual-inductance system. A pressure of abOut 30p of helium exchange
gas was maintained in the sample chamber during the calibration. The
vapor pressure of the hellum bath was slowly decreased by pumping. The
mutual inductance of the detectlng c01l as the sample cooled was recorded
and plotted against'the reciprocal of the absolute ‘“temperature as '
obtained from the known vapor pressure-temperatire curve of liquid helium.
The points obtained described a straight line (because the ‘salt follows
Curie's law: :Xrel/T), from which a relationship could be obtained 'for
determining the "magnetic temperature” T* reached upon adiabatic de-
magnetizatiOn‘df'the sample.  The magnetic temperatures reached after
demagnetlzatlon were converted into absolute temperatures by u51ng the

work of H.- Meyer 9

*D. -Counting Runs

1. )Disgreeium

-In this experiment only the angular distributions of. the emitted
gamma rays were determined. A:more"convenient setup was used. It was
identical in most respects‘to the apparatus;described above except for
the sizes of the dewars and the sample chamber. T

The - sample was magnetized along the crystalline CTaXiS-L Align-

ment was obtained by cooling the crystal by adiabatic demagnetization.
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By demagnetizing from different fields extending up to 18 kG, tempera-
tures from 1.1°K (the helium-bath-temperature)-down to 0.02%K were-
obtained. Gamma-ray intensities at different:témperatures~were'recorded
by two counters: one parallel to the crystalline c-agis:andfanother:
perpendicular to it. The intensity distribuﬁions of - the. gamma rays. were
also determined at a series of angles 6 from the crystalline c-axis
at the lowest temperatures attained. - During and immediately following
the gamma-ray counting, the mutual inductance of the.sample was monitored.
Counting was usually started within a few seconds after demagnetization.
The gamma-ray intensity was normalized to the (isotropic) in-
tensity at 1.19K by warﬁing'the crystal to the bath temperature by
admitting helium gas into the sample chamber.  When the cyrstal had
warmed, a normalization count was taken for the same length of time.
Corrections were made for half life, blocking time, solid angle, and

155 155

background due mostly to Tb , the daughter of Dy ; which has an

anisotropy of opposite sign.
2. FEinsteinium

Since no prominent gamma réys follow the alpha decay, this
was purely an alpha experiment. The alpha particles emitted from
the crystal, cooled by adiabatic demagnetization from different fields,
were confinuously counted by two detectors (at O and 90 deg from the
crystalline c-axis) until the sample had warmed to the bath temperature.
However, only the counts obtained immediately after demagnetization were
used in the calculations. Normalization counts were also done as above.
Blocking-time was automatically corrected for by the pulse-height
anélyzer. Corrections for solid angle were made by measurement of the
counter dimensions and distances. A final run was made at the lowestl
temperatures attainable, using collimétors for which solid angle corrections

were small and precisely known.
3. Californium

Californium-249 has two prominent gamma rays, and alpha particles

and gamma rays were counted simultaneously. Both the gamma-ray counters
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and the alpha counters were placed at 0O and 90 deg from the crystallire
c-axis. The four counters were started at the same time and the induct-
ance of the samplé was monitored. Because of the low intens.ity of the
californium sample, the éamma-ray counters were shielded with thick
sheets of lead to minimize background effects. Corrections for solid
angle were made as in the einsteinium pro'cedure. The gamma.-rl-ay aniso-
tropies were also corrected for backgrv-lound and solid angle. The sample

was not collimated.
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V. THEORY OF NUCLEAR ORIENTATION

-+

A." The Spin'HamiltCnian

In order to produce nuclear orientation, one must resolve the
degeneracy:of the nuclear spin.IO of the nucleus to be oriented into
its component substates M, (M = + Iy Iy71 e —IO), each possessing
an energy E(M). The separation is accomplished by application of
magnetic or inhomogeneous electric fields. The relative position and
energy of'separation between various substates is determined by the
interactions that resolve the (21 + l) fold spin degeneracy ' The
p0pulat10n of each substate for a system of independent nuclei in

“thermal equilibrium is governed by the Boltzmann function

&, = Cexp 4:§%Ml— . (1)
At temperatures where all substates are equally populated, i.e. where
we have [E(M) - B(M+1)] <<kT, the nuclear orientation is random.
Therefore one must induce preferentlal populatlon of some substates
:in order to produce some degree of nuclear orientation. If the energy
separation between the lowest substate and the next higher sublevel is
sufficiently large, complete nuclear orientation is accompllshed at a
. relatively high temperature. This low temperature method is the one
employed in these experiments. Optical pumping and microwave methods
can also be used in some cases.

. -The most obv1ous way of separatlng the nuclear substates is
to apply a strong external magnetic field. Another method utilizes
the intense internal crystalline fields present.in paramagnetic salts
or a combination of the twc. The action of an external magnetic and
internal.crystalline fields cause the separation in‘energy'cf the
normally degenerate levels of a free ion. If such an ion is 1ncorporated
in a paramagnetic crystal possess1ng ax1al symmetry about the z-axis,
the interaction can be expressed((assumlng,nq collective effects) by a

spin Hamiltonian of the formll
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| 2 . s > =
W-olgns, +e (s, +HS)] + s, - 3 s(s71)] - —%) -7

(2)

’ 21 .
+ + + + : + + - +
AS. AySy AS, I, 13.(sx.1X sny) P {IZ 3 I (IO 1)]

where B 1s the Bohr magneton, MN 1s the nuclear magnetlc dlpole
moment, g” ‘and gl'are ionic g-factors parallel and perpen-
dicular to the fleld, respectively; S 1s the effective v

electron spin, and A = (A2 + A; )1/2'

The effective electron spin S 1is obtained by setting the
multiplicity of the electronic levels equal to (2S+1). Thus, for a
doubly degenerate level, the effective electronic spin is 1/2
Incidentally, if this is the case, the D term drops out in the ex-
pression for the spin Hamiltonian of the lowest doublet. '

The first term in the Hamiltonian represents the splitting
of the electronic levels by an external magnetic field. The third
term corresponds to'the direct interaction of the nuclear magnetic
"dipole" moment My with the externai field. 1If no external magnetic
‘fields are applied, these drop out. The term in D represents the
splitting of the electronlc levels by the electric field. -The P
term is the interaction of the nuclear quadrupole moment Q with the
crystalline electric-field gradient. The A and B terms are
responsible for hfs splitting and are due to the interaction of the
nuclear mcment with the magnetic field ereated at the nucleus by'un-
paired electrons. The term in A or B vanlshes according as g” or
.gJ_ vanishes, if the electronlc angular momentum J 1is a good quantum
number. The term in A represents the effect due t0o departures from
the symmetry assumed for the crystalllne electric field. . This term
is assumed to have a gaussian dlstrlbutlon centered around zero. One

or more of the terms in the spin Hamlltonlan may be needed’ tO»eyaluate



-31-

the experimental data. ‘One must also take‘account of any other inter-
actions that may be présent. ,
To obtain the energy eigenvalues, one must solve the Schroedinger

equatiqn
Ny - Bov0) , PR € )

where W(M) denotes the wave function describing the substate M. To
facilitate the solution of the above equation for rare-earth ions,
‘Elliott and Stevens introduced the notion of operator equivalents,ll—14
For the rare-earth ions in crystals possessing anisotropic crystalline

fields (Nd(CzHSSOA) "OH,0 in the present experiments), Elliott and

3
Stevens give '
A=bppp () (x|, 4, (ba)
I, '
B=kpp u (v (+ I |-), (o)
T
and
,
px- —28 — (273) (glalls ) (+lof - 3 @),
hlo(zlo-l) ,

(te)

vhere (+ lNzl+ ) , and (* TNXI- ) are the diagonal and nondiagonal -
(within the ground doublet) matrix elements of the tensor describing
the magnetic hyperfine structure, (J ||a]]s ) and (+ lJZ- % J (g+1) |+

are matrix elements which are diagonal in J and JZ and describe
the quadrupole hyper fine-structure interaction, and J and JZ ‘

are the total ionic angular momentumnand its component. '_The factor
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(r—3) is the expectation value for the 4f electrons, and 'B”i'is:the
nuclear magneton. The other quantities have their usual’ 81gn1flcance
Values of (r 3) for' the rare-earth ions have been calculated
by Judd and Lindgren, 15 and the elements of the matrices inVOlVed'have
:been evaluated by Elliott and Stevens. l;flr The operator equivalents
have been calculated on the assumption that Russell Saunders coupllng
holds for the rare- earth ions. It is seen. clearly from the above
equatlons that 1f, for a partlcular ion, the factors AI /uN 5 or BI /uN
and PI /Q have been evaluated or experlmentally determlned for one
)1sotope, the nuclear magnetlc moment and the quadrupole moment for
' another 1sotope can be obtalned by comparlson of the experlmental data
with the above factors, prov1ded the spln I is known The latter may
also be obtained by a careful analysis of the data, as w1ll be shown

below.

