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POLARIZED NUCLEAR TARGETS

J. J. Jarmer
Los Alamos National Laboratory
LAMPF, Group MP-7
Los Alamos, New Mexico 87545

ABSTRACY

The static and dynamic methods for producing polarized
targets are briefly discussed and compared. Nuclei that
have been polarized by these methods are summarized. The
equipment necessary for producing a working target s
desciibed, as are the capabilities presently available at
LAMPF. A shor! description is presentnd of a polarized !3C
target proposed for nse at the LAMPF HRS spectrometer, as an
example of a polarized target for vse in nucienr physics

research.



I. INTRODUCTION

The feasibility of performing intermeaiatz energy nuclear physics
scattering experiments with polarized targets of protons and deuterons has been
vell established for many years. ‘'he extension of such an experimental progran
to 1include polarized heavier nuclei apnears feasible for a certain limited
numher of nuclei. One possible candidate is *3C. The purpose of this paper |is
to discuss briefly the methods for polarizing nuclei, to compare the relative
advantages and disadvantages of the methods, to summarize the nuclei that have
been polarized, and to describe the present experimental capabilities for
polarizing at LAMPF,

Consider a nucleus with spin I (I #0). I 1is related to the nuclear

;
..’
magnetic moment py by the relation g = g Z:HC}I where g 1is the nuclear
gyromagnetic ratio, g = u/uy, 7§E— = 5,050 x 10724 erg/gauss 1s the nuclear
c

magneton iy, and Y is the spin anguliar momeritum vector. In a polarized target
we require that the magnetic moments be aligned relative to some direction in
space. The magnetic moment or, equivalertiy its assoclated magnetic field,
provides a means to achlieve preferential aligument through the use of various
techniques. Almost all of the techniques 1involve subjecting the nuclear
magnetic mement to external magnetic fields, which are wmanipulated to provide
the desired polairization. To define polarization quan.ltatively, consider en
ensemble of nuclel, each with epin 1, Tf a magnetic field B 1is applied to
provide an axis of quantization, the nuclel can be in any one 07 21 + 1 energy
states, each characterized by a different value of m, the projection of the spin

1

vector on the a:xls, The values of m range from T < <1, If the population

of each state is a the polarvization P is glven byz

m'



WVhen the various energy levels are not equally populated, the assembly is said

to be oriented. The alignment A of the assembly is defined by2

faplm? - I(I + 1)/ 3]

A Ifga

m

For spin I > 1, other parameters may be required to completely specify the

system.2

If T = 1/2, A « 0, the polarization P describes the system.

To polarize nuclei there are several ways in which magne:ic fields are
applied. Consider a nucleus in some substance. Each nucleus is subjected to
the field of its surrounding electrons, as well as those of neighhoring atoms.
The net magnetic field is the sum over all other constituents within the sample.
In addition, one can apply external fields. The techniques tor applying fields
fall under the broad category of static methods. Ve present a summery from

Ref. 2.

IT. STATIC METHOD FOR POLARLZING NUCLEI

A. General Considerations

The basic technique is to produce splitting by a U‘ﬁ type intc caction where
the lowest energy level is appreciably populeted. The sample is typically
cooled to very low temperature 10 » 100 mK so the depolarizing effects of
thermal agitation are minimized. One method is called orientation by magnetic
hyperfine structure. This technique makes use of the fact that unfilled
electro, shells of a pavamagnetic fon can pretuce a (ield at the nucleus of the

order of 100,000 to 1,000,000 gauss. Thus, a technique that will ouiant the
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moments of the electrons in space wiil orient the magnetic fields acting on the
nuclei and hence will crient the nuclei. Using this idea paramagnetic materials
in the form of either a powder or single crystal may be polarized by cooling to
~50 mK and simultaneousrly applying with a magnet an external field of, say, 500
gauss. Under these conditions the electron moments are magnetized to saturation
and thus the magnetic fields they produce at the nuclei are polarized. The
nuclei themselves, however, may or may not be polarized; this depenas on the
relative values of the nuclear hyperfine splitting %?, where u = magnetic
moment, B = the total field at the aucleus, and k = Boltzmann constant. If uB/k
is of the order of, or larger than, the lattice temperature, then polarization
and/o. alignment can occur.

