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Polarization of protons by the spin-refrigerator mechanism in yttrium ethyl sulfate
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Proton polarizations in excess of 50% have been achieved in single crystals of Y(C2HSSO4)3 9H20
doped with about 0.01 at.% Yb. The protons are polarized by the spin-refrigerator process, in

which the crystals are rotated in a magnetic field at low temperature. Typical operating parameters
are F, =40—90 revolutions/sec, H =9-11kOe, and T =0.6 K. Measurements of the maximum po-
larization and of polarization-buildup curves are presented for a variety of operating conditions.
These results are found to be in reasonably good agreement with predictions obtained from model

calculations which simulate the polarization mechanism at the atomic level. The calculations show

that multiple-spin-Hip processes are important, and that these processes produce a significant

reduction in the maximum attainable proton polarization. Measurements of the proton spin-
relaxation time are also reported. Relaxation times in excess of 100 h were observed for magnetic
fields of less than 1 kOe.

I. INTRODUCTION

Spin-polarized proton targets are important research
tools in both nuclear and high-energy physics. In order
to make advances in polarized-target technology it is
necessary to develop a good understanding of the under-

lying solid-state physics. In particular, one needs to be
concerned with the interaction of electronic and nuclear
spins with each other and with the lattice.

In the early 1960s two quite different methods were

proposed for achieving large nuclear polarizations. One
method makes use of the "solid-state effect" in which mi-

crowaves are used to drive forbidden transitions between

hyperfine levels in materials containing hydrogen. By as
early as 1962 Schmugge and Jeffries' had achieved sizable
dynamic nuclear polarizations in single crystals of Nd-

doped LazMg3(NO3)~2 24H20, and in the intervening

years there have been continuing advances in the technol-

ogy and understanding of these targets. To date, nearly
all of the polarized proton targets used in nuclear and
high-energy physics research have been based on the mi-

crowave pumping technique. In 1963 Jeffries and Abra-
gam independently proposed an alternate scheme for po-
larizing protons. In this method the nuclear polarization
is achieved by rotating a crystal containing paramagnetic
ions which have a highly anisotropic g factor in a mag-
netic field at low temperatures. Devices which make use
of this mechanism are commonly referred to as "spin re-
frigerators. "

Early researchers ' found that Yb-doped yttrium
ethyl sulfate (YES) is the best candidate for use in spin re-
frigerators, but achieved polarizations no higher than
35%. In 1977 Button-Shafer et al. " reported polariza-
tions of up to 65% (later, polarizations as high as 80%
were reported' ) in a spin refrigerator developed for
high-energy physics experiments. However, in a more re-

cent set of experiments Felcher et al. ' were unsuccessful
in matching the results of Button-Shafer et al. , achieving
a maximum polarization of only 41%.

A substantial amount of theoretical work on the spin-
refrigerator process in YES has been done, primarily in
conjunction with the early spin-refrigerator experi-
ments. ' While many of the properties of YES are now
well understood, there does not yet exist a single
comprehensive "theory" which has been thoroughly test-
ed against experiment and which can be used with
confidence to predict the behavior of spin-refrigerator
targets under a wide range of operating conditions.

In the present paper we report on a series of measure-
ments undertaken to further investigate the YES spin-
refrigerator mechanism, with a final goal of producing a
polarized proton target for use in nuclear physics experi-
ments. In particular, we have obtained new measure-
ments of polarization buildup curves, maximum polariza-
tions and nuclear spin-relaxation rates. The primary
difference between the present experiment and the recent
work of Refs. 11-13 is that our results have been ob-
tained at temperatures well below 1 K. In conjunction
with the experimental work, we have developed a
computer-based model of the polarization buildup pro-
cess. This model provides theoretical predictions for
comparison with the experimental results, and may also
be used as a guide for optimizing the polarized target pa-
rameters.

