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ABSTRACT

The very low temperature required by most nuclear orientation
‘methods imposes strict limitations on the detection Schemes for the
jonizing particle reaction products. Only a few particle detectors of
small Size'ahd capable of operation at law temperature and pressure may
be installed in the cryostat. Nuclear emu]sion,.however, provides a
-three;dimensiona]vrecord‘of all ionizing particle tracks and may be
used in vacuum. An added advantage ié that oriented nuclei may be
imbedded in the emulsion so that the detector completely surrounds the:
target. | ‘

In this thesis a method is described whereby unsupported
nuclear emulsion may be cooled by adiabatic demagnetization of a para-
magnetic salt while the emulsion remains in a high magnetic field. The‘
high field is -needed by the brute force method of orienting nuclei,
although other, less demanding, methods hay also be used with emulsion
detection. During an experimental ruh, pellicles pTaced in a 70 kG

vmagnetic field cooled to 88 mK and remained at 97 mK +10% for 106
minutes. If longer irradiation times are necessary, the demagnetizing
process may be repeatgd as needed.

As part of this investigation, the sensitivity of Ilford G5

nuclear emulsion was studied at very low temperature by comparing the
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grain density of proton tracks recorded at 0.1 K and at room tempera-
ture. It is found that the emulsion retains (74 + 2) % of its room
temperature sensitivity when exposed at 0.1 K and that tehperature
cycling from 0.1 K to room temperature has no noticeable effect on

previously-recorded tracks.
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RESUME

La trés basse température exigée par la plupart des
méthodes d'orientation nucléaire limite les moyens de détéétion des .
produits ionisants de réaction. Le cryostat péut accommoder
seulement.quelques détecteurs de particules de faible volume qui
doivent &tre capable de.fonctionner 3 basse temperature et dans
Je vide. L'émulsion nucléaire, toutefois, enrégistre en trois
dimensions toutes les traces de particules ionisantes et fonctionne
d&nsv1e vide. De plus, les noyaux peﬁvent étre placés dans 1'émulsion
de “sorte que 1e“8étecteur“entoﬁre'COmbTétément les cibles.

Dans cette thase, on décrit une méthode de refroidir des
émulsions sans support par la désaimantation adiabatique d'un sel
paramagnétique pendant que les émulsions restent dans un tras fort
champ magnétique. La méthode d'orientation directe (brute force)
nécessite le champ magnétique, mais 1'émulsion peut elle-méme
servir de détecteur dans d'autres méthodes moins exigeantes. Au
cours d'un essai, la température des pellicules placées dans un
champ de 70 kG 2 atteint 88 mK et restaient a 97 mK £10% pendant
106 minutes. Si on a besoin d'un plus ldng temps d'irradiation, on
peut désaimanter 2 nouveau. .

Une partie intégrante,de cette investigation était 1a

détermination de la sensibilité relative de 1'énulsion I1ford G5
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faite en comparant la densité des grains le Tong des traces de
protons enrégistrées a 0.1 K et a la température de la pidce. Une
valeur de (74 +2) % a été obtenu. De plus, i1 a été observé qu'un
refroidissement de 1'émulsion jusqu'a 0.1 K n'affecte pas les

traces enregistrées antérieurement a 1'abaissement de température.
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\ ~CHAPTER I
INTRODUCTION

Nuclear reactions involving oriented targets have a special
attraction to workers in the field of nuclear physics. Such reactions
often yield information that can only be obtained with difficulty
otherwise, or else not at all. Importént examples are the discovery
of the nonconservation of parity in B-decay and the investigation of
" ihternuclear forces. In appropriate reactions, the effects of orient-’
ing ‘the target nuclei are evidenced by changes in cross-section for
the’inéident“partic1e or modification of the angular distribution of
emitted particles or radiation.

The special conditions needed to obtain the desired orienta-
tion are not a1ways'eésy to achieve and sometimes necessitate mastery
of techniques in two or more fields of physics. In many cases,
~magnet1c f1e1ds and low temperatures are necessary. Some methods
requ1re a temperature of 0.1 K or 1ower to yield a high orientation.

There is also the prob1em of the p1acement of particle
detéctors at Tow temperature. Some types of Qetector may be positioned
directly in the cryostat c]qse to the target nuclei, but if many

detectors are needed or if they are too bulky to fit in the chamber,




they- must be placed outside the dewars. For neutron or yfradiation
emission there may be no difficulty, but charged particles which

must pass thkough the walls of the cryostat may experience a loss in
energy and possibly a change in the directional and polarization
characteristics. Some particles such as slow protons, electrons and~
_a's-might not be able to reach the outside. By placing. the nuclei
in emulsion, a record of all ionizing particle tracks may be obtained
together with energy and angular information.

In this thesis a description is given of a procedure for
cooling nuclear emulsion containing imbedded nuclei to 0.1 K in the
presence of a 70 kG magnetic field (Chapter V). These conditions may ;
be.considered'tO'be thé}minimum requirements for polarization by the

‘Brute: force method.

Chapter II contains an outline of the parameters used to

describe the degree of orientation of an assembly of nuclei and a
brief review of dynamic and thermal methods of producing nuclear
orientation.. Means of obtaining the low temperature needed are
detailed in section 2.2.

Thermometry at temperatures below 1 K is somewhat of a
,prob]em because of the lack of primary thermometers; however, it is
possible to calibrate secondary thermometers by extrapolation from
‘an established temperature region. In Chapter III, the calibration
of a pair of Earbon resistors used to measure the temperature of the
cooling salt and of the pellicles is described in detail. Since one

of these resistors is employed in a magnetic field, the influence of




the:field on temperature readings is explored (section 3.4).
In Chapter IV a description of the experimental- arrangement
and procedure used to cool the pellicles to 0.1 K is given and the

results of the low temperature sensitivity tests are presented.




CHAPTER 11

THE ORIENTATION OF NUCLEI

2.1 Introduction

In an assembly.of nuclei possessing spin, the spin axes
generally assume a random orientation; if a preferred direétion is
jndicated, the system is said to be polarized. The interaction
causing the polarization, such as an external magnetic field,
-quantizes the spin, I, into 21 + 1 spin states, each with component
m -along -the axis of quantization (z-axis). An expression which
provides a measure of the degree of polarization is given by (1):

£may
IZay

" where am;is the population of the state m. The range of f is from
;1 to +13 f = 0 indicates a disoriented system.

when'the spins point predominently in the +z and -z
directions with few pérpendicu]ar to the z-axis, there is still an
orientation even though ap = a-p and f = 0. In this case the nuclei
dre'said to be aligned, to a degree given by the formula (1):

_ % aplm? - I(I + 1)/3]
‘ IZZam




2.2 Methods of Nuclear Orientation

(a) Dynamic Methods

The occupation of particular orientation states can be

achieved by inducing transitions to them by pumping with optical,
radio frequency or microwave radiation.at a frequency corresponding
to the energy difference of the states concerned. Transient po]ar-'
jzation generated by a burst of high intensity radiation can be
employed when the spin-lattice relaxation time is long enough to be
useful, and continuous polarization is maintained by continuous
irradiatioﬁ. Some experimental arrangements yield quite high degrees
of orientation (f > 0.5). In these'so-ca11ed'dynamic methods, nuclear
magnetic resonance techniques figure prominently.

' ‘A review of dynamic methods of orientation is given by

Jeffries (2) and Wenckebach et al. (3) describe a more recent app1i?

cation.