In some single-crystal materials the direction of the crystalline electric
field 1is fixed relative to the crystal axes. The interaction of this electric
field with magnetic ions can restrain the direction of the magnetic field at the
nucleus. At low temperatures an alignment occurs along or 1in & plane
perpendicular to the axis of the electric field. A polarization can be produced
by applying an additional external magnetic field. In Table I we list the
nuclei that have been pclarized by these techniques,2 which is called the static
method. The degree of polarization that can be obtained is a compromise among
several factors. In general the lower the temperatur~ the higher the
polarization; however, from an experimental point of view the higher the
temperature the easier the problem of handling heat loads. As a rough guide, at
0.35 K, 27C059 will have a polarization of 0.25 and an alignment of 0.2; 67H0165
will have a polarization of 0.75.%2 To make more defirite statements, o.e would

have to consider details of the desired polarized nuclel in conjunction with 'he

specifi~ requirements of the proposed experimuntc,
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TABLE I

NUCLEI POLARIZED BY STATIC METHODS

23V Z1sb 62Sm 70Yb
25Mn 58Ce 65Tb 92U

27Co 59Pr 66Dy 93Np
29Cu 60Nd 67Ho 94Pu
33As 61Pm 68Er 95Am

Polarization can be obtained by applying with a magnet a strong external
magnetic field which acts directly on the nuclei. In addition, the material is
cooled to low temperatire, the ta2chnigne is calied the brute-force method. It
is in principle appllicable to all substances but in practice is restricted to
materials (such as metals) where the nuclear-spin-lattice relaxation time |is
short enough to permit rezasonable polarization times. We consider the cass of
hydrogen ard evaluate the brute-furce polarization at 10 T and 0.01 K. For

protons p = guy, where g = 2.79 and uy is as was given previously,
N N

uB
tanh[kf]

~24
. (2.]9)(5.Q§9.x 10 erg/ggg§§) . 1.02 x 107 ;

1.389 x 1016 erg/K

a~)
1

==

10Ty T
0.01K K

P = tanh [(1.021 » 10 37)(10*)] - tanh (1.021)

P = 0.77 o 77X
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If the temperature is increased to 0.02 K,

P = tanh (.51) = .47 or 47%

Ve see that very low temperatures and strong fields are required for reasonable
nolarization.

There are presently at least two groups, one at Karlsruhe and another at
Duke U .iversity, who have active programs of nuclear research using the
brute-force technique. Both groups are conducting experiments with nautron
beams incident on the polarized target. In Table II below we indicate the types
of nuclel and polariration (at 10 T, and 0.01 K) to bhe expected wirh this
method.3'4 There are other methods for polarizing nuclei, at least three of
which should be mentioned. The optical-pumping method has been used to polarize
JHe gas to about 50% at a density of 10'® atoms/m?. The rotating sample method
has polarized hydrogen in a sample of yttrium ethyl sulfate (YES). A relatively
new method called microwave-induced optical-nuclear polarization (MIONP) was
used to polarize hydiogen to 42X in fluorene. These methods sll have potential
cprlication in produ~ing polarized nuclear targets, but at this time their

utilization has becen very limited.
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TABLE II
NUCLEI POLARIZED OR PROPOSED TO BE POLARIZED
BY THE BRUTE FORCE TECHNIQUE

3He3(1/2+), [50%] 23v51(7/2-), [63X] 55Cs133(7/2+), [27X]
3Lié(1+), |i5%] 254n55(5/2-), [51X] 57La139(7/2+), [30X]
3L17(372-), [57%] 29Cu63(3/2-), [42%] 59Pr141(5/2+), [45X]
4Be9(3/2-), [23%] 29Cu65(3/2-), [44X] 73TalB1(7/2+), [35%]
5B11(3/2-), [49%] 33As875(3/2-), [20X] 75Rel85(5.'2+), [48X]

75RelB7(5/2+), [48X]
11Na23(3/2+), [30X%] 41Nb93(9/2+), (6, ] 81T0203(1/2+), [53%]
12A027(5/2+), [53%] 49In113(9/2+), [63X] G1T205(1/2+), [53%]
21Sc45(7/2-), [60%] 49In115(9/2+), [63X] 83Bi209(9/2-), [54X]

B. Static Eethod Hardvare Requirements

As a gereral statement, static methods require very low temperature
T < 0.02 K. The lover the temperature, the better the polarization. To obtain
very low temperature a dilution refrigerator is used. An external magnet may or
may not be required, depending on the material being polarized. For materials
tha' are polarized by the brute-force method, very strong, 7 to 10 tesla,
external fields are required. Fields of this strength can be obtained with
superconducting magne*s. The polaiization .f the sample can be calculated

provided one knows the temperature.

