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1. The earliest polarized targets
2. A better way to polarize
3. Better materials, instruments, and theories
4. Ammonia takes over
5. The Don Crabb type target

*In the interest of  time, several important results and individuals will, regrettably, be overlooked.  
My apologies.  
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"Brute Force" Polarization of In"' Nuclei;
Angular Momentum of 1.458-ev

Neutron Resonance
J. W. T. DABBst L. D. RQBERTs) AND S. BERNsTEIN
Oak Ridge Rational Laboratory, Oak Ridge, Tennessee

(Received March 25, 1955)

~~ORTER' and Kiirti and Simon' have suggested~ the possibility of polarizing nuclei by the direct
application of a large external magnetic field to the
nuclear spin system at a very low temperature. The
magnitude of the polarization fry has been given by
Simon' and Rose4 as
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for the case pH«kT, where I is the nuclear spin
quantum number, p, is the nuclear magnetic moment,
k is the Boltzmann constant, B is the applied magnetic
field, and T is the absolute temperature. Even in the
most favorable cases, values of II/T 10' gauss/deg
are necessary to obtain polarizations of ~1 percent.
Thus, to achieve useful polarizations by this method,
it is necessary to use the n1ethod of adiabatic demag-
netization to obtain suKciently large II/T values.
Rose4 has also pointed out that the absorption of
polarized s neutrons by polarized nuclei forms a basis
for determining the angular momentum J of levels of
the compound nucleus. When the absorption is due to
a single level (as near a resonance), the value of J for
this level is obtained from the direction of the change in
absorption cross section with changes in relative spin
orientation. The expressions for the neutron cross
section 0. are

o.=op/1+f„fzvI/(I+1)j it I=I+2, (2a)
and

a= ao(1 f„fzr) if J=—I (2b)

Here 0-o is the cross section in the absence of polariza-
tion, and f„ is the neutron polarization. In such an
experiment the fractional change in the transmitted
neutron intensity, AC/C, is given by

AC/0=2 tanh(Xtoof~fxfz)'(3)
1

for reversal of the relative spin orientations. In (3),
%to.o is the macroscopic absorption cross section of the
sample, and fz is I/(I+1) if I=I+,' an—d unity it
J'= I——',. For small polarizations, AC/0 is proportional
to S'to-0 as well as to the product of the two polariza-
tions f„ftv. It is therefore advantageous to make the
nuclear sample as thick as possible consistent with
intensity requirements.
Experiments have been carried out on the polariza-

tion of In"' nuclei. Indium was selected because of its
large nuclear magnetic moment, and because the ther-
mal neutron cross section is almost entirely due to the
1.458-ev resonance. ' The metal was used to obtain a
short nuclear spin-lattice relaxation time and a high
thermal conductivity. ' The metal, in the form of 20
thin plates 0.025)&1.5&&3.5 cm, was thermally con-
nected to a cooling salt some 12 cm away by means of
silver wires. Each indium plate was soldered to the
upper end of a wire and the coolant salt was crystallized
around the lower ends of the wires to provide thermal
contact to the salt. This unit was in turn mounted on
rigid insulators in a silver cage which was cooled by
another demagnetized salt and suspended on nylon
strings. Both salt samples were Fe(NH4) (SO4) s 12HsO.
This assembly was mounted in a cryostat described
previously. ' The design of the sample assembly was
based on minimization of eddy current heating and
reduction of the possibility of heating due to vibration.
The salts were cooled by adiabatic demagnetization
from 0.99'K and 16400 gauss to a final temperature
near 0.035'K. The sample assembly was then slowly
lowered' to place the cooling salts within a magnetic
shield and to bring the In plates into the gap of the
Weiss magnet in such a manner that the plane of the
plates was parallel to the field direction. The magnet
was then turned on slowly to 11150 gauss. These
operations were performed slowly to reduce heating;
in particular the field was raised very slowly near the
In superconducting threshold value.
The source of neutrons was a beam from the ORNL

graphite reactor. The nuclear sample was bombarded
with polarized thermal neutrons obtained by rejecting
this beam from the 220 planes of a magnetized Fe~04
crystal. " The energy selected was 0.075 ev in first
order, and a subsequent reQection from the 111 planes
of a Cu crystal served to reduce the second-order con-
tent of the beam to ~1.6 percent.
The relative spin orientation of the neutrons and