(b) Thermal Methods
" At very-low temperature the Tower levels of a hyperfine

Splitting of a nucleus are selectively populated and the spiﬁs become

oriented when placed in a magnetic field. If a paramagnetic salt is

employed, a fie]d of a few hundred gauss will saturate the electron
 moments which, because of their own very h{gh magnetic field (10° -

10¢ gauss), cause a polarization of the nucleus parallel to the

external field. By judicious choice of material, it is possible to

obtain not only polarization of quite a high order with minimal




magnetic field, bdt also self cooling if the substance can be érown
isbmorphous1y in a cooling salt suitable for adiabatic demagneti-
zation. This has been done for Co®° grown in cerium magnesium
nitrate (4). | -

In a very strong external field and at very low tempera-
ture, any nucleus with spfn and %inite magnetic moment can be polar-
ized {5). This brute force method as it is called belies its name
;ince elegant techniques are often needed to attain the optimum
conditions. The degree of polarization obtained is given by'(s)

' f=_ [212—;1] coth (-2-1-2;—1%] -E:I-l-coth [-z—llis—,r-] ,

where u is the magnetic moment, k is Boltzmann's constant, H is the

magnetic field and T the absolute temperature. When %¥-<< 1, f may

" be approximated by (7)

pollrl o
3 1 k1°

. The vefy high magﬁetic field and very 10w'temperature.
needed to obtain qsefq] polarization by this method may Timit its
_ application; however, valuable results have been obtained with va]ﬁes
of f = 0.02. Stolovy (8), for example, has determined several spin
statés-a§sociated with neutron resonances in !°In polarized by the

brute force method. The use of this method in the present context

is discussed in Chapter V.




Other methods, such as alignment by the electric hyperfine
structure, are described by Daniels (5) to whom the reader is referred

for details.

2.3 The Production of Low Temperature

The low temperature required by most nuclear orientation
“experiments must be maintained throughouf the irradiation time other-
wise the degree of orientation will decrease as the system warms.
Some arrangements permit continuous cooling whereas others such ae
adiabatic demagnetization require repeated operation to achieve an
adeqUate~expef1menta1'time:

~Speciméns¥may-be‘ébo]éd'thabout 1 K by placing thém‘in
thermal contact with pumped 1iquid helium in a double dewar. Helium
normally boils et 4.2 K, but reducing its vapour pressure with a high-
speed vacuum pump to 1 Torr, for example, lowers its boiling point to
1.27 K. The temperature can be'maintained as long as helium remains
in the bath which may be refilled at low pressure with a specially-
designed transfef siphon. Liquid nitrogen is placed in the outer
dewar to prevent rapid boil-off of the helium.  The method is well
established and is easily repeated. If 3He is used instead of “He,

" the ultimate temperature attainable is about 0.3 K, however a closed
cycle system 15 required because of the high cost of *He.
Temperatures below 0.3 K may be attained by employing

di1dtion refrigeration or adiabatic demagnetization of a paramagnetic

salt.




Dilution refrigeration is a relatively new method of
obtaining Qery Tow temperatures and although the technology is fairly
well understood (9), use of the refrigerators is not yet widespread.
Wheatley et al. (10) describe a unit that will produce continuously
a temperature of 10 mK.

Adiabatic demagnetization of a paramagnetic salt is the
oldest and most common method of producing very low temperatures.
Simp]y statéd the substance becomes warm when initially magnetized.
and once this heat of magnetization has dissipated and the substance
js thermally isolated, it cools upon be1ng demagnet1zed The degree
of cooling and rate of.rewarming depend upon the choice of salt, its
jnitial temperature T, the magnetic field H, and the thermal isolation.
:The greater the ratio H/T, the lower will be the final temperéture
until a lower limit is reached which~is_abproximafe1y equal to the
interaction energy of the salt divided by Boltzmann's constant.

The major fequirements of a cooling salt are that there
should be very 1little magnetic coupling between the ions (i.e. the
salt must be magnetica11y dilute), the zero-fie1d_splitting of its
: 1owest level must be much less than kT at about 1 K, and the next
1eve1 should be high enough to exert negligible effects (11). Doub]e ‘
salts with a large number of waters of hydration are good examp]es,
such as ferric ammonium sulphate [NH,Fe(S04)2- 12H20] and chromium
potaSsium sulphate [K Cr(SO4)2+ 12H,01.. Cerium magnesium nitrate
[CesMgs(NOs) 12+ 24H,0] is the most renownedsalt for achieving very Tow

” temperatures (1 - 2 mK), however its thermal capacity is small. "The




salt's main value 1ies in its unique wide range of linear variation of
magnetic susceptibility with inverse temperature (cf. section 3.]).

The cooling salt may be used as a heat sink by the nuclei to
be oriented or else the nuclei may form part of the crystal structure
for more intimate contact. The salt pill is attached to the wa]]siof
£hé-éxperimental chamber with taut riylon or cotton threads. The
threads are poor heat conductors and the tightness minimizes heating
by vibration.

The usual-expéfimental proceduﬁe is to cool the salt and
nuclei to about 1 K by thermal éonnection'to the pumped helium bath -
either by employing a heat switch:(lz) or helium thermal exchange gas
at a pressure of 107%Torr. Higher pressures do not substantially
increase the thermal cdntact but simply méke final pumping more diffi-
cult. The magnet or solenoid is then energized and when the heat of
magnetization has dissipated, the heat switch.is opened or the
exchange gas is pumped out. At a residual pressure of 10-° Torr or
less the salt is slowly demagnetized. If the lowest temperatures
are sought, the demagnetizing must occur isentropically or reversib]y'
(13), a process assured by demagnetization 1ong'compared to the spin-

- lattice relaxation time of the cooling salt. A further advantage of

slow demagnetization is that eddy-current heating in metal parts is

also held to a minimum.




10

CHAPTER III

LOW TEMPERATURE THERMOMETRY

3.7 Introduction

The principal-requirements of a low temperature thermometer
besides high sensitivity are small size, low thermal capacity, rapid
response and insénsitivity to temperature cycling. Several devices
are available which meet these criteria and which are useful over-
different temperatﬁre_ranges. Junction diodes, for example are Usible
to about 1 K as are certain thermocouples (14); germanium resistors
(15) and Allen Bradley resistors can be uséd to about 0.3 K although
the magnetoresistance of germanium is about ten times that of carbon
resistors (14); and Speer resistors have been successfully employed to
10 mK (16). Speer resistors type 1002, 220 ohm, % W are the resistor
of choice for measuring temperatures below 1 K (17, 18). The outer
insu1atﬁon is usually removed to reduce the thermal re1axati6n time
~and the resistors are sometimes .ground to flat recténguTar sections
with the leads still attached. It'iS'recOmménded that the tin/p]ating
and lead-tin solder of the leads be removed if the resistors are to be
used at the lowest temperatures in order to minimize the semi-conduc-

ting thermal boundary resistance (19).
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To calibrate these secondary thermometers it is necessary to
establish 2 temperature scale below 1 K. This can be done by extra-
polating some reproducible, single-valued, thermodynamic property of
a suitable substance from a known temperature region. It is conven-
ient t0“extrapo1ate Curie's Law for magnetic susceptibility from the
1iquid helium temperature range to temperatures at which the suscept-
ibility is still a smooth function of temperature. The resulting

relationship
X = C/T*

defines a magnetic temperature, T*, where y is the susceptibility
and C is the Curie constant for the substance used. For a specimen

of ellipsoidal shape, the thermodynamic temperature is given by (20)

T=T*+C(N-D)
=T*+ A

where N represents the dipole-dipole interaction, D is a demagneti-
zing factor and A can be considered as a shape-correcting factor.
In the case of a sphere D = ﬂ-w, and for a cubic array of

3

dipoles, N = %-n and A = 0. In this case, the spherical magnetic

temperature ™® = T* = T. If N # g-n,

T=T@.+C(N-%1r)
=™®+0,
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giving the Curie-weisé relation
x(T - 8) = const.