ITI. DYNAMIC METHOD FOR POLARIZING NUCLEI

A. General Considerations
Dynamic nuclear polarization (DNP) techniques5'6 have been developed within

the last tventy years. There .are four basic requirements for DNP that are

listed in Table ITI,
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TABLE III

EXPERIMENTAL REQUIREMENTS FOR DYNAMIC NUCLEAR POLARIZATION

1. A suitable material containing the nuclel of interest along
with paramagnetic peclarizing centers required for spin
pumping.

2. Cooling of the material to low temperature T < 0.5 K.

3. Exposing the material to a strong and uniform (107¢) 2.5T
magnetic field.

4. Irradiating the material with microvaves at a frequency near
70 GHz.

The mair features of DNP are that at lov temperature and strong field the
electrons associated with the paramagnetic centers are almost completely
polarized. The electron polarization 1s then transferred to the nucle} by
applying microwave energy at the correct frequency to induce electrcn-nuclear
spin flips. A key feature is that the electron-spin-lattice relavation time is
short while the nuclear relaxation time is long. Thus, for example, a nuclear
spin that has been flipped parallel to the field will remain there while the
corresporniding electron will flip back so that it can be used again to flip other
nuclei. In this manner microvave-induced spin pumping permits, in some cases,
suhbstantial polarization to be produced. Nuclel that have been polarized 1in

this wvay ara listed in Table IV.
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TABLE IV

NUCLEI POLARIZED BY DNP

2He3(1/2+), [20%] IN14(1+), [12X]

3Li6(1+), [70%] IN15(1/2-), [12%]

3Li7(3/72-), [80%] 9F19(1/2+), [70X]

5B10(3+), [37X%] 13A027(5/2+), [10%]

5B11(3/2-), [60X] 20Ca43(7/2-), [80X]

6C1301/2+), [26%] 57Lal39(7/2+), [40%]
B. DNP Hardware Requirements

There are four main hardware requirements for DNP as follows:

1. A polarizing magnet capable of providing a 2.5-T field with uniformity

<107 throughout the target volume.

2. A cryogenic refrigerator capable of cooling the target material to

<0.5 K.

3. A 70-GHz microwave system.

4. A system for measuring the degree of polarization, usualily by nuclear

magnetic resonance (NMR) techniques.

The apparatus is shown in schematic form in Fig. 1. The magnet can be
either a conventional electromagnet with resistive vindings or superconducting.
Which type 1s used depends on details of the experiment requirements. of
paramount importance is field uniformity throuvghout the target volume, which
must typlcally be of the order of 2.5 gauss out of 25,000 gauss. The
uniformlity requirement ensures a well-defined spin-transition frequency; a
substantial field deviation cnuld result in a nonuniform polarization of the
sample. To achieve the 1low polarizing temperature of 0.5 K. two types of
refrigerator have been used, a *He evaporation type and a powerful dilution

cryostat, A YHe refrigerator is shown in Fig. 1. With this system, liquid ‘He
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DNP Requrements:

|.Strong and uniform magnetic field-25T
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3. Microwaves

4. Target material with paromagnetic polarizing centers

Fig. 1. Schematic diagram of a DNP Polarized Target.
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is used to cool the radiation shields and inner heat exchangers. To obtain
0.5 K, 3*He 1is wused in a closed-loop cryogenic mode. The room-temperature 3He
gas is delivered to the cryostat where it is cooled down and condensed to liquid
at about 2 K under a pressure of 200-400 torr. The liquid 3He then passes
through a heat exchanger (not shown) which cools it to less than 1 K, then it is
expanded directly in the target cell to a low pressure of about 0.1 torr.
Liquid 3He at C.1 torr has a temperature less than 0.5 K. Powerful roots-type
pumps maintain this low pressure. Refrigeration is needed because of the heat
load generated by the pnlarizing microwaves, which is typically 1-2 mW per gram
of marerial, and to a lesser extent that caused by a charged particle beam.
Refrigeration is accomplished because it takes energy, the latent heat of
vaporization (about 3C joules/mole at 0.5 K), to cause atoms of *He to change
phase from liquid to gas. After being pumpad, the 3He gas is routed through a
special handling and purification system and then directed back to the
refrigerato-. When the experiment is complete, the gas is pumped into sealed
tanks for storage.