nuclei could be made either parallel or antiparallel as
follows: By adding small magnetic fields produced by
Helmholtz type coils to the stray fields already present
from the Fe304 magnet and the low-temperature Weiss
magnet, (1) a smooth rotation of a relatively strong
field ( 30 gauss) or (2) an abrupt reversal of a weak
field was produced. "In the first case the neutron spins
were polarized 87 percent antiparallel to the nuclear
spins, and in the second case the polarization was 79
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Polarized targets BC (Before Crabb)

1950s: The first polarized targets used with particle beams were built in Oak Ridge

INTERACTION OF NEUTRONS WITH Mn~5 NUCLEI

exchange gas to the sample during the demagnetization
procedure and have the container sealed when the
sample was not in the cryostat, the container was fitted
with a capillary vent which could be closed. The sample
was pressed from small crystals ( 0.5 mm in diameter)
to within a few percent of crystal density into a right
circular cylinder of 0.660-in. diameter and 0.247-in.
height. The sample pellet weighed 2.96 g. A cylin-
drical recess 0.660-in. diameter when cold and 0.010-in.
deep on the back of the Teflon box served to locate the
manganese metal neutron beam monitor which was
0.660-in. in diameter and 0.060-in. thick. The common
cylindrical axes of the sample and monitor coincided
with the axis of the neutron beam. As is usual in de-
magnetization experiments, the sample was suspended
on strings. In this experiment, since the sample and
monitor had to be removed from the apparatus daily
for counting the induced activities, the sample and the
monitor were clamped into a holder which was in turn
suspended by a number of cotton threads from a metal
framework. The strings were arranged to give a rigid
reproducible support to minimize vibration-induced
heat leak to the sample and to give accurate day to day
repositioning.
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FIG. 2. Sample and monitor assembly.

POLARIZED NEUTRONS

The beam of neutrons from the reactor was polarized
by passage through 4 cm of highly magnetized cold-
rolled steel. The transmission method was chosen rather
than polarization by total reaction from a magnetized
mirror" or by Bragg reQection from a magnetized
crystal, "both of which methods give a higher polariza-
tion, for reasons of intensity. The neutron polarization
was reversed with respect to the polarization of the
nuclei simply by reversing the neutron polarizer mag-
netic field with respect to the sample polarizing mag-
netic field. Those neutrons which did not have any
collision in the sample continued on their path through
the analyzer, which was 3.2 cm of highly magnetized
cold-rolled steel, and then into a BF3 proportional
counter neutron detector. The direction and magnitude
of the magnetic fieM along the path of the neutron
beam were controlled by means of the parallel plate
shims shown in Fig. 1, so that the neutrons should
maintain the desired state of polarization. The magnetic
field between the plates was adjusted by numerous
U-shaped permanent magnets placed at various points
along the length of the shims, as shown in Fig. 1.
For those irradiations in which the magnetic fields

of neutron polarizer and sample polarizer were parallel,
the fields between pairs of shims a and b were adjusted
so that the magnetic field in the region between neutron
polarizer and Dewar Bask was at least 100 oersteds
in the same direction as the two polarizing fields. Under
these conditions the magnitude and direction of the

"D.J.Hughes and M. T. Surgy, Phys. Rev. 81, 498 (1951).
'4 C. G. Shull, Phys. Rev. 81, 626 (1951).

neutron polarization should be maintained along the
neutron path.
When the magnetic fields of neutron polarizer and

sample polarizer were antiparallel, the field of shim
a was adjusted to be in the same direction as that of
the neutron polarizer. The field of shim b was Inade to
be parallel to the field of the sample polarizer. The
permanent U-shaped magnets were adjusted so that
the magnetic field reversed its direction in the small
space between the adjacent ends of shims a and b.
These conditions should induce the neutrons to make
non-adiabatic transitions and strike the polarized
nuclei of the sample with the opposite relative orienta-
tion to that described above when the field directions
of neutron polarizer and sample polarizer were parallel.
In order to obtain optimum conditions for nonadiabatic
transitions or no transition depending upon the type
of irradiation desired, magnetic field traverses were
made with Qip coil and compass in adjusting the
strength and direction of the magnetic field in the
region between the shim plates.
The runs were about equally divided between irradia-