It is customary to use cerium magnesium nitrate (CMN} as
the reference salt because its susceptibility is essentially linear
to 6 mK (21) [6 = -0.27 mK (20)1, although chromium potassium sulphate

" has .also been used to ~11 mK (22) and ferric ammonium sulphate to

33 mK (23).

3.2 Experimental

‘(a)  Apparatus
~ Two 220 ohm half watt Speer resistors were calibrated to |
80 mK by extrapolation of Curie's law for CMN from the Tiquid

helium region. They were cooled by adiabatic demagnetization of

o eam s eamr s manrsven

about 4 g of ferric ammonium sulphate in the arrangement shown in
Fig. 1. (For clarity the mechanical detail, supporting threads,
connections and dewars are omitted.) The spherically-shaped CMN
reference salt, assembled from four single crystals, was interlaced
with the coil foil thermal conductor. Contacting surfaces were
thin]y'émeared with Apiezon N greaée and the assembly was held
together with nylon thread and a small bake?ife clamp. The CMN was

oriented so that it did not contribute to the cooling during

demagnetization. Indium soldered to‘the foil were two thin-wall
copper tubes in which the resistors were placed. Most of the

insulation of the resistors was ground off and a thin coating of
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Fig. 1. Simplified diagram of the calibration cryostat
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grease was applied prior to assemb1y. The leads were indium
soldered to the foil to improve thermal contact. The cooling
salt was also smeared with grease to provide good contact and tol
’prevent decomposi tion.

The éusceptibi]ity of the CMN was measured in a
Hartshorn-type mutual inductance bridge emp]oy%ng a ballistic
.Qalvahometer detector (24). Current waé supplied-by a 12 V car
battery in series with a rheostat. The resistance of the
thermometers was measured to within 0.1% with a three wire,

100 Hz Wheatstone bridge employing synchronous detection. It
was previously constructed in the Taboratory and consisted of
General Radio 510 decades, GR 500J 10 k@ fixed standards, a
Princeton Applied Research model 121 combined audio oscillator
and lock-in detector, Hewlett-Packard 403 B transistorized
vo1tﬁeter and transformer isolation of the oscillator.

To prevent self heating and consequenf erroneous temper-
ature readings, the power in the resistance must be limited at
low'temperature. In the case of the balanced (Ry = Ry), equal-
arm bridge shown in Fig; 2, half of the applied voTtage appears
across the thermometer, Rf. Hafrison (25) iﬁdicétes that at 80 mK

(R =25 kﬂ);Athe maximum permissible power is 10-12 W.. At this
Tevel, the voltage écross’the resistor is (1012 x 2.5 x 10*)%°%5 =
1.58 x 10~* V and across the bridge the voltage is 3.2 x 107 V.
IfjHarrison's data are extrapolated to 1.3 K, the sﬁggested maximum

power dissipation is 4 x 107® W or 5.5 mV across 750 ohms; however

. o v

N mem i bamas w A mea
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Fig. 2. The equal-arm Wheatstone bridge

slight (10.5%) heating effects were oEserved at this level possibly
.becausefthe thermal contact was not as good as in Harrison's case.

It was therefore decided to operate the bridge at 0.1 mV (8.3 x

10-1% W) at Tow temperatuée and 0.2 mV in the 1.3 - 4.2 K calibration
range to improve resolution. Connection fo the resistors was made
with lead-covered Manganin wire. To minimize heating effects from

| R.F. pick-up, 1000 pF silver mica capacitors were connected across

the resistors.

(b) Procedure
The cryostat was cooled to 77 K in about two hourS'by
pouring 1iduid nitrogen-in the outer dewar. During this time,
15 Torr of nitrogen gas was: left in the walls of the inner dewar

to maintain thermal contact and 760 Torr of nitrogen exchange gas
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remained in the cryostat chamber. The inner dewar was then pumped
hard, the chamber evacuated and filled with helium to 50 Torr and
liquid helium was transferred into the dewar with a siphon. In the
half hour required to complete the transfer, the chamber pressure
was reduced to 5 Torr.

.Resistance and susceptibility were méasured at eight to
ten different temperatures for 1.3 < T < 4,2 K. The averége of at
least foqr readings was obtained at each iemperature. The helium
vapour pressure was maintained by a manostat in the pumping line qnd
values of temperature were obtained from published tables of vapour
pressure vs. temperature (26). |

At the’ end-of the calibration run, the inner dewar was
refilled-with 1iquid helium, - the water cooTed e16ctrbmigiet was
rolled into place and the cooling salt wés magnetized in a field
of 18 kG. The remaining helium exchange gas was pumped out of the
chamber when the heat of magnetization had dissipated, and, at a

: ;
pressure of ~10™% Torr, the salt was slowly demagnetized.

3.3 Results
 The susceptibility of the CMN was found to vary as 1/T in

the 1iquid helium region as expected, and, from extrapolation of a
Teast-squares' fit of the data points,'temperatureS‘below 1.3 K were
obtained. The resistance also varied with reciprocal temperature in
the calibration range, but below 1 K it did not follow a simple

relationship. Various.expressions have been proposed to express the
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resistance as a function of temperature (27), some with segondary
correction curveé, but none was considered accurate enough over an
extended range. It Was therefore decided to obtain the_temperature
grapnically over the immediate range of interest on a linear scale.
Fig. 3 shows the overall calibration of Rl and Fig. 4 is the curve
for 85 < T < 120 mK. Values for R2 are similar. Data for the

curves were.obtained from nine different calibration runs, the first
‘seVen were taken between 6 December 1969 and 30 March 1970; the last
two were obta1ned in November 1971. Below 0.13 K the early values of
R1 differed by n5% from those of November 1971 probably because the
resistor had been heated very slightly to re-attach a lead. The
fedUétﬁdn in resistance of the later values is consistent with resis-
‘tor-Heat’ treatment (28). At 0.1 K the repeatabiTity'6f-the?NbVéﬁber
data is about 2% and above 0.2 K, the reproducibility of all data is

better than 2% in good agreement with Harrison's (25) estimate.

3.4 Magnetoresistance

Low temperature sensors are usually affected to some e:tent
by fhe‘presencé of a magnetic fier. The effect may tend to increase
or decrease the reading according to the material emplqyed. In some
cases, the change may be a compl%fated function of the field and
temperature. For carbon composition resistors the effect depends

distinctly upon the method of manufacture.

The magnetoresistance of Allen Bradley resistors is positive

for T < 4 K.  Above this temperature some researchers (29, 30, 31, 32)
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observed a positive effect whereas others (33, 34) claim negative
shifts. The discrepancy in results suggests that a possible third
factor may be involved such as the pover dissipated in the eesistor
during'meesurement. In any case, this brand of resistor is not
suitable for very low temperature measurement because the resistance
varies too rapidly with temperature. The magnetoresistance is
independent of the direction of the field.