B. vAngular‘Distribution of Gamma.Rays from Aligned Nuclei

c s LR

The angular dlstrlbutlon of gamma. rays from. allgned nuclel is

given byl6

wie) = 1+ BoUF,P, (cos8) + B,UF P, (cosB) + .. (5).

where the'HBkjs*'are orientation‘Pafametersf -Thequk's "are & measure

of the amount of reorientation which occurs during any unobserved pre-
ceding transitions. The functions Fy are dependent upon the angular
momenta involved in the observed transition and are similar to the Fk's
in ahgular ‘correlation théory. The functiOn7Pk(cosej’is3the Legendre
polynomial of. order k.; .The k's span even integeris because of the

' symmetrical nature of alignment,_whereby parallel and antiparallel senses
of orlentatlon of the nuclear spln component I ~ possess the same energy
The functlons also decrease very rapldly as k 1ncreases and, in cases
of low degrees of orlentatlon, terms in k Z_are suff1c1ent to describe

the dlstrlbutlon
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The evaluation of the functions Uk and ka ggglbg best .

described by using the follbwiﬁg decay sequence as an exasmple:

where IO is the nuclear spin of the oriented nucleué, I ié the
angular momentum of the unobserved radiations, Il _is the spin of the
state from which the observed radiation with angulqr momentum sz
originates, and I2 is the spin of the state resulting after emission

of radiation L For the above decay sequence, the functions are

o
given by

.+ -
IO Il L

Uk = [(210+1) (ZIl+l)]l/2 (-1) 1'w(10101111;vk Ll) (6a)
‘ I-I.-1 - ' -
F,= (-1) 21 (211+1)1/2 (2L,*1)
X C(L,Lok; 1 -1) W(LT,LLos k Ip) ' (6v)

where W(abcd; ef) is a Racah coefficient and C(ABC; By) is a
Clebsch-Gordan coefficient.
If the unobserved preceding transition is a mixed transition

with a mixed component Li of amplitude 8 , Uk is replaced by

2 .
. U (L) + 8 Uk(Ll )

7
. D) (7)




If there are more than one unobserved preceding‘transitions, the

effective "Ux~ is”given by the product of the’ Uk'S' for each trans-

ition, all corrected for any admixtures.
- If the observed transition is a mixture of L2 and Lé radiations,

the effective - Fk is given by

. Fle (;21211) + 84 P (L 2 l) + 25Fk_(L LZIEIl) v (8

(1 + E )

The term in .28 represents the 1nterference term between the 'Lé' and.
Lé components. The factor 52' is called the m1x1ng ratlo ‘Note that
the interference term in the U, vanishes. Values of the Fkuvfnnctions

k
" have been tabulated by Ferentz and Rosenzwe'ig.17

C. Orientation Parameters

The orientation parameters can be represented as

(2k+1)l/? EZ C(IgkIy; M O) W(M), N (9)
T | -

where again ‘M 1is the magnetic quantum number of the oriented nucleus,.

or 2L., whichever is smaller,

k is even’and spans.the value O to 21, 1

and we have

W(M) = exp [-E(M}/kT]r E:' exp (-E(M)/kT] = aM ZE: a, - (10)
M M
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‘Energies E(M) are obtained by solving Eq. (3). In these experiments,

the interaction is adequately expressed by (see Discussions)

o= as1,, | - (11)

where Bk becomes a function of a single parameter B = A/ZkT. Vélues
of B for different spins -Io have .been calculated for the different
Bk‘s for the case of an effective spin ‘S = 1/2.18 From the temperature
dependence of the anisotropy which is proportional to BkUkFk , a com-
parison with a plot of By as a function of B will yield a value ‘A',
since Uka can be evaluated from the assumed transition...A comparison
of A' with Eq. (ka) yields the nuclear moment My Conversely, if
A [that is, E(M)] is known, UF, can be evaluated and the decay sequence
established.

One immediate conclusion that can be drawn from the above dis-
cussions is that the angular distribution is isotropic for a system of
nuclei with spin 0. Isotropic distribution also results for spin 1/2,
since this leads only to a term with X = 1, that is, no nuclear align-
ment. . Whenever the observed transition is preceded by an intermediate
state with spin 1/2 or zero, isotropic distribution will result. In
the case of spin 1/2 for the oriented nuclei, another kind of orientation
fesults. This is termed nuclear polarization, and only a term in Bl
appears. Polarization is orientation in both sense and direction,
that is, the substate with gquantum number + 1/2 has an energy different

from the substate characterized by - 1/2.



VI. NUCLEAR ALIGNMENT OF DYSPROSIUM-155 AND DYSPROSIUM-157

A. Results

The two most intense gamma rays, at 327 and 227 keV, had
anisotropic distributions. These have been shown to belong to the

157 155 19 toin

decays of Dy and Dy 77, respectively, by Toth and Rasmussen,
and Nielsen,20 and Mihelich et al.21 No ‘'other gamma rays were examined
for anisotropy, as these two were the ohly prominent ones. ‘ |

A typical spectrum'is shown in Fig. 9. The aniSotropy,
€ =1- [ch)/w(c)], of the 327-keV y-ray of'Dy157

l/T is shown in'Fig. 10. .The 227-keV y-ray anisotropy is shown in

plotted against -

Fig. 11. The intensity distribution of the 327-keV y-ray as a function
of the angle 6 between the directions of propagatlon and the crystalline
c-axis is shown in Fig. 12.

The experimental angular distributions at T = 0.022%%K were

fouﬁd to follow

w(6) =1 + (0.108t0.008) P, (cosb)
and
w(8) =1 + (0.060%0.025) P, (cos6)

for. the 327 and 227~keV y-rays, respectively. ) o e

In this experiment only terms in k= 2 in the angular dlstrlbutlon
were necessary for treatlng the data. To calculate the orlentatlon
parameter, one must know the exact form of the spin Hamlltonlan How

this is arrived at is explained below.
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Fig. 9. Typical y-ray spectrum of a Dyl55 and Dy157

mixture.
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Fig. 10. Anisotropy
- function of l/T.
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B. Discussion

9. The grbund

Tripositive dysprosium has the configuration 4f
level, 6315/2 5 is split into dqublets by the interaction. of the
electronic charge of the 4f electrons with the crystalline electric
field.-,These doubletsjmay be characterized in the first approximation

: 22
by | % JZ) - It was shown that there are two possible ground doublets:

(a) 'afdoublet which is mostly |£9/2) with some admixtures of |¥ 3/2)
“and ]F 15/2 ), and (b) another doublet composed of a mixture of the
states |t 7/2) and |F 5/2).