The necessary theoretical background is presented in
Sec. II. In Sec. III we describe the equipment and experi-
mental techniques. The experimental results are given in
Sec. IV. In Sec. V we describe the computer model and
summarize the model predictions, while Sec. VI contains
a comparison of the model predictions to our data and
those of other authors. Our conclusions are summarized
in Sec. VII.
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II. THEORETIC%I. BACKGROUND

A. The spin-refrigerator mechanism

The basic idea of the spin refrigerator is simple.
Paramagnetic ions in a crystal at low temperature and in
a high magnetic field can have a substantial polarization
at thermal equilibrium. Here the ion polarization I', is
defined as

Spin —Iot tice
reloxotion ~

where N is the number of ions with magnetic quantum
number mz, and where we have assumed for simplicity
that the ions have spin —,'. The polarization of the pro-
tons, I'„,is defined in an analogous manner in terms of
the proton magnetic substate populations. In this case
the substates are labeled by the quantum number m, . If
one uses a crystal in which the I factor of the ions, g„is
highly anisotropic, or more precisely in which the g, ap-
proaches zero for some orientation of the magnetic field,
the polarization of the ions can be transferred to the pro-
tons. This is accomplished by simply rotating the crystal
relative to the magnetic Seld. As the crystal rotates the
g, becomes small and for some orientation will be equal
to the proton g factor g . At this point (referred to as the
crossover point) mutual spin flips of a proton with an ion
are energetically allowed and occur readily.

The process for transfer of the polarization is
represented in Fig. 1. Here we show energy level dia-
grams for a system consisting of one proton and one ion
(assumed again to be spin —,

' ). The states are labeled with

the sign of the magnetic quantum numbers using the no-
tation

~ mmmm, ). Figure 1(a) corresponds to an orienta-
tion of the crystal for which the g, is large. Here the en-

ergy splitting between the ion magnetic substrates is large
compared to kT. If the crystal is kept in this orientation
for a time which is long compared to the ion spin-lattice
relaxation time, ions in the states

~ +,—) and
~
+, + )

decay to
~
—,—) and

~
—,+), respectively; i.e., the ions

reach thermal equilibrium and become highly polarized.
If the crystal is then rotated to the crossover point in a
time which is short compared to the relaxation time, the
polarization is maintained and one obtains an energy lev-
el diagram as shown in Fig. 1(b). At this point the states

~

—,—) and
~
+, + ) mix, and the ion and proton spin

temperatures equalize through energy allowed mutual
spin fiips. The crystal is then rotated back to the orienta-
tion of Fig. 1(a), and when thermal equilibrium is reached
the net result is that ion-proton pairs in the state

~

—,—) have been transferred to the state
~

—,+ ). In
practice, each ion in the crystal can transfer its polariza-
tion to any one of a number of neighboring protons, awhile

protons which are far from any ion become polarized by
spin di8'usion. Consequently, protons throughout the
sample acquire a sizable polarization after a suScient
number of spin-refrigerator cycles have elapsed. If one
assumes that each spin flip involves only a single proton
and a single ion and that the nuclear spin-relaxation time
is long compared to the polarizing time, one expects that

(b) 8-90'
cross relaxotion

FIG. 1. Illustration of the process by which protons are po-
larized in a spin refrigerator. The level structure in (a) corre-
sponds to an orientation of the crystal for which the ion g factor
is large, and the spins couple strongly to the lattice (-45' for
YES}, while (1) represents the cross relaxation point (-0' for
YES) where the ion and proton g factors are equal.

the proton polarization will approach the polarization of
the ions at the crossover point.

The origin of the name spin refrigerator is now ap-
parent. The ions act as the coolant. As the crystal is ro-
tated toward the crossover point, g, decreases and the ion
spin temperature therefore decreases. When g, is equal
to g~, the protons and ions come into thermal contact
and the spin temperatures equalize. As the crystal is ro-
tated back to its original orientation the ion spin temper-
ature increases once more, and the heat is exhausted to
the lattice.