For Speer resistors, Black gg_él, (17) found a negative
effect with slope decreasing after 4 kG. The total change in
resistance at 10 kG and 0.3 K was about 5%; at 0.5 K, it was 2.6%;
and at 1.1 K, 1.3%. The effect is thus approximately inversely
'ﬁrdport?bnai’tO“temperature: No-difference in magnetoresistance
'was“hotedvamongwthe~seveni?ESf§%ors5€E§ted'?anging from 51 to 500 @
and 1/10 to 1 W. | |

A smaller though similar variation was found by Gordy and
Fritzsche (31) for 470 @ 1/2 W resistors. The effect was inversely
~ proportional to temperature, and at 0.35 K levelled to 2% at 9 kG
where it remained constant to 13 kG, the max%mum,ffe]d used.

, At 1 K, Edelstein and Mess (18) found a tofa1 shift in
resistance for a single 220 @ 1/2 W resistor-of-—O.Q% at 9 kG, with
no further'change to 12 kG, in reasonable agreement‘wiih Black et al.
No evidence of a levelling off is seen at lower temperature though
fof fields up to 7 kG.. At 0.113 K the change is 5.6% and is still
rising. No dependence on the direction of the field was observed.

The temperature variation appears to be more rapid than linear below.
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0.23 K, but scatter in the pofnts makes a reasonable estimate
difficult.

 saito et al. (35) provide the only high field data
published on Speer resistors, however, the lowest temperature used
was 1.5 K for fouf 470 Q 1/2 W samples. Three 220 @ 1/2 W resistors
were examined at 4.2 K. In both cases the effect was initially
negative, levelling at about 1% between 20 and 30 kG at 4.2 K,
changing sign at about 35 kG and rising to + 3 to 4% at 75 kG. At
1.5 K the crosé-éver occurs at 37 kG for two samples and at 52,k6
and 64 kG for the others. At 75 kG AR/R = +2.5, 1.8, 0.9 and 0.4%
respectively. The scatter in the data ﬁakes it impossible to

determine the temperature variation.

There is general agreement on ﬁ'negative magnetoresist%ve
effect at ~1 K amounting to about 1% near 10 kG where it remains
approximéte]y constant for several kG. The uncertainty in the
measurements at low temperature and low field make extrapolation
to higher fields rather haZardous. The same can be said for
extrapolation to low temperature from the high field, high
temperature data.

4 Despite the lack of solid %nformation, it 1s interesting
to note that at 1.5 K, the crossover point for two of Saito's
resistors occurs at higher fields than at 4.2 K. At these.fields
the slope of the curves is shallow and suggests that at low tempera-

ture the crossover may occur at even higher fields. One is thus led
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to believe: that any observable effect at very low temperature and high
magnetic field will be small. In all likelihood, it will probably be

masked by the 2% uncertainty in calibration.
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CHAPTER IV

-

THE SENSITIVITY OF NUCLEAR EMULSION AT LOW TEMPERATURE

4.1 Introduction

’Nuc1ear emu]s{on is a particular type of photographic
emulsion used to record the passage of charged particles. It is
thicker than ordinary photographic emulsion, contains a greater
concentration of silver bromide and is finer grained: It is
available with or without g]ass-backing,'iﬁ several thicknesses
(50 - 600 u) and in various formulations for different applications.

Layered blocks of pellicles may be built up to provide an
extended thrée-dimensional detector of particles. These stacks are
particularly useful in beam work and jonospheric flights.

Some huc1ear-emu1sion is available in gel form, which,
when warmed may be poured into any desired shape and thickness. A
' further advantage of emulsion gel is that previously-recorded cosmic
ray tracks'are broken up in the warming and pouring prbcess thus
~ clearing the pellicle of an annoying background of spurious Tong
tracks. Emu1sioq can not be shielded from cosmic rays because of
their very high energies, and the pellicles act as a continuous

detector as soon as poured. When bought preformed emq]sion‘usua11y
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éontainé a few tracks which increase in number with time. There is
therefore a Iimitéd useful age of emulsion beyond which the back-
ground is considered too great.

Besides serving as a detectok of ionizing particles,
‘niclear emulsion can also yield information on the nature of the
particle and its energy. The tracks of a-particles and protons above
‘the. minimum of ionization, for ekamp]e, are much. denser than those of
e]ectrdns,‘and measurement of the range in the emulsion allows an
estimate'ofrthe particle's energy to be made from the stopping power
of the emulsion. |

Neutrons may be indirect]y detected by theirvinteraction
with thévhydrogen in the gelatine (proton recoil) or by loading the
‘medium with suitable target nuclei such as boron or lithium (36).
In this latter case, the‘reaction products identify the original
particle.

| The disadvantages of nuclear emulsion are the delay involved

in processing and the tediousness of searching for the tracks under
a microscopé; however, in certain veny-1ow-femperature nuclear

orientation experiments, the use of emulsion is unrivalled.

4.2 Processing‘ovauclear Emulsion

Nuclear emulsion is handled in the darkroom in much the same
way is in tray processing of common photographic film, except that
the temperature of the different baths is not the same and the times:

jnvolved are somewhat longer.
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Thick pellicles may be processed unmounted, but they are
usually supported on filter paper or lintless cloth while in the
solutions. After processing they are mounted on specially-
prepared glass plates. Thin pellicles are mounted before processing
to reduce handling difficulties and track distortion. They may be .
| ~-deve10ped~iﬁ~the-usua]~wayfin'ID-19~deve1oper‘di]utednwith an equal .
vo]ume of water for 5 - 15 minutes depending upon the emulsion used.
A water presoak is sometimes used to swell fhe emulsion so that the
deVe]oper wi11_penetraté»more rapidly. Emulsion thicker than 100 u, |
however, requires special presoaking in cold (v5°C) developer to
allow the inactivated solution to penetrate to the interior without
over-developing the surface. Isothermal development at 10°C may be
'Used;‘élthough‘best‘résu]ts afe obtained'with:Brusse1s"amfdol
developer (37) and a warm (24 - 25°C) development stage lasting
about one hour. The same process is often used with thin emulsion

when maximum discrimination is needed.

" After deve1opment, the pellicles are transferred to an
acetic acid stop bath at 5°C and then fixed in plain hypo, at n10°C,
for about 50% longer than the time required to clear the emulsion.
The temperature of the stop bath is kept Tow to arrest the deveTop-
ment process quickly and the fixer is kept cool to prevent unneces-
sary emulsion swelling. The time spent in these baths is longer for
glass-mounted emulsion (plates) than pe11iciés because there is only
one side exposed to the solution; the time also increases as the
square of the emulsion thickness. Barkas (38) suggests 80 z2 minutes

for fixing where z is the thickness in units of 100 u, and 40 22
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minutes for washing. To reduce gelatine losses thé wash water
temperature is kept to 12 - 15°C.

The washed emulsions are dried by successive immersion in
ethyl a1cpho1 solutions of increasing concentration, such as 20, 40 :
and 60%, and containing about 5% glycerine. The alcohol causes less '
distortion than air drying-and also inhibits the growth of
organisms in the gelatine. The glycerine acts as a plasticiser and
heips to control the emulsion shrinkage éaused by silver loss in the
fixer. The time §pentvin each solution is equivalent to the pene-
tfation time, exceptnfdr the last bath where the pellicles remain'
until they have returned to their original linear dimensions. The
fina]'thickness is usually abodt half the unprocessed thickness
“(shrinkage factor = 2). |

Since the thickness of the dried emulsion depends upon the

humidity of the air, the plates are usually stored at constant

temperature (v20°C) and relative humidity (v55%).