The first doublet has g, = O and g - 10:3, .while the second

g,
has‘ gl x g” .  Paramagnetic reéﬁnance has shown that resonance is
observed at lAOK,23 but not at helium temperatures.zh This may be
interpreted as evidence that the (nonresonant) doublet (a) lies 1owest.
This interpretation was confirmed by sﬁsceptibility measurements at
helium témperatufes,25 which give for the ground doublet gI':10.76 t 0.1
and g, = 0. ‘ (

_ . Because we have gl'= 0, the effective spin Hamiltonian can be
expressed by Eq. (11). .Using.Eq. (4c), we see that the guadrupole
interaction should have negligible effect on the nuclear élignment for
the éssumed ground doﬁblet.v ‘ ‘

The decay scheme of Dy157 has been.establiéhed fairly well, and
the portion of interest in this investigation is shown in Fig. 13.
According to the notation of Mottelson and Nilsson,2 the ground-state
assignment for-Dy157 is 3/2 - [521]. The 227-keV y-ray has been found
to have multipolarity 'El. Just as in the:case discussed below for»Tbl55,
if the ground-state spin and parity of Tb157 are 3/2 +, then the sign
and magnitude of the y-ray aniéotropy preclude any assignment other
than 5/2 - for the 327-keV state. For the spin sequence 3/2-(L=1)
'5/2 - (E1) 3/2 +, one can calculate U,F, using Eq. (Sa,bﬁ- This
gives for the theoretical intensity distribution of the 327-keV y-ray

W(8) = 1 +0.280 BP, (cosé). | (12)
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“For Dy ;» the decay scheme is not so comprehensive, but these

results can be used to assign spin 5/2 - to the 2275kéV level of Tb155
on the following arguments. Toth and others have assigned a spin of

lSs.and"have shown that the 227-keV y-ray

3/2 + to the ground state of Tb

19,20 ' ’
9 Thus the 227-keV state must have spin and parity»l/Z—,

is El1.
3/2-, or 5/2-. But a spin of 1/2-would allow no anisotropy in this
Y-ray, while a spin of 3/2-would require Fy = 0.40, which would
produce an anisotropy with sign opposite to that experimentally observed.
Thus only a spin and parity assignmentlof 5/2- for this level is com-
ratible with the‘expefimental data. . Again for the spin éequence 3/2+
(L=1) 5/2- (E1) 3/2 + , the theoretical intensity distribution of the
227 keV y-ray is given.by-Eq. (12). ' \

From the temperature dependence of the anisotropy, the value

of | A’ l can be obtained and compared with the expression for A

obtained from Eq. 4a. The results are

:1‘:_'.‘ = 0.048%0.003%K
157 |
and
%l = 0.032%0.008% .
155

3+

From Eq. (4a) and subsequent discussions, we obtain for Dy~ ,

A | olapr () O
w = 0.227 (Id) K . (13)

A comparison of*Eq. (13) with the experimentally determined value

Al
k-

nuclear magnetons (n.m.)

(k is the Boltzmann constant) yields for the nuclear moments in




~Lh-

» = . 32%0. ..
p157 0.32%0.02 n.m

and

0.21%0.05 n.m.

155

Wide limits of error have been given for Dy » ’Because of the uncertainty
in the background correction for the 227 keV.T-ray.

By using the values 0.28 and 0.32, respectively, for the de-
formation parameﬁer ® and the gyromagnetic ratiobof the core gR' given
by Nilsson and Prior,27 theoretical values of the magnetic moments of
the fwo isotopes may be'caiculated. These are given in Table i based on
ground-étate assignments similar to those of thé iéotonic Gd isotopes;
together with the present experiﬁental results and the”known magnefic
moments of Gd155. It seems reasonable to infer that the signs df the
magnetic moﬁents of'both’Dy155 and Dy157 are negative. Then the magnitude
may Be compared with those calculated theoretically. In all these cases
the theoretical magnitudes are too large, quite outside of experimental
error. Thus, although the theory provides a good approximation to the
magnetic moments, exact agreement is not obtained. The discrepancy may

presumably be attributed to second-order effects, such as polarization

of the core by the odd particlé, which have not beeﬁ included in the
theory. Rasmussen and Chiao31 have shown that the theoretical magnetic
momenﬁs of several defofmed nuclei may be brought into better agreement
with‘experiment by assigning‘quenched g factors for the intrinsic spin
of the odd particle. We note that use of.queﬁched g.factors for the
odd neutron.in.Dy155 and.Dy157 would improve théiagreement'between ex-

periment and. theory.
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Table I. Comparison of theoretical and observe.d_nu'cl_ear moments
: - .0f dysprosium and gadolinium:. ;
Isotope Ground state . - .p(theory) p (observed) Reference
5 =0.28
=0.32 TELE e
.,gB(n.m.,)r . (n.m.)
Dy155 % + (651) - 0.33 = “lo.21 £ 0.05] - This work
py % - (s521) - o0.49 " Jo.32 %£0.02]  This work
aat?? .% - (521) - 0.49 - 0.30 Ref. 29
Ref. 30°

©-0:30 % 0.05

aCorrected for““<f73) =

48,5873 (cr.

Ref. 15).
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VII. ANGULAR DISTRIBUTION OF ALPHA PARTICLES FROM ORIENTED NUCLEI

A. General Survey

With certain modificatéons, the theory of angular distribution
of gamma rays from oriented nuclei~cap be applied to alpha-particle
distributions. However, it is simpler to develop a separate treatment
- for this. It should be pointed out.that in orde; to. obtain nuclear
alignment, the emitting nuclei must have nuclear spin IO 2 1. Thus
it cannot be applled to even-even alpha emitters. The present experi-
ment involves the 1sotopes ' 53 and szn9 | B

A study of the angular distribution of alpha particles from
oriented nuclei 'is of interest~infdetermining:the effect of angular
momentum and the conditions at the nuclear surface. . Aside from the
effect of angular momentum, which is purely geometrical and can be
treated quite independently, the distribution is dependent on physical
parametersi;such as.the hfs: splitting and the branching to the different
energy levels. The latter is of particular importance, since it reflects
“?the condltlons at the nuclear surface In partlcular, the partial-
”wave 1nten51t1es are governed by the ease w1th whlch the alpha partlcles
can penetrate the barrier and the initial dletrlbutlon of the alpha
particles at the nuclear surface.

Spiers pointed out that if there are angular-momeﬁtum changes
involved during alpha-particle emission, an anisotropic distribﬁtion of
the emitted particles would be expected if the emitting nuclei were
aligned,32 In 1953, Hill and Wheeler predicted that, for a prolately
deformed nucleus, the barrier against alpha emission is both lower and
thinner at the poles or "tips" than at the equator or "waist" of the
Spheﬂﬁd-33 This can be seen quite readily by considering the diagram
of the coulomb potential shcwn in Fig. 1k4. '

- The semiminor and semimajor axes of the spheroidal nucleus are

given by ry and ré , respectively. An alpha particle of kinetic
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a spheroidal nucleus. .
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energy ,Ea within the potential well will have to penetrate a distance
r, along the equator or overcome the barrier height he' However, the
alpha particle of the given kinetic energy will only have to penetrate
the distance rp along the tips, which is very much smaller. The:
barrier height hp is alsp very much lower -along the polar regions.
Provided that there is a uniform probability of alpha-particle formation
at the nuclear surface, enhanced alpha emission would in general be
expected from thé'polar regions, and this could be proved through
nuclear-alignment experiments. | v |

-The only experimental results reported so far on oriented alpha
emitters were those of Dabbs and Roberts on uranium and neptunium;34_37
In va237

prendicular to the crystalisc—axis. Theyvalsb determined the sign of

they observed -enhanced’. alpha emission in the direction per-

P as positive. ;h earlier experiments, the hfs constant A has been

38,39 With the above sign

found to have a sign opposite to that of P.
of 'P, they were able to show that at the temperature range studied,
there 1s an excess of nuclel in states for which I, = t 1/2. - Eisenstein
and Pryce have suggested that the 0-U-O and O0-Np-O bonds are of pre-
dominantly o character, requiring P and @ to have opposite sign.
Upon this basis, Pryce inferred that P > 0 ié.evidence for Q< O.LLl
The pbsitive sign of - 'P obtained by Dabbs and co-workers would then
2371

lead to an oblate shape for Np > and the barrier in this case would
be weaker in the "“equatorial" region. This shape would conflict with
the expectations of nuclear syStematics. -By assuming a modél for the
electronic structure of uranyl-like ions, which included the effects

of P-n bonding, Roberts and. Dabbs were able to reconcile the positive

sign of P with a positive sign of>Qr42~ The Np'z37

nucléus would then
be prolate, and in the temperature range studied, alignment of the
nuclear angular-momentum vector would be in the direction perpendicular
to the crystalline c-axis. The observed enhancement of alpha emission
in this direction would then be consistent with the Hill-Whéeler