tions in which neutron polarizer field and sample
polarizer fieM were parallel and those in which they
were antiparallel. The state of polarization of the
neutron beam transmitted by the sample was monitored
throughout every sample irradiation by means of the
"shim eGect, " G. Consider the case when neutron
polarizer and sample polarizer are parallel. The fieM
directions between all pairs of shims and the- fields of
the neutron polarizer, sample polarizer, and neutron
analyzer were all adjusted to be in the same direction,
and the counting rate, C~, was taken. The three pairs

These experiments measured the 
transmission or capture of polarized 
neutrons with polarized nuclei such 
as 55Mn, 149Sm,115In etc

The samples were brute-forced 
polarized at temperatures ~0.04 K, 
either in external fields of 1 – 2 T or 
using the large hyperfine fields of 
the sample nuclei S. Berstein et al., Phys Rev. 94 

(1954) 1243
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Polarized targets BC (Before Crabb)

1960s: Abragam (Saclay) and Jeffries (Berkeley) invent Dynamic Nuclear Polarization,
a better way to polarize nuclei.
Both gentlemen were immediately recruited to build polarized proton targets 
at their respective institutions.

Dynamic polarization is the transfer of 
polarization from unpaired electron spins in the 
sample to nuclear spins.  

Anatole Abragam, 1914 -2011

Carson Jeffries, 1922 - 1995 
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Polarized targets BC (Before Crabb)
1960s: Earliest DNP target material was LMN polarized at ~1.5 K and 1 T

La2Mg3(NO3)12�24H2O	doped	w/	Nd+ or	Ce3+	ions
➞ low concentration of polarized protons (~3%)
➞ badly affected by radiation damage

The Berkeley team (LtoR): Owen Chamberlain, 
Gil Shapiro, Claude Schultz, &  Carson Jefferies

9/19/2019 PII: 0031-9163(62)90122-1 | Elsevier Enhanced Reader

https://reader.elsevier.com/reader/sd/pii/0031916362901221?token=5956AE103C1BC9C4639EBEB27F0C4F13EAF955B19D38EEAAD560553AF35BCC45F2E01… 1/2

A. Abragam eta al., Phys. Lett. 2 (1962) 310

DYNAMICALLY POLARIZED TARGETS 93 

direct process and becomes temperature independent, limited only by spon- 
taneous phonon emission. The important consequence is that the nuclear 

time T I ,  a exp [gDH/2kT] becomes exponentially longer at re- 
duced temperatures-easily many days! This was first observed by Gunter 
and Jeffrie~, '"~'  who suggested the possibility of producing LLfrozen tar- 
gets" by first dynamically polarizing at a higher temperature and in a re- 
@red uniform resonance magnetic field, and then holding this polarization 
at a lower temperature and in a much less uniform and hence more 
geometrically accessible magnetic field. 

The first large polarized target designed for use in the 100 Mev to Gev 
range was constructed at Berkeley by Chamberlain, Jeffries, Schulz, 
Shapiro, and Van Rossurn.'"t used four Nd:LMN crystals of volume = 20 
cm3 in the apparatus shown in figure 7. The initial use was for pion-proton 
scattering at 250 Mev. 

FIG. 7. DETAILS O F T H E  FIRST LARGE POLARIZED TARGET (Berkeley), reference 22. Only one of 
four large Nd:LMN crystals is shown. 

O. Chamberlain et al., Phys. Lett. 7 (1963) 293. 
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Polarized targets BC (Before Crabb)
1960-70s: Better target materials & instruments, and new theoretical descriptions

At CERN, Borghini leads an effort to develop target materials 
of frozen hydrocarbons doped with paramagnetic radicals.  

Targets are polarized at even lower temperatures, provided by 
Pierre Roubeau’s 4He and 3He evaporation refrigerators.  This 
increases the polarization to ~90% at 0.5 K and 2.5 T.

Borghini also publishes a new description of the polarization 
process based on quantum statistical methods and the concept 
of spin-temperature, first introduced by Redfield and 
Provotorov. 