- 4.3 Low Temperature Sehsitivity

The latent imége formed in photographic emulsion does not
remain stable but is subject to a certain degfee of fading. This
deterioration increases with tempe§ature, time, barticle energy and
the presence of oxygen. It decreases with loading by materials of
ﬁigh pH and is Tower in emulsion with large grain (39). At low
températuke the actual formation of the latent image may be inter-

fered with.
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According to Gurney and Mott (40), the ]atenﬁ image 1is

formed in a two-step process:

(i) Photons are absorbed by the silver halide causing the release of
electrons which become trapped at sensitivity centres.

(i1) Positively-charged silver jons migrate to negative traps where
silver particles form.

At very low temperature, jonic mobility is essentially zero and the
second step can not be completed. It is only as the emulsion warms
that the latent image can form. Aﬁy factor causing destructibn of the
traps or neutralization of the ions, including electron-positive hole
recombination, results in a loss in sensitivity. |
Emulsion which.performs well at room temperature does not
necessarily. give good results at low temperature, although very
sensitive emulsion with large grain might be expected to do so. A
comparative study by Avan and Dubois (41) of Ilford G5, K5, KO and C2
emulsion exposed to a-particles showed that 6n1y G5 and K5 were usable:
at 77 K and only G5 retained én appreciable sensitivity at 4.2 K. KO
and C2 have low sensitivity at room temperature whereas Kb (mean
"grain diameter 0.2 u)vand 65 (mean grain diameter 0.27 u) both have
good sensitivity. Similar results were obtained by Debeauvais-
Wack (42) with C2 and G5 at 77 K. Estimates of the relative sensfti-
vity of K5 and G5 are summarized in Table I. From these results it

is evident that G5 is more suitab1e than K5 for use at 4.2 K.

Since many nuclear orientation methods require temperatures

below 4 K, the relative sensitivity of G5 emulsion was measured at
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0.1 K, a temperature wﬁich can be readily achieved and maintained

by adiabatic demagnetization of chromium-potassium sulphate. A
preliminary estimate was also obtained at 4.2 K. To.determine any
possible effect of temperature cycling on the latent image, pellicles
that had bgen jrradiated at room temperature were cooled to 0.1 K

and then rewarmed.
TABLE 1

. COMPARISON OF THE SENSITIVITY OF .
ILFORD K5 AND G5 NUCLEAR EMULSION AT LOW TEMPERATURE

Temperature Relative Sensitivity (%)

Emulsion (K) or Observations Reference
K5 77 41 - 59 .43
70 - 44
Rayons a presque continus 41
20 29 - 43.
4.2 Traces se perdent dans le voile 44
sensibilité faible aux rayons o 41
G5 - 77 Rayons o presque continus 41
a en grains séparés - 42
75 . - 45
20 70 ' 43
4.2 Rayons a & structure lacunaire 41

>75 45
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4.4 Experimental

(a) Measurements at 4.2 K

A preliminary experiment was made to establish qualitatively
the sensitivity of I1ford G5 emulsion at 4.2 K. Pellicles measufing
2.5 cm x 7.5 cm x 150 u thick were poured on clean microscope slides
following the manufacturer's instrucfions. A small beaker contain-
jng the strips of gel was warmed to 45°C in a water bath and as soon
as the gel had melted, it was poured down a 3 mm glass stirring rod
onto the plate. Use of the rod helps to control the pouring and °
fi1ling of the corhers of the glass slide. A surprising quantity of
emulsion can be poured onto the plate before the hydrostatic pressure
exceéds the surface: tension. By p]aciﬁg the plates on-a large (level)
piece of glass it is possible to salvage emulsion Tost from "breaks"
when they occur. The amount of emulsion that can be poured without
using waxed retaining walls depends upon the temperafure of the
liquid. Thicker layers may be obtained with coo]er.emulsion, but the
possibility of lumps occurring increases with decreasing temperature..,

The emulsion was removed from thé glass by first cutting
around the edge with a scalpel and then 1ifting one corner. The
resultant pellicles are about 2 mm undersize, however tearing due to
edge adhesion is eliminated; |

- One pellicle and .one plate were wrépped togéther in b]éck

paper and then sealed in polyethylene. The package was plaéed;betwegn
two small b]ocks'of styrofoam to keep it vertical and the ensembleyr

was placed at the bottom of a double dewar. Liquid nitrogen was
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poured into the outer dewar and when the temperature of the inner
dewar had stabilized an hour later, as indicated by the resistance
of an Allen Bradley 220 Q % W resistor, the inner dewar was filled
with liquid helium.

Thé”deﬁé?’éystem°Was'then placed in a water tank containing
: a”two~6uriewPu-Be"neutronLsource4to irradiate- the emulsion. The
water protects personnel by serving as a moderator for the high-
énergy neutrons, assuring that most of them are effectively
thermaliied,by the time they leave the tank. Two layers of 1/8 inch
lead §heet surrounded the dewars to attenuate the y-radiation
emanating from the source and produced in the water during the
neutronAs1owing down process. The ému]sion was exposed for 5 hours
at-a distance of 8 cm from the centre of the source.

Two control emulsions poured at the same time as those
exposed at 10Q»£emperature were given the same irradiation at 22°C

in empty dewars.

The test and control emulsions were processed according to

the following schedule:

Water presoak ' : 5°C 1 hour
'Devé]oper presoak (D-19 diluted 1:6) 5o 30 min.
Develop 20° 30 min.
Stop (0.5% acetic.acid) _ 5° 20 min.
Fix : : 8° 4 hours

. Fix : 8-16° 30 min.
' Wash 17° 1 hour

" Dry (5% glycerine, 95% ethyl alcohol) 21° 20 min.
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The pellicles were then mounted on glass plates and a]]oweq to dry
completely in air at 21°C and 55% relative humidity.

In this preliminary experiment, Kodak D-19 prepared
developer was used for convenience. The utmost in sensitivity'and
discrimination is not obtained with this product, but for qualitative

measurements its use-was considered acceptable.

(b) Measurements at 0.1 K

In the second experiment, I1ford G5 emulsion was irradiated
at 0.1 K in the arrangement shown in Fig. 5. The same éryostat as
was ‘used in calibrating the résistance thermometers was employed.

To cool the emulsion, a salt pill containing a-57 g slurry
of chromium potassium sulphate in glycerine was prepared. Mixed 1in
it were several -hundred short pieces of No. 40 copper wire about
5 mm long to improve the thermal conductivity. The mixture was
sealed with epoxy resin in a stainless steel tube 2.5 cm in diameter
and}9.3 cm long supported by three taut ny]qn threads. The temper-
ature of the pill was monitored by the previously calibrated
thermometer R2 attached to a piece of coil foil extending into the
contaiher from above. Two additional pieces of foil 2.5 cm wide
entered the coo11ng salt from below

Two prepared pellicles measuring 2.5 cm X 7 5 cm x 400 p
thick were sealed in separate black vinyl envelopes (not shown in
the diagram) andvp1aced vertically between the lower foils. Mounted
on another piece of coil foil placed between the pellicles, but

thermally jsolated from the outer foils, was the thermometer R1. A1l
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contacting surfaces wére-thinly smeared with glycerine to improve
the thermal contact. Glycerine is used instead of grease because it

is water soluble and will not harm the emulsion if the envelope

" . should rupture during the experiment. The pellicles and coil foils

were kept in intimate contact by two pieces of 1/8 inch bakelite
2.5 .cm.wide .and 7.5 cm long .placed on the outside of the outer
foils and tied tightly with masking tape.