‘prediction.
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B-J.Angular'Momentﬁm-Effectsrin Alpha-Particle Distribution from

from Oriented Nuclei

Rose has developedla,generél‘thegfy of angular momentum effects
in alpha emission and expressed the results in terms of nuclear matrix

k3

elements. The distribution is expressed as

=7 '
w(o) 24 Arr Ej Gy ) c(LL'k; 00) W(I,I LL';.kI') P, (cosb),
L k . _
(14)

where C(LL'k; 00) and W(I oLL'5 kI ) are the Clebeeh—Gordan and
Racah coefficients, respectlvely. The initial nucléar -spin is IO s
and . I' gives the final spin of the ﬁucleus; I is the angular momentum
of the alpha particle; Pk (cos8)isite Legendre polynomial of order‘k;

k is even and spans the value O to 2L, L+Lf;_o? 21,, whichever is
smaller. Thus for - I ;”7/2;:?e have k = Oy 2, 4, 6,;.However3 terms
for k > 2 may not be observed at high tempeeeturee where dk s 5<Gy-

For mixed and pure multipolarities, we have

S
I

1/2
LL' f (Arrhrs L"( cosf;

and | ) (iha )

o=
|

' +
IL aL(?L 1)

whefe ar :is the relatlve 1nten51ty of the Lth partlal wave, “and gLL'

-is the relatlve phase between the L and L' partlal waves.
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The term in Gk measures the alignment and is .given by

. L (T,o ) o (15)
k - n
Tr {e $/KT ) » . o
where § 1is the Hamiltonian responsible for'the-alignment, and TkO
is an element of an irreducible tensor. In particular, we have
T - (21, + 1) YR (16a)
00 0 ' '
‘ 180(10-2)! 1/2 5 1
T, = | m——— [1 - = I, (1 +1)J s (16b)
20 (21,+3)! »o3 0 e .
~and-
T = 210} —— I -= |31, (I.*t1) - I.(I. *+ 1
4o (ZIO+5)3 z 15 0 'O 00 v
1 2
- = +1) = _ +
Z 610(10 1) =5 I, - 3 (I 1)
T (16¢)

Unlike the emission of gamma rays, in which thefe is no
appre01able 1nterference between the waves of different multipoles
except E2 and ML radiations, there 1s con51derable mixing between
dlfferent alpha waves leadlng to the same state. The relative phases
of these waves enter into the angular distribution through Eq. (lha),
and ih the case of L =0, 2 waves, may be determined immediately

from the observed anisotropy. However, it may not be possible to
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determine the relative phases of higher multlpoles, since contributions
due ‘to’ these are llkely to be small. Brussard and Tolhoek p01nted out
“that it is mainly thfough the 'sign of the "o é‘ term that information
can be obtamned about the dlstrlbutlon of the nascent alpha partlcle on

L :
the nuclear surface.,LL The argument is as” follows k5 The wave function
Wa describing the nascent alpha partlcle on the nuclear ‘surface can be

written as a series of Legendre polynomials in the body-flxed coordinate

system:

o ) wE Lo

k=0

where 6% 1is the polar angle in. the body-fixed system. .If we consider

only the first two terms, the distribution of wd is

del = ]bol2 + 2|bob2|cos¢'o2 P,(cos6') + |b2]2 Ipz(cose')}?'. (18)

sk

The phase difference ¢62 is very near Zero or w; the dev1atlon being
small, it may be taken as O or T accordlng to Tolhoek ek The
relative phase of bo and b2 ,1s the same as the relatlve phase of

a and a the probability amplitudes at great dlstance Thus, if

’
tge S ani D waves are in phase the 1nten51ty is max1mum at the
poles of the spher01d

Since the amplltudes of the dlfferent partlal waves enter into
the angular dlstrlbutlons, experlments on orlented nuclei would be of
significance in testlng the dlfferent theoretlcal predlctlons regarding
these amplitudes. Thus, by taklng into account effects due to the quad-
rupole moment and corlolls forces,ué’u7_a 25% enhancement of the D-wave
admixture has been fredicted fof U233 o&er that predicted by the approxi-

mate Bohr- Froman-Mottelson relatlon H? A similar enhancement is ex-

pected for E 53
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Theoretical predictions involve specific nuclear‘models.employed
for the alpha-decay process. More complete theoretical discussions :of

the decay process, including the effect of angular momentum, have ?een

kg 50 45

Froman, Sfeenberg énd Sharma,

51

given by Rasmussen and Segali,

Brussard and Tolhoek,hu and Pennington and Preston.

C. Theoretical Angular Distribution of Alpha Particles from E253

253

The relevant decay schéme forb'E is given in Fig. 15a. The

"favored" transition is the only one considered,"This represents 97.2%

253

of the alpha particles from E It is assumed that the remaining-3%

gives an isotropic distribution. The partial-wave intensities calculated

oe

by Asaro are given in Table II. If we assume that only one maghet

substate, Iz~: % 7/2, is populated -at the lowest temperature,studied

(this will be justified later), the total angular distribution is given

by
(a) L =0, 2vi; éhase, L=2, L oﬁt of phasé
.w(e) =1 + 0.921 P, (cosg) - 0.010 P, (coge)
’(b) L =0, 2in phase; L = 2, 4 in phase
W(8) = 1'+ 1.061 P, (cos8) + 0.103 B (cose)
(¢) L =0, 2-oufuof;phé§é,'L = 2, F in éhasé
_w(e) =1 - 0.663 Pz‘(cosé)1+ 0.013 B, (cos6)
(@) L-flo’ 2 gﬁt'of Phase;'Lri'?:'h ot ofvphase

W(8) =1 - 0.803 Pzr(ébéé)4¥:o.080 P, (cose)



.53~

(“o) e T | ' S P L T
: £ 253
- 24 (633 T2 s
(13/2——156" <
11/2——93.4
7/2 + [633]. S

9/2——4\1.7

7/2 0
Bk 249

(b) R
249
or2-[734]—f

a (Il Groups)
1372 5“__/"0 4% /

4.4%
o/2-[734](11/2—as0— "
. | o/s—3094 #83.7%

L 05 -
Il/2—422—’/—

1.2
5/2+[622] | 9/2—357

3.0
£l 72 30|—/_33
5/2/-257—F
1372\~ 207—+ 0.08
|
0.4
72+[624]{'"2 124 | 1%
9/2 56
/2 o 1.9%

MU-27526

Fig. 15. (a) Partial decay scheme of E2.53; (b) decay
scheme of Cf249, |
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Table II. Partial-wave intensities for ground-state alpha transitions

in E253
I I . % L=0 %L =2 %L =1L Total
7/2 7/2 9.6 10.0 0.1 89.7
7/2 9/2 5.9 0.3 6.2
7/2 11/2 ' 0.9 0.3 1.2
7/2 13/2 | o 0.11 0.11

Total 97.21
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D. Theoretical Angular Distribution of Alpha Particles

from Californium-249

The relevant decay scheme is givén in Fig. 15b. The "favored"
transition group to the 9/2 - band is composed of 80% L = O and 20%
L = 2 waves, with hindrance factors of 4.5 and 14, respectively. The
group to the 5/2 + band has a composition of 87% L = 3 énd 13% L =5
waves, with hindrance factors of 150 and 350, respectively. The alpha
waves going to the ground state (7/2 +) band is a mixture of 25% L = 1,
67% L =v3 and 8 L = 5. The hindrance factors are 3.1 X lOu, 6.9 x 103,
and 2.2 X th for the L = 1, 3, and 5 waves, respectively.53 From the
above data, the partial-wave intensities £o the various rotational levels
were calculated by using the method of Bohr, Froman, and Mottelson.4
These are given in Tablé ITI. The theoretical distribution, assuming
IZ =% 9/2 lies lowest, is given in Table IV with the corresponding

choices of phases.
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249

Table T1T. Pértial-wave>intéhéitiéé Qf:éipha'groups from cf

(a). Favored transition to the 9/2 - band .