Nevertheless, radiation damage and beam 
heating severely limited the maximum 
luminosity of polarized target experiments.

(few polarized protons, many other nuclei which
contributed to background in particle physics
experiments) and to poor radiation damage
resistance (which prevented its use in a large
number of experiments). At my arrival work was
in progress, like in many other laboratories, to find
‘‘better’’ polarized target materials, following the
lines sketched in the CERN Yellow Report
‘‘Choice of substances for polarized proton
targets’’ by Borghini [2], which I still recommend
for reading to anybody interested in this type of
research. It contains, in a clear and handy form,
most of what one needs to work in the field,
including a rich reference list. A large effort had
been and was being made to find a way to polarize
the protons in polymers like polyethylene, poly-
styrene and plexiglass by doping them with the free
radicals DPPH, PAC, BPA, violanthrene, por-
phyrindene and porphyrexide, and in organic
liquids like benzene, tetramethylbenzene, toluene,
diethylether doped also with the above-mentioned
free radicals. The results were deceiving, proton

polarizations only slightly above 20% could be
seldom achieved, e.g. in plexiglass doped with
PAC or in toluene doped with DPPH [3]. The
instrument used to test these materials was a
polarized target as described above, with an
electromagnet beefed up to 2:5 T by using cobalt
steel pole tips and shimmed to provide a field
homogeneity of 10!4 over a volume of 5 cm3: The
samples to be polarized were, if solid at room
temperature, wrapped in a NMR coil and placed
directly in a multimode cylindrical microwave
cavity (Fig. 2), if liquid at room temperature they
were poured into a 0:4 cc silver-plated copper
container with a NMR coil built in and a slot to
allow the passage of the microwaves, which was
sealed after filling with a teflon sheet (Fig. 3),
placed in the cavity mentioned above, then cooled
in about 1 h to 1 K in the He4-cryostat. For each
sample at least the proton polarization achievable,
the proton relaxation time at 1 K and the proton
polarization times for different microwave powers
were measured. It should be remarked that the use
of a sealed container for liquids allowed a rapid
sample turnover, but no optical control of the
frozen samples. Further, it should be mentioned
that the microwave frequency could be measured
with a wavemeter at best at the promille level
(frequency meters for the microwave range did not
existy), and even this was done only exception-
ally. In a certain sense the microwave frequency
was measured ‘‘by polarizing’’, but it was certainly

ARTICLE IN PRESS

Fig. 1. A CERN polarized target.

Fig. 2. A microwave cavity of the type used in the CERN
cryostat.

S. Mango / Nuclear Instruments and Methods in Physics Research A 526 (2004) 1–62

Michel Borghini
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Polarized targets BC (Before Crabb)
1970s: The problem of low luminosity is (partly) solved by higher acceptance

Tapio Niinikoski (CERN) and Boris Neganov (Dubna) invent the
Frozen Spin Target

These targets operate at millikelvin temperatures, so beam heating limits the particle 
flux even further

Boris Neganov

"FROZEN SPIN" POLARIZED TARGET 223 

refrigeration has a maximum speed in excess of 
20 mmol/s. 

The requirements of high power and low temperature 
are compatible regarding the efficiency of the heat 
exchanger between the dilute and concentrated streams 
of the dilution refrigerator, but they are often incom- 
patible from the point of view of flow conductances 
in the streams, orifices, and other flow passages. 
Compromises were sought and, for example, the 
minimum circulation was set at 0.7 mmol/s due to 
various heat leaks to the still and the heat exchanger. 

In addition to good operation in the two modes, a 
rapid transition from reversal to holding temperature 
is desirable, in order to minimize polarization and 
running losses. 

Further special requirements are: insensitivity to 
eddy current heating, capability of strong microwave 
exposure in the mixer, vibration insensitivity, target 
loading under liquid nitrogen (LN 2) into the mixer, and 
ability to accomodate at least three coaxial cables from 
ambient onto or into the mixer. 

The target refrigerator is shown schematically in 
fig. 5. It consists of two circuits: a continuous flow 4He 
evaporation refrigerator and the dilution refrigerator. 