The pellicles were cooled to 77'K in about 2 hours by
pouring liquid nitrogen in the outer dewar of the cryostat and to
4.2 K in another hour by filling the inner dewar with 1iquid helium.
Pumping on the Tiquid helium further reduced the temperature to
1.3 K at which point the cooling salt was magnetized to 18 kG. Five
minutes later thé residual thermal. exchange gas was Femoved from the
chamber, and, at a pressure of 1075 Torr the salt was slowly
demagnetized. Final demagnetization was achieved by careful, slow
withdrawal of the magnet from the cryostat.

The pellicles were irradiated along the short axis with
: neutrons from the 2 Curie Pu-Be source at a distancé of 9 cm for
125 minutes. During this time, the emulsion cooled from 0.148 K to
0.135 K. (The experiment was terminated at this point because of
a sudden rise in temperature caused by insufficient liquid helium in
the dewar.) The temperature of the pellicles was meashred on the
same bridge and with tﬁe same power dissipation as was employed in
the resistor.calibration. The shielding around the source amounted
to 8 mm Pb. Control emu]siohs were given the same exposure at 25°C

with empty dewars around the cryostatf
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» After the low temperature irradiation, the pellicles were
allowed to warm to 0°C in-about 2 hours and were placed in a
“refrigerator. The control pellicles were then irradiéted and all
were deve]bped without delay in Brussels' amidol developer. A
stock solution ﬁf this developer was prepared eariier without amidol
whfch oxidizes rapidly. To prepare a Working so]ufion, 0.9 g amidol
'Qas added to 200 m1 of stock. In processing the émulsions, no cold
water presoak was given to avoid possib]e'fading of the latent

image. The following procedure was followed:

Developer presoak . 4°C 1% h

Warm-up period ' ' 4-24° - L% h

Develop T 280 % h

Stop : . o 4 1% h

Fix o 6° . 30 h
Wash - 12-16° 104 h

Dry 20% alcohol + 5% glycerine 10° 1h

.. 40% alcohol + 5% glycerine 10° 1h

: 6 3/4 h

60% alcohol + 5% glycerine 10°

. The pe]]ic]és were then mounted on prepared glass and a]]owed-to'dhy'
~ as before. In the warm development stage, the pe1lié1es were blotted
. dry and placed in a sodium sulphite solution (18 g/1) to prevent

‘oxidation of amidol in the surface offthe emulsion.

- (c) -Effect of Temperature Cycling
. Two. wrapped 400 u pellicles were mounted in the cnyoétat -
and irradiated as before for 2 hours at'room'temperature. Immediately

after the irradiation,’one pellicle (the room temperature control)
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was removed and placed in the refrigerator and an unexposed,
replacement pellicle was insta]led to retain the original
geometry for reasons of thermometry. Thé outer dewar was then
filled with 1iquid nitrogen, and 1% hours later, liquid helium
was pdured into the inner dewar. Forty minutes was required

to complete the transfer and fifteen minutes of pumping reduced
the temperature from 4.2 K to 1.3 K. The pellicles  remained

at 1.3 K for 45 minutes during magnetization of the salt and

~evacuation of the chamber. Demagnetization quickly reduced the

- emulsion temperature to 0.11 K, and 0.10 K an hour later as

cooling slowed. At the end of the second hour, the temperature

had fedCHed-QZ mK, but the salt was warming rapidly and 2% hours

-after-demagnetization-with-the-emulsion at 0.117°K, exchange*gas

was readmitted. The cryostat was allowed .to warm overnight with
1iquid nitrogen remaining in the dewar for about 10 hours.

The pellicles were still well below 0°C when they were
removed 13 hours aftér pumping on fhe helium bath was halted.

They were processed and mounted as for the cold-irradiated

emulsions.

4.5 Results and Discussion

(a) Measurements at 4.2 K

The pellicle irradiated at 4.2 K and the controls were

observed..under a binocular microscope employing oil immersion




objectives. No measurements were made on the cooled plate as the
emulsion appeared to shred in the developer and floated awéy-—
probably because of the difference in thermal expansion between
glass and gelatine. |
It was immediately obvious that the emulsion exposed at
low temperature still retained a good fraction of its room
temperature sensitivity by the'profusion of electron tracks
originating from the incompletely-attenuated y-radiation. The
. tracks, however, were not long enough to obtain reasonable
measurements. Proton-recoil tracks longer than 200 u and lying
in a plane parallel to within a few degrees»of the surface were
selected for study. .

_ The rate of--energy loss of a parﬁicular particle-at the
end of its track is approximately the same for all initial energies
and is proportional to the number of silver bromide grains ionized
and reduced to silver in the developer. When a loss in sensitivfty
or fading occurs some of-these ioniied grains are not fully reduced
and gaps appear in the track. The relative sensitivity of an
emulsion is thus determined by comparing the number of grains or the
total gap length per unit distance over the same residual range with
that of the control.

, For heavily ionizing particles, such as protons, the grain -
density at the end of the track may be too great to count reliably.
It is then not unreasonable to begin counting at a fixed but short

distance from the end of the track, especially if very accurate
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estimates are not reqmired; In the present measurements, grains
were counted over the next-to-the-last 100 u of track.

For the low temperature pellicle, the average number of -
grains per 100 u for 25 tracks was 54, and for the room temperature
control, it was 95, giving a re1atime sensitivity of about 60%. |

This figure is considered to underestimate the potential
of the emulsion because D-19 developer was used instead of Brussels'
amidol which is'known to give better results [see (b) below]. The
experiment was'comductedﬂto ascertain -that the emulsion was indeeq

sufficiently sensitive at liquid helium temperature to warrant

cooling to 0.1 K.

(b) Measuremehts at 0.1 K

The grain density et the end of the proton tracks in
emulsion irradiated at room temperature and developed in Brussels'
amidol developer proved to be too high to obtain realistic
measurements. The gap length was therefore measured, and, from an
estimate of the average grain diameter, the number of grains per |
unit distance was infered. This method was considered more accurate
fhan,aptembting to measure actual gréin density at a fixed distance
from the end of the track as in (a) above. |

.The last 73.3 u of track was analysed corresponding to a
s1ng1e field of v1ew of the microscope.

The average d1ameter of grains in the room temperature
-plate, obtained from 105 measurements, was found to be 0.56 +0.01 u,

- and the average gap length, from measurements on 70 tracks, was

=,
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. N4
10.3 +0.3 u leaving 73.3 - 10.3 = 63 1 of equivalent continuous

track. The number of grains per 73.3 u is 0?26 = 113.

In the low temperature plate, the average number of grains
counted per 73.3 u for 115 tracks was 83.6 +0.9, yielding a relative
sensitivity for G5 emulsion at 0.1 K of 74 #2%. This result is in
excellent agreement with the work of Waniek (45) at 4.2 K and
Sedrine and Weill (43) at 20 K, and has already appeared in abbre-
viated form (46). . '

The high grain count in the Tow tempefature plate (120/

100 p) confirms the superiority of the warm-stage Brussels' developer

compared to D-19.

(c) Effect of Temperature Cycling

The pellicle irradiated at room temperature and cooled to
0.1 K was compared visually with its uncooled control without
quantitatively ana1ysing.the tracké. Ten fieids of view were
observed.