T, I . % L=0 %L =2 - Total

i £
g/e 9/2 © - 70.8 12.9 - . 83.7
9/e /2 S
9/ 13/2 . - L 0.b . ”‘,o.u
Total 88.5

(b) Transition to the'5/2 + fotatiqnal band

Ii‘ I, %L =3 %L =5 S Total .
9/2 5/2 3.2 0.1 3.3
9/2 7/2 2.65 0.35 3.0
9/2 9/2 0.84 0.36 1.2°
9/2 11/2 0.22 0.28 0.5

Total 8.0

(¢) Transition to the 7/2 + (ground state) rotational band

I, I, % L =1 % L =3 % L =5 Total
9/2 7/2 0.77 1.1 0.0k 1.91
9/2 9/2 0.09 0.91 0.10 1.1
9/2 11/2 0.005 0.294 0.101 0.4
9/2 i3/2 0.038 0.0b2  0.08

Total 3.49
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Table IV. Theoretlcal Angular dlstrlbutlon of alpha particles from
orlented Cf 2h9
W(8) Relative phase
X = cosd Coe e '
TS 5 1,3 3,5 1,5

9/2:f band 5/+ + band j/g + band

3,

+.

" in’

1 1.11#3#(;;) o.g9_Ph(?c‘) in 0 dn 1n in
1+ l.;76 P,(x) + é.26 Pu(x) in in out out in
.1 + 1147 Py(x) + 0.27 Pn(x) in in " out in out
1 + 1.143 Py(x) + 0.30 By (x) "ir_l in in  out in
1+ l.$97?§2<x) + 0.28 Pu(x) in Vbut in in in
1+ 1.259 ?z(x) + 0.25 PA(X) in out out out in
1+ ‘1;;230 fz(x) + 0. 26" 'Plt(x) in ou?-' ~out in  out
vi %Jl;226vP2(x).+.Of29:PA(X) in ' out in ‘out out




_58_

VIII. -EXPERIMENTAL RESULTS

-vA. -Eins%einiam4253

vThe.experimehtal data for einsteinium are compiled:in Table V,
with.geemetry correetionsiwhere availablesj1L (see footnotes in Table V).
Figﬁre lGa,sﬂQws the plot of [v(e) - 1] as a function of 1/T for the
complete data after normallz1ng the saturation value of each run to
the average value obtalned ‘with the colllmated samples The values

used were:
fw(e) - 1] =+0.70
for the O deg distributior and

(W(e) - 1] »; - 0.315

for the 90 deg distribution,v

- The solid curves are for the above values of the dlstrlbutlon for a
spin Hamlltonlan of the fonn &l As, I ; for IA /k I= 0.40%. The

-broken curves are for a Spln Hamlltonlan of the form H = B(S I + Sny)
for IB /k| = 0.40%K. Figure 16 b, c, and d shows plots of

'[w(e)'¥“l]gas a function of 1/T for the uncollimated runs. -~ The solid
lines in each case is the best fit for the spin Hamiltonian

o = ASZIZ for a spin of IZ = % 7/2. For each run, a value of

IA'/k | was obtained giving the average value of

|a'/k] = 0.40%0.04%.
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Table. V. Angularv distribution of alpha -particl_es from oriented -E253
Date No. 1/ - w(e) | W(e) - 1
‘O'deg. 90 dég- 0 deg 9O'ﬁeg
- 7-30-61° I 33.7 1.57% 0.57k
“ 2 35.7  1.599 0.599
3 19.5 1.548 0.548
4 .5  1.590 0.590
5 8.7  1.469 0.469
6 7.3 1.431 0.431
T 5.7 - 1.39% 0.394
8 3.7 ©1.293 0.293
9 9.2 1.477 0.477
.10 11.5 1.525 0.525
g 11-10-61° 1 30 1.727 0.727
2 13.8 1.709 0;676 0.709 -0.32k4
3 11.2 1.625 0.670 0.625 -0.330
4 “3.7 1.304 0.801 0. 304 -0.199
5 8.7 1.584 0.683 0. 584 -0.317
6 8.5 1.596 0.668 ©0.59 -0.332
T 10.2 1.662 0.710 0.662 -0.290
8 12.5 1.658 0.672 0.658 -0.328
12-15-62° 1 39 1,544 0.686  0.54k -0.31h
2 19 1.532 0.694 0.532 -0.306
3 9 1.443 0.738 0.443 -0. 262
L 38.5. 1,560 ‘ 0.679 9.560 -0.321
} 57 9.7 1.368 0.801 0.368 -0.199
6 25 1.513 0.685 0.513 -0.315
7 10.2 1.480 0.72k . 0.480 -0.276
) 8 6.5 1.437 0.778 0.437 -0.222
9 37.5 . . 1.566 = 0.681 0.566 -0.319
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Teble V.. (cont'd)

Date No. 1/T ‘ ‘Ly- w(e) W(G) -1
o 0 deg 90 deg 0 deg 90 deg
12-20-61% 1 12.4 61716 0,284
2 20.1 0.706 - -0.20k4
3 16.5 0.735 -0. 265
| 4 18.2 0.760 -0.240
5 9.k 0.729 -0.271
6 7.2 0.752 -0.248
T k.3 0.802 -0.198
8 5.7 0. 868 -0.132
9 8.2 0.755 -0.245
10 5 0.861 -0.139
11 1.5 0. 905 ~0.095
12 1.9 0.912 -0.088
13 6.7 0.808 -0.192
1k 12.2‘ 0.727 -0.273
15 17.5° 0.703 -0.297
16 ‘9.5 0.735 -0.265
17 '39.2 0.662 -0.338
- 1-10-62° 1 38.8 1.665 [0.70k4 0.665 -0.296
: 2 31~ 9 1.709 - 90.715 0.709° -0.284
3 3312 1.678 | 0.699 0.678 -0.301
_n 33.5 1.739 0.668 0.739 -0.332
5 36 1.733 0.696 0.733 -0.304
6 33.2 1.718 o 0.718
7 33.8 ©1.699  0.640 0.699 -0.360
Averagéd 0.70 -0.315

- 8Uncollimated source," no solid-angle correction made

bUncollimated source, solid-angle correction made
Ccollimated source, solid angle correction made

dAverage of collimated-source data
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Fig. 16. (a) Consolidated data of alpha-particle distribution
from aligned E223 fitted to the saturation value obtained
from the collimated sample vs l/T; (b,c,d) alpha-particle
intensity distributions from aligned E2°3 vs 1/T.
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‘B. Californium-249

249

Figure 17 shows a typical gamma-ray spectrum from Cf . The
394-keV gamma-ray data are compiled in Table VI; Figure 18a, b, and
¢ shows plots of BZGZUBF_‘2 for the 39h-keV y-ray as a functién of l/T
(see footnotes in .Table VI for description of each run). Figure 184
shows BZGZUZFB for the 394-keV gamma ray taken during the alpha-
particle experiments. At 0.02°K the angular distribution of the 39k-
keV y-ray is given by

Cow(e) =1 +_(o.1u6:o.ou) P, (cosB).”

The 340-keV y-ray has an anisoﬁropy of opposite sign to that
of the 394-keV y-ray. Bécausé of its low intensity, it was not poss-
ible to get-a .very good temperature dependeﬁce.

Table VII lists the data for the alpha-particle distribution
from,Cf2u9. -Figure l9aiand b shows plots of the alpha particle dis-
tribution as a function of l/T for the.two experimental runs. In each®
case the so0lid curve corfesponds to an asymptotic value of the co-
efficient of P,(cos8) of 1.52, with an adjustable value for |A'/k |-
From the temperature dependence of the anisotropy, we get a value for

|A'/k| of
[%l | = 0.035%0.004%.