The polarizing microwaves are generated by elther r~arcinotrons or
extended-interaction oscillator-type tubes. The frequency required 1is near
70 GHz. These tubes are tuned remotely to the optimum frequency for best
polarization. The microwave power is directed onto the target material by a
special wave guide.

Target polarization is measured by nuclear magrnetic resonance (NMR). With
the NMR method two separate measurements are required. Onc¢ measurement is
called the thermal equilibrium (TE) calibration. It is done with the microwaves
off and at a higher temperature vhere the spin-system thermal relaxation time is
short enough to ensure that thermal equilibrium has been achieved. Under this

special condition the degree of target polarization (P) can be calculeted. For
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spin 1/2, P = tanh (uB/kT) where the symbols in the argument of tne hyperbolic
function have the same meaning as previously. The area of the neasured TE
signal corresponds to the calculated polarization, which in turn calibrates the
measuring system. After this measurement is complete the temperature is reduced
and the microwaves ~pplied. As the polarizatinn increases so does the measured
NMR signal area; one then takes the ratio of the enhanced signal area to the TE
signal area times the calculated TE polarization to obtain the enhanced
polarization. With this method the hydrogen polarization of targets used at
LAMPF can be measured to an accuracy of about $4X.

0f critical importance to DNP is the target material. It must contain the
nuclei of interest and naramagnetic polarizing centers. The solid state physics
requirements are a short thermal relaxctiop time for the paramagi.tic electrons
and a muck longer nuclear relaxation so that DNP can be achieved. ‘ine chemistry
compatibillity problems are in many cases difficult; as a result, to date, a very
broad application of DNP has not been carried out.

Within the last several years a new and quite powerful technique has been
developed in conjurction with DNP; it is called the frozen-spin target.7’8 Witk
this methnd the material is polarized with a dilvution refrigerator at 0.5 K and
2.5 T as already described. After polarizing, the microwaves are turned off and
the temperature of the material reduced to about 0.05 K. At this very low
temperature the nuclear spin lattice relaxation time is long, about 200 to 300
hours, so that the polarization 1s effeciively frozen, hence the term
frozen-spin target. At this stage the magnetic rield can also be reduced from
2.5 T to about 0.5 T or less. The field can be reduced by either turning the
magnet down or physically wvoving the target to a region uf lower field. This
ptovides two {important advantages to experiments. First, the magnetic

deflection of scatteced charged particles is substantially reduced, and second,
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the solid-angle access for detection of particles can be increased. This
technique has been used q.ite effectively with polarized proton and deuterium

targets.a'g'lo

IV. POLA IZED TARGET EQUIPMENT AVAILABLE AT LAMPF

With targets polarized by DNP, the polarizing magnet determines the

direction of the target polarization either ﬁ, , or s. Here the unit vector n

is .ormal to the horizontal scattering plane and is defined by

= ]

[ ]

| 3
¢ X
|°=-r4.

=~y
(8

x

=3

vhere ii is the incident beam momentum and Ko the scaticered particles momentum.

Y
The vector @ -'LEJ_. and = = § % n
2
liey |

Several complete magnet systems are avallable for experiments. By a system we
mean the magnet, lts associated power supply, and control electronics, as well
as a mounting stand. In Table V we present a summary of these systems. Two
comj.lete refrigerator -vscems are available for use with the magnets, there are,
however, some compatibillty limitations. The available systems are summarized
in Table V*. A new very poverful 250 mW dilution refrigerator is under
development and should be available {or experiments by 1987. Two complete
systems are avallable that provide 70 GHz microvaves with pover levels up to
several watts. For qeaswring the target polarizatlon two complete NMR systems

are avallanle. These systems vere designad to measure proton polarization at
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106 MHz and 2.5 T fleld (wb = 42.577 MHz/T). Modifications would be required to
measure the polarization of other nuclei. VWith some nuclei it may not be
pracrical to measure the pclarization by NMR, in which case other special

techniques or new technology may be required.