' There was no noticeable reduction in the density of proton
and electron traéks (number of tracks per field of view examined
throughout the emulsion thickness) ‘nor in the grain density'of the
proton tracks. )

It would appear that cod]iné the emulsion from room
temperature to 0.1 K aﬁd rewarming it has no appreciable effect
on the preformed latent image. This temperature stability and the

low time-related fading reported by Barron and Wolfendale (47)
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suggest that the retained high sensitivity at 0.1 K should hold

well into the mK rangé.

It may be concluded that I1ford G5 emulsion is suitable as
a detector for ionizing particles at very low temperature and should

prove useful in certain nuclear orientation experiments taking place

below 1 K.
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CHAPTER V

COOLING OF EMULSION IN A MAGNETIC FIELD

5.1 Introduction

The brute force method of or1entat1on is app11cab1e in |
principle to all nuclei with spin and magnetic moment different
from zero (5). The basic simplicity of the‘method is attractive
in some ways although the sma]] degree of orientation obtained by
read11y available temperatures and magnetic fields 11m1ts its
usefulness.. Despite this drawback, Dabbs et al. (48), for
example, were able to show that the angular momentum of the compound
state in !'5In for 1.458 eV neutrons is J = I+% = 5. They cooled
theik indium target to 40 mK in a 16:4 kG field to obtain a po1ar-
jzation of 2.1%. Marshak (49) also usea the method in measurements
of neutron transmission through polarized 6L4 nuc]ei; A survey of
‘huciei that have been polarized by the brute force method is given
by Shirley (50).

Methods of or1entat1on wh1ch depend upon low temperature
to populate the lowest hyperfine levels can only be used w1th samples
with short sp1n-1att1ce relaxation times (T;) in order.that the

nuclei may be cooled by the lattice in a reasonable period. In
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arrangements employing adiabatic demagnetization cooling, the maximuﬁ
value of T; that may be tolerated depends upon the exposure time
neéded,and the rate of warming of the assembly, and may be as high as
several miqutes. This figure would have to.be réducéd considerably
if the energy absorbed by the target is high enough to warm it.
Substances with short T; are prihcipa]]y the metals.

Nuclear emulsion may be loaded with metals in the form of
wires (51) and powders (52).._The wires are usually wound on a former
and the emuision poured around them. They offer the aanntage of
de]imiting the scanning area during analysié and of more}efficient
cooling since they can be connected directly to the heat sink. In
the case of powders, a sandwich arrangement consisting of péured
.,emu1$ion, sprayed fine powder and secpnd poured layer is probably
better than a non-uniform dispersion of the material throughout the
emu]éion. Distortion of tracks around the metal, which is occasioned
by the loss of sflver during processing and the consequent shrinkage
of the emulsion, may be reduced by réfi]]ing the voids with resin
dissolved in alcohol. When interactions with thermal neutrons are to
be recorded, *°B (o = 3800 Barns) and °Li (o = 910 B) -are useful
target nuclei. At wafmer temperatures, both have been used together
in the form of Tithium borate insted into the preformgd_emulsion (36).

In the arrangement to be described, pellicles were céo]ed
to 0.1'K in the preéence of a 70 kG magnetic field. If the emulsion
. had been loéded with 1°8 (u =-1.8 BN, I = 3), the expected polér-

. ization would have been (cf. section 2.2):
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CL (14 1)
f's[ i ]kT 2.1%.

Under the same conditions, the polarization of SLi (u = 0.822 B>

= 1) would have been 1.5%.

5.2 Experimental

(a) Apparatus

The experimental arrangement used to cool nuclear emulsion
to 0.1 K in a high magnetic field is shown schematically in Fig. é.
The. dewars are om1tted for clarity.

K new cryostat was constructed for this last phase of the
‘project as the one used. previously had 1nsuff1c1ent room to
accommodate the superconducting solenoids. Stainless steel dewars
were used with overall height of 1.52 m and inside diameter 13.7 cm.
The cryostat was attached to a vertically movable stage carrying the
diffusion pump, vacuum gauge and the pumping line to the experimental
chamber attached below (see Fig. 7). It was supported by ball
Jbushings travelling along two vertical steeTxbars and was actuated by
a hand-operated, wofm-drﬁven pinion riding on a vertical rack. The
stage was counterbalanced with removable lead we1ghts and had enough
1ift to allow easy removal of the dewars. Flexible lines connected
the water supply and external forepump to the diffusion pump, and a
removable, 3.8 cm d1ameter, rubber 1ink joined the helium bath to

,the main helium pumping and recovery system. Copper baffles were
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Fig. 6. Arrangement for cooling emulsion in a magnetit.fie]d
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mounted on the chamber pumping line to improve cooling by the
evaporating helium during pumping from 4.2 to 1.3 K. Level-sensing
resistors were positioned near the top of the pumping line and at
the top of the 70 kG solenoid.

The magnetic field for the emulsions was provided by a
Ferranti-Packard model 7001-7012C 70 kG suberconducting solenoid,
and for the cooling salt by an F-P model 8000 44 kG solenoid. They
were supported by three thin wall stain]e;s steel tubes anchored to
the movable stage. A Harrison model 6260 A, 10 V, 100 A, power '
supply energized the solenoids and was protected from them (in the
case of their becoming normal while energized) by two pairs of

International Rectifier 70H5 rectifiers connected back-to-back as

‘shown in Fig. 8:

POWER ~
SUPPLY

| SHUNT

. o DVM SOLENOIDS

Fig. 8. Wiring Diagram for the Solenoids

The current was measured by a Hewlett-Packard model 3439 A digital

voltmeter connected to. a-100 A, 50 mV shunt.
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A salt pill.consisting of 48 g of chromium potassium alum
crystallized around 700 silver wires was used to cool the pellicles.
The silver wire bundle was made by winding a continuous 0.024 cm
diameter wire on a flat bake]ité mandrel. The wire was then cemented
to a rectangular piece of fibreglass screening attached to one side
of the mandrel before the winding. When dry, the wires were cut
across the turns to g1ve a single strip of parallel wires supported
by the f1breg1ass This strip was ro11ed together with a thin piece
of perforated plastic sheet of 3 mm square mesh, to form a cylinder
2 cm in diameter énd 11.5 cm long. The tail of wires which extended
beyond the screening and plastic mesh was coaxed into a copper collar
and si]yef soldered fo it. Attached to the collar were a thin wall
coﬁper tube for thermometer R2 and a copper-plate- to support- the coil
foils.

For good' thermal contact, the cooling salt was crystallized
dfrect]y onto the wires. To achieve this, the wire'bund1e was
immersed vertically in a saturated solution of chromium potassium
sulphate and the wires were cooled by attachi;g one leg of a U-shaped
strap made of 3 mm x 2.5 cm copper bar to the collar and placing the |
other leg in a 51 dewarvof 1iquid nitrogen. An adjustable heater
maintained the temperature of-the solution above v16°C below which
excessive ice formed on the collar.

The completed salt pill was smeared with Apiezon N grease
and hung .in the cryostat with nylon threads (not shown in the dia-

gram). Two coil foils, 2.5 cm wide and 34 cm long, were screwed to
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the collar plate and wére supported by a pair of side braces made of
two 3 mm diameter copper rods 27.3 cm long. The pellicles, inside
vinyl envelopes, were placed between the ends of the foils below the
supports and the thermometer R1 assembly was inserted between the
envelopes as in section 4.4 (b). Contacting surfaces were smeared

with glycerine.