At O.O3OK, the alpha-particle anisotropy may be approximated by

w(e) = 1+ (0.64%0.08) P, (cos8).
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Fig. 17. Typical gamma-ray spectrum of Cm .
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. Table VI. Anisotropy of the 394-keV gamma ray

Date No. 1/T Ww(6 = 0 deg) G,B,UF, (6 = O deg)
8-11-60> 1 52.5 1.1279 0.1279
2 53.5 1.1565 0.1565
3 57 1.1569 0.1569
| o 4h.5 1.1116 0.1116
| 5 30.4 1.0946 0.0946
6 22.7 1.0839 '0.0839
T 15.6 1.0068 0.0068
8 s5k.2 1.1415 0.1415
9 57 1.1500 0.1500
10 55.8 1.1367 0.1367
11 55.8 1.1450 0.1450
8-12-60% 1 53.6 ©1.1703 0.1703
‘ 2 16 1.1443 0.1L443
3 k1 © 1.0655 0.0655
4 4.4 1.1146 0.1146
5 28.7 "1.0680 0.0680
6 21 1.0120 0.0120
7 1.7 1.0183 0.0183
8 18.1 1.0252 0.0252
9 22.5 1.0514 0.0514
10 34.5 1.1335 0.1335
11 40.5 ' 1.1033 0.1033
9-8-60% 1 54.5 1.1323 0.1323
' 2 44.5 1.1234 0.1234
3 39.7 1.121k 0.121k%
L 32.7 1.0868 0.0868
5 bh.5 1.1221 0.1221
6 26.5 1.0745 0.0745
7 18.2 1.0465 0.0465
8 40.5 1.1093 0.1093
9 32.7 1.0782 0.0782
10 53.6 1.1249 0.1249
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: Table VI (cont'd).

‘ Datg‘ No. 1/T3‘ w(e =Vq deg) i G,B,UF, <Q-T 0 deg)
9-L-60% T 56 1.1826° 0.1826
' 2 45.3 1.1407 0.1407 -
3 39,5 - 1.1430 0.1430
4 32 1.0513 0.0513
5 57 1.1328 0.1328
4-11-62° 1 2247 ‘1.09Q' 0.090
o 2 28 1.051 0.051
3 "28.8 1.030 0.030
i 21.9 1.050 0:050°
57 AT 1.018. ..0.018
6 10.6 1.013 .0.013
7 _16.7 1.061 _ 0.061 ..
8  20.7 1.086 " 0.086
9 26.3 1.101 0.101
10 30.3 - '1.116 0.116"
11 15.3 1.067 0.067
12 pn 1.029 0.029
) 13 7.6 1.012 0.012
5-15-62° 1 b2 1.077 0.077
2 42.6 1.086 0.086
3 17.6 1.052 0.052
L 31.5 1.049 0.0k49
5 23 1.07h 0.07k
6 29.6 1.085 0.085
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Table VI (cont'd).

-Date ',,NQ' ‘_' 1/T “ w(e = - 0 deg) G2B2U2F2 (e = 0 deg)
'5-17f62° 1 38.2 1.099 0.099
2 26.6 , 1.078 0.078
3 32.5 - 1.096 0.096
L 22.2 1.065 - 0.065
5 15.8 1.037 0.037
6 0.0k1

20.6 1.041

aVolume-distributed source

bActiVity deposited as thin film on single spot on crystal for alpha

experiment

Inactlve coatlng of neodymium ethylsulfate grown outside crystal used

used for alpha experiment
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Table VII. Alpha.-particle angular d-i‘stribut:ion from oriented Cf249
Date - No. l/‘I' Ww(e) w(e) - 1
| _ 0deg 90 deg 0 deg 90 deg
4-11-62 227 1.257 . 0.811 0.257 . = -0.189
2 26.6 1.389  0.766 0.389  -0.234
3 28 1.356 0.784 0.356  -0.216
4 2858% 1.&26 0. 760 . 0.426 - -0. 240
5 21.9. .- L1.407.  0.84k 0:407  -0.156
6 17 1.176 0.176 '
7 10.6 -~ 1.156 0.156
.'8 14.8 1.132-  0.966 0.132 - -0.034
9. 16.7 1.21h 0.883 0. 21k -0.117
10 “vzg;j 1.299 0.878 0. 299 -0.259
11 26:3 1.419 0. 741 0.419  -0.259
12 .. 30.3 . . 1.507  0.700 0.507 ~0.300
13 15.3 ‘1.287  0.86k 0. 287 -0.136
14 14 1.226 0.875 0.226 -0.125
15 12.4 1.258 0.927 0.258 -0.073
16 7.6 1.132 0.132
17 7 1.130 0.130
18 32.5 1.585 0.658 0.585 -0.342
h-16-62 1 - 25.6 "1.452 0.772 - . 0.k52° -0.228
[ - v28.2 ©1.586 - o0.72L 0:586 -0.279
3 29 1.567  0.ThT | 0.967 -0.253
'4 19.3 1.326 0. 871 0.326 -0.129
5 18.2 1.280 "' - 0.280
6 23.5 1.496 ° 0.789 0.496 -0.211
7 15.9 1.308 0.850 0.308 -0.150
8 19.4 1.542 0.816 0.542 -0.18k4
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Table VII (cont'd).

No.

Date 1/T ‘W(G) ' w(e) - 1
O deg 90 deg 0 deg 90 deg
9 13.3 - 1.31k 0.874 0.314  -0.126
10 11 1.26k < 0.930 0. 264 -0.070
11 14 1.165 IR 0.165
12 10 1.372 0,898_' 0.372 ,.! -0.102
13 31.3 1.732 0.698+ 0.732  -0.302
W 251 L1473 0.761 0.473 -0.239
15 26.9 1.L454 0.730 0.L45k -0.270
16 2k. 3 1.465 0. 760 0.465 -0.240
17 - . 20.6 .- 1.355 - 0.790 . . 0.355  =-0.210
18 k.3 1.412  0.803 0.412

~ -0.197
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Fig. 19. Alpha-particle distribution from aligned Cf2h9
vs 1/T. (a) April 11, 1962; (b) April 16, 1962.
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-'sulfate lattlce, Ffor which :they give: the . follow1ng Hamlltonlan

_71_

IX. DISCUSSION

" A. Nuclear Alignment of Einsteinium ~

R e 4 BN L T

) LI 3 . ‘ i, 3 i +
Because elnsteinium‘1s:chemlcally'a.na."logous‘.ta.‘co‘»holmlu'm,“"E-3
A 3+

may be expected to-have the same electronic groUndvstate'as tHow ;which

has the eonfiguration'hflo-and the ground level»klé' Baker and: Bleaney

165 in an yttrlum‘ethyl—

55

have studied paramagnetic: resonance with Ho

N - oS, * aup(iS, + ByS,) +as 1 BlsE, * 5,1

- I A ‘,2\‘ l T oo MR
OByt S PRI -3 (It ), 0 (20)

Sanness

with _..g,,”_ = 15.365 g~ 0; Afk = 0.47840.002°K; B/k =0.03%K;’

ng

B/k = 0.001°K; o/k = (o + Ay)l/?/k' _o.09t0.02%.
: |

[ o :
By extrapolation of the crystal field parameters and using the theory

of Elliott and Stevens, they suggested that two states lie lowest {(a)
the doublet which is principally | 7 ) with small admixtures of
Hil) and l: 5 ) and (b) a singlet characterized by the mixture of
the | 6 ) and [0 ) states. - T

It can easily be shown that in zero fleld, the dominating term
in the Hamiltonian for Ho3+ in the ethylsulfate lattice is A5 I
for which axial allgnment would result, ‘that isj IZ =t IO would lie
lowest Although the terms in B, P, and A are nonvanishing, their
contrlbutlons may ‘be neglected because they are suff1c1ently small
compared to A  Postmd et al. allgned Hol'66m 1n a neodymlum ethyl-
sulfate lattice and found that below 0.05 °K the r-anlsotroples ‘are in- .
dependent of temperature.56’ At O.OZSQK, they assumed that the nucleil
were completely aligned. They also showed that the eontribution from
the B term would amount to multiplication of the effect by a factor

very close to unity.
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o : . . +

‘To find out if the spin Hamiltonian for~Ho3 can ‘be applied to
.+

E3 ) We: nfdra.theoretical prediction of the ground state for the latter.