The target (T), made of ~1.5 mm propanediol-Cr v 
beads, is cooled inside the mixer (K) of the dilution 
refrigerator. Fig. 6 shows a photograph of the inside 
part of the refrigerator with the mixing chamber 
dismounted. 

The 4He refrigerator receives liquid helium con- 
tinuously from a 100 1 dewar through a vacuum iso- 
lated transfer tube with one 90 ° bend. The first version 
of this line had a cooled shield, which was later omitted 
as unnecessary because of improved electroplating of 
the inner pipe. The helium is transferred into a small 
annular vessel (A), called separator, the upper part of 
which is pumped along two lines. One of these cools the 
recirculated 3He to 4 K in a countercurrent heat 
exchanger (B), and the other cools two radiation shields 
(C) and (D) in the outer vacuum space. The separator 
pressure is just below the dewar pressure. 

The 4 K helium is directly expanded through a 
needle valve (E) into vessel (F), the evaporator, at 
0.1-4 torr pressure or 1.0-1.2 K temperature. In the 
evaporator there is the condensing capillary (G) for 
recirculated 3He. Another needle valve (H) allows 
helium directly to the nose region for rapid initial 
cooling after loading the target, and, possibly, for 

Fig. 6. Photograph of the refrigerator proper. T.O. Niniikoski and F. Udo, NIM 134 (1976) 219

Tapio Niinikoski

23	September	2019 PSTP2019	- Knoxville,	TN 9



Polarized targets BC (Before Crabb)
1980s: Ammonia takes over!!

Niinikoski polarizes NH3 to >90% at 2.5 T and < 0.5 K

NH3 has a higher concentration of polarized protons (18%)

The target sample is irradiated to produce 
the polarized electrons for DNP
“…ammonia might thus bring bring about an improvement
of  more than one order of  magnitude in the radiation 
resistance of  polarized targets.”

3 Ammonia as a Polarizable Target Material

Irradiation Sessions at ELSA in 2011

The last time before 2011, an ammonia target for the COMPASS experiment was produced
in 1995 at ELSA. This target material was used in the SMC11 and then in the COMPASS
experiment until 2010, which are picked up in the next chapter. For the fresh ammonia
material, the target radiation dose was set to 1017e≠/ cm2, which is related to the dose
in 1995, in order to reproduce the target material as good as possible. The LINAC emits
electron packets – so-called bunches – with a repetition rate of 50 Hz and a charge of
200 nC to 300 nC per bunch. A Bergoz-monitor behind the refrigerator is used to measure
the charge of these bunches, which fly through the setup12. The accumulated charge can
be used as a guideline for the applied radiation dose. Based on the setup, the needed
accumulated charge was estimated to be 5.13 ◊ 108 nC. Therefore, to catch up with the
total charge, an irradiation time of 9 h to 14 h must be considered. All in all, nine successful
irradiation sessions were done between January and March 2011 and in total 1.5 liters of
irradiated ammonia beads were produced, with a work load of 150 ≠ 170 cm3 per session.
This amount meets the requirements for the COMPASS target cells.

Fig. 3.8 – The purple color of fresh
irradiated ammonia.

A conspicuous sign for the irradiation is a color change of
ammonia into an intense purple, see the pictures in Fig. 3.8.
This color can also be used to evaluate a uniform irradiation of
the material. In contrast, deuterated ammonia turns into blue
after the irradiation, thus the color depends on the chemical
structure. Apparently, the color is a result of the irradiation,
but it is not a guarantee for the ability of dynamic polarization.
In fact, the color is caused by defects in the crystal structure
of ammonia, but these defects are not the only ones.

Lattice and Radiation Defects

Basically in every crystal, defects occur of any kinds, which are often caused by glitches
in the growth process and even the surface can be seen as a defect of an ideal crystal.
Each deviation in a perfect structure is classified as a defect. Besides these ’fixed’ (intrinsic)
imperfections, several point defects exist, which depend upon external conditions like
temperature and pressure. Thermal vibrations constantly cause changes in the local
structure and thus, point defects can wander within the crystal. At TE, always a certain
concentration of defects arise, and with falling temperature, the concentration decreases
too13.