(b) Procedure

The cooling down procedure with.the new cryostat is
basically the same as with the one used in the 0.1 K emulsion
sensitivity tests and calibration of the resistance thermometers.
The main difference lies. in the longer times needed to cool the
increased mass. Overnight (312 h) cooling with liquid nitrogén in
the outer dewar is required to reduce the temperature to 77 K and
s1lightly more than an hour and 18 - 20 1 of liquid helium are needed
to cool to 4.2 K. The amount of helium used depends upon the rate of
transfer; if it is f00'rapid, the cooling capacity of the cold helium

gas is not fully utilized; if it is too slow, liquid helium is

wasted in keeping the idle cryostat cool for longer than is necessary.

- Towards the end of the transfer, the lower solenoid was energized so
fhat the helium evaporated by Joule heating of the leads could be
replaced. The current was applied slowly (3.5 A/min.) to prevent
the sd]endid from becoming unexﬁected]y'normal,.and at 49 A (70 kG),
thé persistent current switch was closed. Power was then removed,'

the transfer-completed and the bath pumped to 1.3 K.

The upper solenoid magnetising the cooling salt was ener-
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gized to 40 A (26 kG) and the chamber pumped out. This solenoid is
capable of producing a 44 kG field, however the curkent required
(68 A) necessitates the use of heavy leads and consequent high heat
~ input. Since very high fields were not needed and to preserve helium,
it wés decided to operate at 40 A and use smaller leads.

The salt was slowly demagnetized when the chamber pressure
reached 105 Torr.

At the eﬁd of the run, fhe lower solenoid was reconnected,

the current raised to 49 A, the persistent current switch opened and

the so]enoid\s]owTy de-energized.

5.3 Results and Discussion

The temperature of the pellicles and cooling salt as a
function of time after demagnetization is shown in Fig. 9.

The pellicles attained their Towest temperature of 88 mK
an hour after demagnetization and they remained below 0.1 K for
91 minutes. The usable irradiation temperature of 97 mK +10% lasted
for 106 minutes. If longer times are needed, the demagnetization
process may be repeated as often as desired, however, the inner
-dewar must be refi]led with 1iquid helium befbre each run.

“The temperature of the cooling salt is seen to reach a
minimum of about 38 mK 10 minutes after demagnétization and then
rises as the pellicles continue to cool. When the temperature

difference diminishes to 35 mK the pellicles also begin to warm,

~
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and both approach the temperaturé of the pumped helium bath.

| - It is possibie that the salt temperature at minimum is
Tower than indicated by R2 because of inadequate thermal contact of
the resistor. During calibration, the establishing of thermal
equilibrium between salt and resistor was evidenced by an abrupt
change in slope of the temperature-time curve. (Resisténcé as a
function of magnetic temperature, T*, was actually measured, but R

is also a function of T, and T* was a function of time during the

warﬁing phase.) 1In the'present case, demagnetization lasted 30
minutes and it is believed that the thermometer R2 closely followed
the salt temperature. If the cooling of the salt is underestimated,
the difference is expected to be slight and is notlevident in the
wakming part of the curve. |

The characteristics of R2 could only be obtained to 80 mK
during calibration; temperatures below 80 mK were obtained by
extrapolating the calibration curve according to published figures
(17). The accdracy at 38 mK is considered to be within 15%.

, With the H/Tj ratio used in this experiment (20 kG/K), the
salt pill should have cooled to about 10 mK (14); however, the
fringing field of the lower solenoid, estimated at 230 G at the
centre of the salt, and 340 G at the nearest end, prevented complete
demagnetization. This residual field may be partially cancelled by
cohnecting the solenoids in opposition and leaving a small current

flowing in the upper solenoid.

~ In spite of the influence of the polarizing solenoid on the
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cooling salt, it was stiil possible to cool the emulsions to 0.1 K
for 1 3/4 hours. In the emulsion sensitivity tests, more than
adequate statistics were obtained with a two hour irradiation time
using a 2 Curie source. It would seem that a single demagnetization
is sufficient for interactions involving neutrons from the Pu-Be
source. If thermal neutrons ére to be used, the increased source-
to-emulsion distance required by the paraffin moderator may impose

a long irradiation time and the need for more than one demagnetization

operation.

5.4 Suggestions for Improvement

The considerations”hentidhed‘aboVe‘shOu]d not be thought of
as limiting or state-of-the-art, but rather as a point of departure
for more refined techniques. The experimental arrangement that was
used can be improved in several ways so that the pellicles may be
cooled to a lower temperature and for a longer period of time. The
difference in temperature between pellicles and salt, for example,
may be reduced by installing around the pellicles a thermal shield
connected to the salt. Radiation absorbed from the nearest warm
surface would then be considerably reduced.

A second improvement would involve the use of thermal
swi tches to proyide coﬁtact between galt and bath during precooling.
Helium is an excellent thermal exchange gas, but it is very

difficult to remove from a system at very low temperature. If its
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use could be eliminated, a major contribution to the heat flux to
the salt and pellicles would also be removed, warm up times would be
longer, and the temperature difference between salt and pellicles
would be reduced.

Thirdly, a magnetic shield placed above the polarizing
solenoid would allow more nearly complete demagnetization of the
cooling salt and consequent Tower temperature.

- A further refinement would incdrporate a second paramagne- -
tic salt pill aé heat sink for the first. They would be connected
by heat switches and demagnetized in sequence. The initial temper-
ature of the main salt would thus be lowered, increasing the ratio
H/T;. Another heat shield could be attached to the second salt
‘which would protect the first (colder) salt’and the inner shield.

. Keyston et al. (53) describe a system employing some of
these improvements which maintains a sample at 20 mK for several
hburs. At this temperature, 20% polarization of 198 may be obtained
in a field of 135 kG. .This degree of polarization may be of greater
interest for some interactions than may be_obtained with the

arrangement used and might justify the added complexity of the

system.
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CHAPTER VI
CONCLUSION

The object 6f this feasibility study was to show that
nuc1ear‘emulsion could be cooled to 0.1 K in the presence of a high
magnetic field for a period of time long enough to obtain a reason-
able irradiation of the emu]sipﬁ with a convenient source. These
conditions. may be cdnsidéréd to be the minimum requirements for
polarization, by the brute force method, of nuclei imbedded in
ému]sioﬁ.

" It has been shown that 400 u pellicles measuring 2.5 cm
x 6.5 cm may be.coo]ed to 88 mK while in a field of 70 kG in the
experimental arrangement described. Durfng an experimental run,

the temperature of the pellicles remained at 97 mK £10% for 1 3/4

hours.
If‘steps are taken to cancel the effect of the fringing

“field of the polarizing solenoid on the cooling salt, and to reduce
the heat leak irto the active area of the cryostat, the emulsion will
probably cool to a lower temperature and remain there for a longer

time. Higher polarizations will thus be possible.

It has also been shown that I1ford G5 nuclear emulsion

retains 74 *2% of its room temperature sensitivity when exposed
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ét 0.1 K and that temperature cycling has no noticeable effect on
the latent image.

It may be concluded that I1ford G5 emulsion is suitable
as a detector of ionizing particles resulting from nuclear events
taking place at very low temperature and that the nuclei of
substances with short spin-lattice relaxation times imbedded in it

may be polarized by the brute force method.
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