TABLE V

POLARIZED TARGET MAGNET SYSTEMS AT LAMPF

1. ZOLTAN C-Type Electromagnet
Field: 2.5 T
Uniformity: < 2 x 104 throughout ~05 cc
Pole Gap: 3-5/8 in
Fleld Direction: n or s

2. VARIAN C-Typv Electromagnet
Fleld: 2.5 T
Uniformity: <1074
Pole Gap: 3 in
Fleld Direction: n or 3

3. HERA Superconducting Split-Coil Solenoid
Field: 2.5 7
Uniformity: < X 1074 throughout ~64 cc
Warm Boret 11 in diameter

Field Directiont ¢ or =

4. Superconducting Solenoid
Field: 2.5 T
Uniformity: <10 4 throughout 1390 cc
Warm Bore: diameter 7-1/2 In

Fleld Directiont ¢ or n



-16-

TABLE VI

POLARIZED TARGET REFRIGERATOR SYSTEMS AT LAMPF

1. Vertical 3He (0.5 K) refrigerator;
compatible only with the HERA magnet.

2. Veriical dilution (¢ 0.05 K) refrigerator;
compatible only with the HERA magnet.

3. Horizontal or vertical *He (0.5 K) refrigerator;
compatible with ZOLTAM, VARIAN, or HERA magnet.

V. COMPARISON OF DNP AND STATIC POLARIZATION METHODS

In Table VII we comnpare some general features of the DN® and static

methods.
TABLE V11
COMPARISON OF DNP AND STATIC .OLARIZATTON METHODS
DNP STATIC
Fleld 2.5 T 6 - 10 T or <1T depending on material
0.5 T (frozen spin)

Temperature 0.5 K <0.05 K, for urute force, <0.02 K
Polarjization 20 - 90X 20 - 902
Polarization Change Microwave Reverse the applied fleld or

Reversal Frequency rotate the sample

DNP possesies two maln advantages over static methods: higher polarizing

temperature (~0.5 K) and the abllity to reverse the polavization without
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changing experimental conditions. The higher polarizing  temperature s
important when the experiment requires the use of a charged-particle incident
beam. Detected count rates are directly proportional to the incident beam
intensity and beam heating <ffects are cryogenical.~' easier to handle at higher
temjeratures. The ability to reverse the polarization without changirg
experimental conditions 1is important 1in the reduction of s:stematic errors.
Vith DNP this is accomplished by changing the frequency of the polarizing
microwaves, all other conditions remain the same. With static methods the
polarization is reversed by changing the polarity of the applied field or by
votating the sample. In some cases with the static method, the external field
can be much smaller (<1T) than with DNP (2.5 T typical). This featurc has
important potential advantages for experiments that require low-momentum charged
beams or the detection of low-momentum charged particles,

Another ‘'mportant consideration is the chemical composition of the target
material. With DNP, paramcgnetic polarizing centers are required, vhich imposes
chemical restraints on the form and compatibility of the material. Existing
polarized hydrogen or deuterium targets are not pure hydrogen or deuterium. To
date the materials used have been of the general form H0~g~. With (hese
raterials hydrogen or deuterium comprises about 10¥ of the total mass. For most
experiments the carbon, oxygen, and other nonhydrogenous nuclei are a source of
bacngrovnd which must be taken care of by carveful erpevimental design and
corrections made to the acquived scattering data. In some  cases the

contemplated experiment may not he feasible because of the large background.

With the statlice method various nuclef have heen polarized in  essentially pure
form, An example ts holmium vhere n sample in the form of a single crystal can
he polarized by simply cooling It to lov temperature. The verv low temperatura

(€20 mk) and strong applied field (6 10 T) required with the hrute force method
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presents particularly severe problems for experiments considering a brute-force
polarized target,. The heating caused by charged particle beams will raise the
temperature of the sample, which results in lower polarization. For example, an
energy loss of 1 MeV per particle with an incident beam intensity of 1
picoamp (= 6.25 x 10°® particles per second), results in a heat load of 1 uwatt
(10 ergs/sec). Dilution refrigeracors are available that can absorb heat loads
of this amount while maintaining the temperature of the refrigerant liquid at
20 mK or less; howvever, at these very low temperatures, the Kapitza resistance
between the material and refrigerant becomes significant. Herringa11 has
estimated that with a heat load of 0.5 uVW at 0.01 K the proton polarization will
decrease from 75X to 44% in a sample of TiH,. The very large magnetic field of
6-10 T hend: .he trajectory of scattered charged particles; the amount of

bending will limit the lowest-momentum particle that can be detected.