The point defects can be categorized into vacancies (Schottky-defects), interstitials and
substitutes of impurities. The so-called F-centers14 are the best studied defects, in which
an electron is trapped in a vacancy, usually pictured in an ionic lattice. This kind of defects

11SMC stand for Spin Muon Collaboration.
12In 1995, the shaft between cage and motor was used to measure the charge.
13It is possible to keep a higher concentration of defects at TE, by cooling the crystal very quickly. In this

way, the defects are practically ’frozen’.
14From the German word Farb-Zentrum, meaning color center.

38
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Polarized targets AD (After Don)
1980s: Numerous target groups begin to produce and study irradiated 

ammonia.  The work highlights the 1984 Workshop on Polarized Targets, 
Bonn (ed. W. Meyer).

Werner Meyer

Best results are obtained after irradiating ammonia at 80 K 
with 109 Rad

Very high polarizations are obtained at 2.5 or 5 T and 
temperature below ½ K.

Ammonia is much more radiation resistant than 
hydrocarbon target materials like butanol and propanediol.

The radiation damage can be repaired by warming the 
sample to ~90K for a few minutes.

Beam heating remains a problem, however.
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Polarized targets AD (After Don)
1980s: Liquid 3He (or a mixture w/ 4He) is used to cool the target below 1/2 K

Heat transfer is limited by pool boiling 

D.G. Crabb et al., Proc. of 4th Intnl. Workshop on 
Polarized Target Materials and Techniques, 1984 
(ed. W. Meyer)

2.5 T & 0.5 K 
Under an intense beam of protons, the
polarization drops by ~30% (rel).

“It is clear from the program at this 
workshop that indeed it [ammonia] has 
become a standard material.”

“…investigate ways of  improving the 
target fragment cooling.”

“We hope this will lead to HIGHER 
AVERAGE POLARIZATION AT 
HIGHER BEAM INTENSITIES”
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VOLUME 64, NUMBER 22 PHYSICAL REVIEW LETTERS 28 MAY 1990

Observation of a 96% Proton Polarization in Irradiated Ammonia

D. G. Crabb, C. B. Higley, ' A. D. Krisch, R. S. Raymond, T. Roser, and J. A. Stewart
Randall Laboratory ofPhysicsT, he University ofMichigan, Ann Arbor, Michigan 48109 ll-20

G. R. Court
Physics Department, The University of Liverpool, Liverpool L69 38K, United Kingdom

(Received 27 December 1989)

Using dynamic nuclear polarization we obtained proton spin-polarization values of (+95~ 5)% and
(—97~5)% in radiation-doped frozen ammonia. Moreover, the polarization reached 90% in about 25
min. These results were obtained using our new 1-K high cooling power He evaporation refrigerator
operating in a 5-T magnetic field with 140-GHz microwaves. This unexpectedly large and rapid polar-
ization coupled with about 1 % of cooling power should allow significant improvements in high-energy
spin-physics experiments and may have some physics interest in itself.

PACS numbers: 33.25.Hv, 29.25.Kf, 75.25.+z

The use of dynamic nuclear polarization ' (DNP), to
spin polarize the free protons in materials such as al-
cohols, has allowed detailed studies of spin efl'ects in
high-energy physics scattering experiments. A limited
number of materials such as butanol, propanediol, and
ethanol have been used extensively in polarized proton
targets for these scattering experiments. The paramag-
netic radicals required for the DNP process were chemi-
cally doped into the host materials; this typically allowed
a polarization of up to 80% using He evaporation refri-
gerators operating at 0.5 K in a 2.5-T magnetic field.
A high-intensity particle beam is necessary to precise-

ly study low cross-section processes, such as spin eA'ects
in high-P~ proton-proton scattering. Overcoming the
heat load from the intense beam requires a high-powered
cryogenic system in the polarized proton target. More-
over, the high-intensity beam causes significant radiation
damage to the target material which disrupts the polar-
ization process; the polarizability falls approximately ex-
ponentially with radiation dose. The polarizability can
be partially recovered by annealing, but eventually the
target material must be replaced. Therefore, a search
was made for more radiation-resistant materials.
Hwang and Sanders and others suggested that the