+
-We assumed that E3 has the configuration 5¢ 10, and the ground level

uIB. ‘The crystal field parameters for'E3 ?in,the»ethylsulfate‘lattice

were obtained in the*following,manner; .From the crystal field parameters
57 59

.an extra-

3+

polation was made to-.get the crystal field parameters for. Ho

-0of several rare- earth dons. in the ethylsulfate :lattice,
in this
-lattice;u The-crystal field parameters for‘tripositive holmium were
multiplied by the.ratios of the parameters for americium. trichloride to
those of eurépium ethylsulfate, which represent the change from 5f to
4f shells. .The change from chloride to the ethylsulfate lattice was
corrected for by multiplying by the ratios of the parameters for
Pr(C,H 304)3 "9H,0 to PrCl3 60 o ‘

After- multiplication of the holmium—crystal field parameters by
' these two sets of ratios, we obtain some estimate’ of the crystal field
parameters for tripositive einsteinium;in the ethylsulfate-lattice.

- The values obtained by'this ‘method, which were used in the estimation

3+

of the ground state for E , are:

;Ag/ (r?)J = +348cn "
’iuAg= (ru>; =, _ 71'cm?l
RGN C;.f?'l'lf
R

The eigenfunctions and eigenvalues resulting from. the crystal field
splitting of the ground term are tabulated 1n Table VIII and plotted
in Fig. 20. .



Table VITI. -
in neodymium

Eigenstates and eigenvalues for the ground term of E

- =T3-

3+

ethylsulfate, resulting from crystal-field splitting.

function, IAI8

" Wave » J,0) Energy  Degeneracy
(em )
0.54 | £6) +0.650 ) | -459 1
0.78 | £ 7) +0.54]t 1) +0.32]% 5 5 -431 2
0.15 | ¢ 8).+ o.77lt 2 } % 0.62]3 4 ) -223 2
-0.61 ] £ 7) +0.53]+ 1) +0.59%5) -205
0.71 | +6) - 0.71]- 6 ) -187 1
0.71 | £ 3) _ | -180 1
-0.98 |+ 8) + 0.04]t 2°) + 0.20] 5 ) +122 2
-o.ué | +6) + 0.63] o:) +178 1
-0.14 | ¢ 7)'4'0.65]1 1) - 0.75]75 ) +316 2
0.12 | £ 8) + o.64ji 2)-0.76]35 ) +478 2
07 ] +3) - ol 3) D 4530 1
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Fig. 20. Electronic energy levels and wavefunctions for
tripositive einsteinium in a neodymium ethylsulfate
lattice.
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.There may be other terms in the E

..75..

‘From this calculation, either of two states could lie lowest.

. The higher'states7are about. 200 cm-;nawayvand can bexomitted in the

discission of the ground-state..;The;two stateauthat could egually
well be the ground state are. (a) the-doublet{ which in the YBJ:>
notation.is approximated by 0.78 |£ 7) + Q¢5hvi l) t+ 0. 32[ s
and (b) a singlet approximated by 0.54% |% 6)/ + 0. 65 |O) _ §lnce
there are no states for which AJ =% l; ‘we have 5l =0 for both of
these states, the doublet (a) has g” = 10.1, while the singlet (b)

~would of course have g“ . _No allgnment,would result if the singlet

were the ground state. This -leaves the doublet (a) as the ground

: 3+
state for B~ .._

3+ +
3 _and Ho3

Since B were found to have essentially theisame

.electronic groynd state, the spin Hamiltenian for the_latter'may be

3+

used as the spin-Hamiltonian of E

3+

. . The dominant_term\in the,spin
Hamiltonian of ‘Ho~ is,

34=ASZIZ o '. a1

3 spin Hamiltonian,'just as in
holmlum, but these ‘are llkely to be small . A term which maybbe'non~
vanlshlng and 51gn1f1cant, but stlll small compared to the A term;
is that due to the Jahn- Teller spllttlng Thls effect’ would spllt
the ground doublet, and rermit admixture of the 51ngle level with one
of the states of the doublet. ThlS effect is respons1ble for the llftlng
of the (acc1dental) degeneracy in non-Kramers ions.

The alpha particle dlstrlbutlon from elnstelniuﬁlwae found to

be highly anlsotr0pic'and is saturated at'fairly higﬁ témperatures.

V;Essentlally complete allgnment 1s 1nd1cated at 0. 05°K.  Thé magnitude

and temperature dependence ‘of the’ alpha-partlcle dlstrlbutlon implies

16
a nuclear orlentatlon mechanlsm very similar to that of Ho 5. - Even

16
the derlved value of IA'I/k is nearly the same as that ‘for Ho 5.
It should be noted that the temperature dependence of the 1ntensity
distribution.is axial rather than planar (see Fig. 16a).  This is

also borne out by the vanishing theoretical value of g,
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' The Hamiltonian expressed by Eq.  {(11), which ‘was found to be a
good approximation of the spin Hamiltonian for=E3+, would -lead to axial
alignment. In einsteinium, this would indicate that the substate
. =.7/2 would lie lowest, and the hyperfine structure constant A/k 'can
be evaluated by using the matrix elements of the electronic-ground-state
doublet, and the theory of Elliott and Stevens. The theoretical value

of the hfs constant -is given by

.V =l'u.-.zo s 10727 (r'3()' (/14) °k, .(21) -

where <f-3) is the expectation value for the 5f electrons, I is the

nuclear spin, and p 1is the nuclear magnetic moment. .The diregtion of
preferential emission can be determined as follows. In this region of
the periodic table, where nuclei are strongly prolately deformed, there
is abundant experimental and theoretical evidence that the nuclear
symmetry axis for intrinsic nuclear states such as the ground states of
szu9 and'E253. Since we have axial alignment, the angular4momentum
vector is.directed along the crystalline c-axis. -We observed that en-
hanced alpha-particle emission also occurred in this direction. .The
experimental results thus establish unambiguously that the alpha particles
are emitted preferentially along the nucléar symmetry axis,.which  for
a prolate spher01d is in the direction of the polar reglons This'agrees
with the: prediction of Hill and Wheeler and also w1th “the. results obtalned
by Dabbs et al for Np 37
- Since we get preferentlal em1s51on in the dlrectlon of the polar
regions, the S and D waves must be 1n phase The relatlve phase of the
L = 2, 4 waves may be inferred also from the angular dlstrlbutlon The
experlmental data give [W(O ) - l]/[l - w(9o ) = 2.1. Theoretically,
for this ratio we get (a) lﬂ96_for the L = 2, . 4 waves out of ﬁhase
and (b) 2.37 for the L = 2, k4 in phase. The éxperimental result is
much nearer . to the formgr,‘that is, theaLv= 2, .4 waves are out of phase

253

in E



777

_ *B. Nuclear Alignment of Californium

1. .The Attenuation Factor: -. .

When a nucleus emits a partielefduring7redibaétivevdecaywa:cer-
tain amount of recoil energy is imparted to the daughter nucleus. In
beta decay, the disintegration energy is carried mostly by the beta
particle and neutrino, and the daughter‘nﬁcleus gets very'little:recoil
energy. -However, in alpha-particle decay, .the recoil may be substantial.
In the alpha- decay of szug,'the Cm 2h5. “daughter - has about 95 keV of
recoil energy. .This corresponds to a velocity of 20 cm per usec for
the recoil. - The recoil is alse estimated to have a range of about 50
unit cells of tHé-needyﬁium ithylsulfate Jattice. .If the 394-keV gamma
- l

ray has a lifetime T = 10 sec., the recoil could traverse about 5
unit cells before the:gamme*rayris elmitted. Therefore,during the life-
time'ofkfhei39h-kev etete;,the recoil nucleus could be subjected to
various interactions sUcH as collisions with the ions in the vacuun
space, collisions with the ions in.the ethylsulfate lattice, and various
magnetic and elettric interactions inside and outside of the crystal
lattice. These effects woﬁldvtend'fo'reerient the spin of the daughter
nucleus, leading to a reduced observed anisofropy for the emitted gamma
ray. R : o

2h1 2h3

In the study of alpha-gamma correlation in Am s Am 5 and

243 : . .
Cm br3, Flamm found that the correlation was highly attenuated. 61 In

Am?43

' correlatlon for nuclel re00111ng into Vacuun, ‘and almost no anisotropy

5 for example, she found that there was a marked attenuatlon of

for nucle1 re00111ng 1nto Mylar ' The attenuation coefficients below
the "hard—core value for a static 1nteractlon which were obtalned in
vacuum 1nd1cated that fluctuatlng magnetlc or electrlc field gradlents
were present at the daughter nucleus durlng the re001l motion.