VII. POLARTZED '®C TARGET, LAMPF PROPOSAL E955

As an example of a DNP polarized nuclear target, we consider LAMPF proposal
E955, "Seavch for Experimental Proof of the Existence of Lower Components in the
Nuclear Wave Function." This experiment requires a polarized !3C target; it is
proposed to be done 1in three stages, each siage corresponding to a different
target polarization dirvection, 1.e., ﬁ, é, and é. The expzriment consists of
elustically scattering polarized protons from polarized !3C and measuring the
polarization of the scattered proton. The feasibiiity of polarizing '°C by DNP

techulques  was  established previously at CERN. 12013 1y the flrst CERN

experiment, the target material uzed ¢ enriched (44%) 1 butanol
[CHy (CHy), '""CHy0H]. The target consisted of a conventiona! electromagnet with
2.5T fleld and a ilquid 'He evaporation refrigerator (0.5 K). A 13

polarization of 21X was obtalned, the polurization was measurad by NMR.  E955
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aims to measure B - 13¢ elastic scattering. Excellent momentum resolution as
provided by the LAMPF HRS spectrometer is required to separate the !3C elastic
events from other nuclei in the target. Elastic events from 12C are of
particnlar concern because it may not be possible to separate these from !3C at
all angles where measurements are desired. Because of this concern, the
matarial chosen for the experiment was 99% !3C-enriched ethanediol
HO—1‘§-13g—OH. This enriched material has a minimal amount of *2C, is available
commercially, and the feasibility for polarizing !3C in it has been
established. 13

The bending of the elastically scattered protcons at 500 MeV 1is about 15°
for an n type 2.5 T polarizing field. ‘This amount of bending deflects the
nrotons too much, so they are not detected. Further investigatior revealed that
by offsetting the center of the polarizing magnet 3/16" upstieam and 7/16" beam
left of the HRS physical pivot, then for *“he 10°-30° angular range desired, the
scattered protons can be detected.

The accual exjerimental resolution that can be obtained is affected by
multiple scattering and energy loss in the metal of the target ecryostat. In
order to reduce these effects as much as possible, special mylar windows were
designed and tested vacuum-tight at cryogenic temperaturas. Vindows of this
type will be 1installed on tine refrigerator thereby substantially reducing
nultiple scattering and energy loss

The experiment consists of a three spin measurement where the polarization
of the scattered proton is analyzed with a polarimeter. To keep running times
manageable, beam currents as high as possible are desired. A  practical
limftation on the beam intensity is radiation damage to the target materials.
Beam heating effects at 0.5 K are very small. FExperimentally, tadiation damage

manlfests itgelf in a deterioration of target polarization. With hydrogen
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targets, after a flux orf about 10'¢ particles/cm® have traversed the sample,
polarization is reduced to 1/e of the original value.l% The corresponding flux
has not been measurad for 13C, bu¢ we expect it to be similar to that for
hiydrogen because the radiation damage mechanism should be essentially the same
for both nuclei. DPolarization can ve partially restored by "annealing" the
target, which consists of raising the temperature to 120-140 K for a few miautes
and then cooling back down. Repolariziug the target yizlds a maximum
polarization a few percent less than what was obhtained priu: ) the 1934
particles/cm?. The radiation dameging and annealing process can be repeated
several times before the damaged material must be replaced. The amount of bLeam
current that can be reasonably tolerated is a question that can only be answered
by direct experiment. Systematic «ffects such as a local depolarization within
the sample must be carefully monitored. This requires careful experimental

design to ensure that one 1is able to measure quantities sensitive to this

effect.

VII. CONCLUSION

Many nuclei have been polurized by either static or dynamic methods. To
date only a very few nuclei, primarily hydrogen and deuterium, have been
utilized in scattering experiments. This has be n due in part to the technical
complexity of the ta vete and in som2 cases to the rather severe limitations
imposed by the various polavizing methods. The development of dynamic nuclear
polarization techninques coupled with the frozen-spin concept, which utilizes a
powerful dilution retrigerator, offers the hope that several nuclei with 272 > 1
may be polarized, thereby periitting new and potentiaily very lmportant nuclear
scattering experiments to be carried out. For this to be realized numerous

technical problems will have to be solved and a concerted effort made on



-21-
developing new target materials. Such an effort requires the effective
collaboration of personnel with expertise in nuclear-scattering experiments,
low-temperature cryogenics, solid state, and polarized target physics, as well
as chemistry.

A somewvhat restricted number of experiments can probably be performed
utilizing nucle! ihat have alres "' been polarized with the conventional methods.
Because of the very stiong magnetic fields associated with the brute-force
polarization, urilizaticn of this technique will probably forus on experiments

that detect ei‘her neutral or relatively hig'.-momerntum charged particles.
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