radicals might be doped in by radiation rather than by
chemical techniques. This radiation-doping method was
first shown to work in butanol by Court and co-workers.
Niinikoski and Rieubland then obtained polarizations
above 90% in irradiated ammonia (NH3) using a dilu-
tion refrigerator operating at 0.15 K and 2.5 T. Howev-
er, with this low temperature and their radiation dose,
the polarization growth time was typically about 30 h.
Subsequently, NH3 was used as the target material in
many scattering experiments with polarized targets
operating at 0.5 K and 2.5 T. A polarization of about
70% could be reached in about 2 h. Ammonia was found
to be more resistant to radiation damage than the best
chemically doped materials; moreover, the polarizability

appears to be completely recoverable by annealing.
For many years we did scattering experiments using a

polarized proton target with a 2.5-T magnetic field and a
He evaporation refrigerator operating at 0.5 K. Unfor-
tunately, the high-intensity proton beam could raise the
temperature of the target material considerably above
that of the surrounding fluid because of the poor thermal
properties of the liquid He. Moreover, it was difficult to
increase the cooling power of our He refrigerator above
about 140 mW. During recent years we made several
improvements to our refrigerator, such as improving the
fluid path and changing the evaporating fluid to a mix-
ture of 'He and "He. Nevertheless, we could not op-
erate beyond a limit of about 2X10' beam protons/sec;
exceeding this limit reduced the target polarization con-
siderably. In this paper we report on recent studies
where we have polarized the protons in irradiated NH3
at 1 K using a powerful He refrigerator operating in a
5-T magnetic field with 140-GHz microwaves.
Our new polarized proton target was designed to

operate with a high-intensity beam by using the superior
thermal properties of He. We constructed a high-cool-
ing-power He evaporation refrigerator which operates
at 1 K inside a new 5-T magnet. Figure 1 shows the re-
frigerator and magnet assembly. The split coil supercon-
ducting magnet was designed to operate at up to 5.1 T
with a field uniformity of ~10 inside a 4-cm-diam
sphere; it was supplied by Oxford Instruments. The re-
frigerator is vertical and is inserted along the bore of the
magnet. The refrigerator operates by first drawing
liquid He, at 4.2 K, from the magnet Dewar into a
separator. The cold- He vapor from the separator is
then pumped away and used to cool three radiation
baNes. The liquid He from the separator traverses a
heat exchanger and then passes through a control needle
valve into a liquid- He pool at the bottom of the refri-
gerator. The liquid He is finally pumped on by a 5900-
m per hour Roots pumping system; the cooling power

1990 The American Physical Society 2627

Polarized targets AD (After Don)
1990: Don Crabb (U. Michigan) demonstrates 96% polarization at 5 T & 1 K

Don Crabb ”This unexpectedly large and rapid polarization coupled 
with about 1 W of  cooling power should allow significant 
improvements in high-energy spin-physics experiments…”
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Polarized targets AD (After Don)
1990s: Don Crabb moves to U. Virginia and establishes the

UVa Polarized Target Group, with Donal Day & Oscar Rondon

The ”Don Crabb type target” becomes the de facto polarized 
target for high luminosity experiments

5 T magnet with wide apertures

Powerful 1 K 4He evaporation refrigerator

140 GHz microwave tube (EIO)

Liverpool Q-meters for NMR polarimetry

Target insert with multiple samples
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Polarized targets AD (After Don)
1998: A collaboration between UVa, INFN-Genova & Jefferson Lab 

bring a high-luminosity polarized target into a 4𝜋 detector

LtoR: Chris Keith, Raffaella DeVita, Renee Hutchins, 
Marco Anghinolfi
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Polarized targets AD (After Don)
1990 - 2010s:  The UVa Group leads multiple experiments at both 

SLAC and JLab

• E143 (1993)
• E155 (1997)
• E155X (1999)
• Gen (1998)
• Gen2 & RSS (2000)
• SANE (2008)
• G2p & GeP (2012)
• Eg1 (1999)
• Eg1b (2000)
• Eg4 (2004)
• Eg1-DVCS (2008)

Polarized targets a complicated but rewarding business. . .

ON TARGET • March 20002

continued from page 1

lent of the same physical direction. In
so doing, researchers are able to probe
otherwise indiscernible quark-to-quark
interactions, creating a unique magni-
fying window into the subatomic
realm.