249

»2. Gamma Ray Anlsotrgg;es in Cf and theiSpln Hamlltonlan

In the previous section it.was shown that alpha-gamma correlation
.isvconsiderably-attenudted'when'the,intermediate state has a finite life-

time. . Perturbations which would tend to reorient the spin of the re-

2k9

colling nucleus would also be expected in CGf ; Jjust as was found in
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the alpha decay of Am 4 3 Am243,‘and‘Cm243;'<We'must then include an

attenuation coefficient Gk> in the exp23231on'for;the angularrdis—
tribution of gamma. rays from aligned Cf _ _

The angular: dlstrlbutlon of the gamma. rays, . whlch 1s preceded
by the emission of alpha;partlcles_from:ailgned nuclel,_codld then be

expressed by

.-W(e)i - ?E: 'vaBkUkaPk (bose);( | ,. o r(Zzyﬂa

even

) For low degrees of alignment, terms in k > 2 may often be neglected

_ The decay scheme and spin asslgnments for the levels in Cf 2k9
decay 1is fairly well-established (cf. Fig. 15b). 'The 39%-keV y-ray has
the spin sequence 9/2 - (L = 0, 2) 9/2 - (El) 7/2 +. For this spin
sequenee,vwe\have Uze = +0.2247 and the r-rayvangular dietribution,is
given. by

_W(6) = 1 +0.2247 G.B,P,(cos6). | o (23)
This may. also be written-as
w(8) '=',1.+ XZPZ(COSG) , , ) ', - (23a)

wherer2 is the experlmentally observed coeff1c1ent of P, (cosG) The‘
Qrientatron parameter B2 is a function of a single parameter

B = A/BKT. From the temperature dependence of the alpha-particle
anisotrepy, one can obtain the hfs constant - A/k, which can then be

used to determine the value of B, at any particular temperatﬁre. - Since

we know BZ’ we can obtain the atienuation ooefficient Gz,.by comparing
"EBq. (23) to (23a). TFor the coefficient'Gz, we obtained a value of

0.64 to which we should attach an error of about 15%, which arises from
uncertainties in the walue of lA'l/k- and the experimentally observed

gamma anisotropy.
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, For the 3&O*keV reréy; the\spin'sequence“is éﬁvén"hy‘ '9/'2"-'-'1
(L =0, 2) 9/2 - (E1) 9/2 *. - For this spin sequence, U,F, = - 0.331

and the angular dlstrlbutlon of this gamma ray 'is then givén by
W(0) =1 -0.331 G;B,P (cos0)s S (el

-Since the two gamma rays-are emitted from the same dntermediete state,
U, and B,  would be the same for them The attenuation ooefficient may
_also be expected to have an equal value A o |
To determlne the- approprlate spln Hamlltonlan representlng the
1nteractlon respons1ble for nuclear: allgnment in Cf3+; we could use
the analogy between E3 cand Ho3+. -We have shown that the spin
3f is a very good approx1matlon to that of E3f- In
a 51m11ar manner, we may 1nfer that the spln Hamlltonlan for Cf3+;

3 For the latter,62

Hamlltonlan for Ho

could be approx1mated by the spin. Hamlltonlan for Dy
it has been shown that the dominant term of " the Hamlltonlan in the
neodymlum ethylsulfate lattice is glven by .Eq. (ll), viz. H AS I

The electronlc ground state for Cf3 would also be expected to be ex-
pected to be very 51m11ar to that of Dy3 . To conflrm the assumption
that these two ions have s1mllar forms of the spin Hamlltonlan, we 1look
at the gamma.~ rayvanlsotropy._-For_ax1al al;gnment, the temperature—
\dependent term B, is positire Fromeqs (23) and (24),’we see that .
.the 39L- keV y-ray should show pos1t1ve anlsotropy, while ‘the 340 keV
Y-ray should have the opp051te 51gn It was found that thls is 1ndeed
‘the case. The 51gn and temperature dependence of the y-ray anlsotropy

3

is very 81m11ar to that of Dy From this 81mllar1ty and the analogy
‘between E3f and H03+ we can 1nfer that Cf3 has essentlally the same
electronic ground state as Dy3+, and therefore analogous forms for the
spin Hamiltonian. However, it would not be-possible to determine the
~ other terms in the Hamiltonian, which again may be expected to be wery
-small. - The spin Hamiltonian'eXpressed by Eqg. (11) would .lead to axial
‘alignment, with the state I, =t 9/2 lying lowest. -From the ground-

state expression (cf. p.L41 ) and the theory of Elliott and Stevens, we
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can estimate the hfs constant A/k. TFor this we get
A = w35 x 2000 G i)k, (25)
where again (r-3) is the expectation value for the 5f electrons, and )

‘@ 1s the nuclear magnetic moment.

2hg

31-.Alpha~Particle.Angular:Distribution from Aligned Cf

' Just as in E°23, the alpha particle was highly'anisotropic,
although not saturated at the lowest’ temperature attained in the experi-
‘ ments : It ‘was shown in the precedlng discussion 'of the’ Y-ray.anisotropy
that nuclear alignment'Of‘Cf2u9 is;axial, which would lead to the align-
| mentjof'the niclear angular-momentum vedtor alongfthe crystalline c-
axis. .The Observea'enhancement of.alpha emission in this direction is
another conflrmatlon that the alpha partlcles are emltted along the
dlrectlon of the angular moémentum vector. For prolately deformed
nuclei, the nuclear angular-momentum vector is-in the’same direction as
the nuclear-symmetry axis, that;is;‘in the’directiOn of the "tips" of
fthe spheroid. As in’ the evnstelnlum 1sotope, preferentlal emission from
vthe polar reglons is 1nd1cated--another 1ndependent confirmation of the
predlctlon of Hlll and Wheeler ' . o

- Slnce preferentlal emlss1on occurred”at the poles of the
spher01d, the S and D waves are in phase ‘The contrlbutlon from
-the other'branches are sufflclently small that it would, not affect this
. onclus1on It was not poss1ble t0 determlne with any certainty the
frelatlve phases of the odd- angular momentum components '0f the partial
: waves to the other branches, although an out- of-phase relationship is

1nd1cated in the L 3, 5 components to the 5/2 + ‘band.

P
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C. ‘Magnetic*Moments Of:E253-and.Cf2%9

I

To determlne the magnetlc moments from the experimental data,
one needs a reasonable estimate of (r 3) for the 5f electrons. This

63

parameter was calculated by ‘Foglio and Pryce for elements 91 through
96 for net ionic charges of n~1 and n~5 " The parameter for the
tripositive species was determined by assuming a linear dependence
of (r_3) on the net ionic charge. The values obtained by inter-
polation were extrapolated fe-get the values for ‘E3+ and Cf3* .

-The magnetic moment of E253 arises mostly from the odd proton.
The nuclear gpin.:t of this isotope is I, = 7/2. From Eq. (21) and

the experimentally determined value of lA‘l/k,, we obtain

HHIEZSS = 4.9 n.m.,

with

(r'3) = 6887
. 29 |
The nuclear spin of Cf ~ is I, = 9/2 and due to an odd
neutron. From Eq. (25) and the experimentally determined value of

At )/x , we get

Iu] = 1.3 n.m.,
Cf2u9

with
(r73) = 5883

Errors of about 20%, of which one~half comes from uncertainties in
the theotyy. ", should be attached to these values.
It is interesting to compare these experimentally determined
253 2ho9 are

moments with theory. The Nilsson states for E and Cf

7/2 + [633)] and 9/2 - [734] , respectively. Using the value 0.33
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for the gyromagnetic.ratio, gR,, for both isotopes, and the deformation

parameters O = O.24 and 0.23 for :E253 and szug , respectively,

we obtain

+ 4.2 nm.

(n )E253 _,(_theé‘l?y) |

() ﬁé (ﬁh?ét&) -.0;89 n.m.

ol
Ccf-
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