Experimentalist Don Crabb, a
research professor of physics at the
University of Virginia, says that, with
spin alignment, chances increase that
subatomic particles will interact in
specific ways and that the results of
those interactions will be more readily
apparent. “Say you have a bale of hay
with something buried at its center,”
he posits. “Shoot a bullet at it, and if it
has a hard interior, the shot will rico-
chet off that interior in a certain way.
If you can scatter off individual
quarks, you can better understand how
a proton or neutron is put together,
and how the quarks are interacting to
give an individual proton or neutron
its properties.” 

Easier Said Than Done
Not all materials are suitable for

polarization. Although experimenters
at other facilities have sometimes used
frozen alcohols, alignment can be
quickly lost through repeated interac-
tions with the Lab’s electron beam.
JLab’s material of choice is ammonia.
Once polarized, it tends to remain so,
even at high beam current. Target
preparation begins with the freezing of
gaseous ammonia into a solid block.
The block remains immersed in liquid
nitrogen and is then crushed into
miniature, rock-salt-like granules,
which are meticulously spooned into
half-inch-deep, dime-size containers.
These small receptacles, affixed to a
target “stick” and festooned with elec-
tronics, are made of a hydrogen-free
type of plastic, specifically designed
not to interfere with the experi-
menter’s measurement of the target
polarization using a technique known
as nuclear magnetic resonance, or sim-
ply NMR.

The target stick will eventually be
inserted into a canister cooled by liq-
uid helium to just one degree above
absolute zero. In turn, the entire array
must nestle close to the detectors that

will record the quark interplay. Later,
experimenters will begin the two-part
process of spin alignment, first with a
strong magnetic field and then with
microwaves, to prepare the target for
impact with the beam from the Lab’s
accelerator, which in turn will generate
the subatomic events that will be
weighed and analyzed.

If polarized target preparation
seems a complex process, it is. The
Lab’s Polarized Target Group can take
up to a year to fabricate and put into
place the many pieces that, when fitted
together, experimenters use over weeks
and months to conduct physics
research.

“Ideally the target system comes in
completely configured, with refrigera-
tion and magnets,” says Mikell Seely,
Polarized Target Group manager. “But
we usually have to outfit it with polar-
ization detectors, a microwave system,
controls and a helium gas supply. We
then have to install and maintain it.

When these targets are up and running,
you have to keep them running at all
costs — whether it’s weekends or two
o’ clock in the morning. If something
goes wrong, you come in and fix it.”

Currently, Seely, Keith, Crabb and
co-workers from Genoa, Italy, are
preparing a polarized target for a Hall
B study slated to begin in September.
It will be the third such polarized-tar-
get experiment conducted at JLab. The
target array is being assembled in the
Experimental Equipment Laboratory
and is scheduled for a fully integrated
test in April and May. The system will
be literally wheeled over to Hall B in
August to be wedded to the hall’s
CLAS detector, prior to the start of the
experiment’s five-month run.

“These are complicated systems,”
Keith says. “Even though they usually
require some kind of care and feeding,
we try to make them as robust as we
can. Experimenters can’t run their
experiments if the target is always
being repaired.”

Don Crabb, research professor of physics at the University of Virginia, sits in front
of the Hall B polarized target (module and tube above eye level) and a test appa-
ratus used to check the polarized target’s refrigerator (tube at shoulder level).
Chris Keith, JLab staff scientist, and Marco Anghinolfi, a user from the University
of Genoa, Italy, (background, left & right) discuss results from a refrigeration test.
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Polarized targets AD (After Don)

1990 - 2010s:  In addition to building and operating some of 
the best polarized targets in the world, the UVa Target Group has 
been instrumental in producing & training some highly 
talented physicists
(in no particular order, and I apologize if I forgot you!)

Paul McKee
Renee Hutchins
Christopher Cothran
Hongguo Zhu
Stephen Bueltmann

Yelena Prok
Josh Pierce
Nadia Fomin
Karl Slifer
Nick Kvaltine

Dustin McNulty
Chris Harris
Dustin Keller
Jonathan Mulholland
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