S. Yttrium ethyl sulfate spin refrigerator

Yttrium ethyl sulfate, Y(C2H5SO4)3. 9H20, doped with
ytterbium ions has many properties which make it well
suited for use in a spin refrigerator. The I'7&2 ground
state of the ytterbium ion is split by the crystal field into
four doublets. At liquid He temperatures only the lowest
doublet, which has mJ ——+—,', is populated. The purity of
the mz ——k —', doublet is a direct result of the hexagonal
syrometry of the YES crystal.

Each doublet is further split by external magnetic
6elds. The ion g factor is given by

g, =(g21cos'e+g', sin'e)'",

where 8 is the angle between the applied magnetic field
and the crystal c axis. For a pure mJ ——+—,

' doublet it is
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straightforward to show that g~=0 and
g~~

——3.43. The
measured' value of g

~~

is 3.328+0.005. The small
discrepancy with the theoretical prediction has been at-
tributed to lattice vibrations (the effect of static crystal
field mixing with the J =—'„mJ——+—', excited states is
thought to be too small to account for the discrepancy).
A nonzero value of g~ can result from crystal distortions
and impurities. No direct measurement of g~ has ever
been made; however, the success of YES spin refrigera-
tors suggests that gz is smaller than g . From measure-
ments of polarization-buildup curves for YES spin refri-
gerators, Potter and Stapleton' have concluded that
go=0 3gp

The Yb ions in YES also have a favorable spin-lattice
relaxation rate, T&, '. For temperatures below a few K
the relaxation is dominated by the direct single phonon
process for which
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FIG. 2. Calculations of the steady state Yb ion polarization
at crossover as a function of rotation frequency for H= 11 kOe
at temperatures of 0.62 K and 1.2 K.

T &,
' ——AH sin 8 cos 8 cothg sec

where A is a constant, H is the magnetic field in Oe,

X=glHpacosH/2kT,

(3)

(4)

Langley and Jeffries, is given by

T,„'=1.8&(10 ' cH sin icos 8/sinhgcoshg sec

and pz is the Bohr magneton. Measurements by Wolfe
and Jeffries' of the angular dependence of T &,

' agree
with Eq. (3) for angles less than 45'. (The discrepancies
at larger angles are attributed to a phonon bottleneck,
which should be unimportant in our work, since our Yb
concentrations are typically 2 orders of magnitude lower
than those of Ref. 14.} From their measurements, Wolfe
and Jeffries' extract the result A =2.40)(10 ', which
is in reasonably good agreement with the theoretical
value. Note that the relaxation rate is largest for 8-45'
and goes to zero at 8=90'. Since the ions couple strongly
to the lattice when g, is moderately large, one can obtain
large ion polarizations. Moreover, the polarization is
maintained as the crystal is rotated to the crossover point
at 0=90'. Because of the favorable angular dependence
of Tj, , it is possible to obtain sizable proton polariza-
tions by simply rotating the crystal at a constant rate.

From Eqs. (2) and (3) one can easily predict the ion po-
larization at crossover (denoted by P„}for a given tem-
perature, magnetic field and rotation rate. Figure 2
shows calculations of this quantity for H=11 kOe and
for temperatures of 1.2 K and 0.62 K, typical of pumped
He and pumped He systems, respectively. Note that at

the lower temperature one can obtain large ion polariza-
tions at crossover for much lower rotation rates. Since
our polarized target requirements involve the use of very
large samples, the lower rotation rates are highly desir-
able, and for this reason we decided to build a system
that operates near 0.6 K.

In order to obtain large proton polarizations it is neces-
sary that the proton spin-relaxation time, T,„,be long
compared to the time required to polarize the target.
Previous experimenters, ' working in the 1 —2 K range,
have found that the holding times meet this criterion and
are well described by a process in which proton spin flips
occur through a dipole-dipole interaction with the Yb
ions as the Yb spins relax to the lattice. The nuclear
spin-relaxation rate for this process, first calculated by

(5)

where c is the ratio of Yb to Y atoms in percent. Experi-
mentally one finds that the angular dependence of T &„'is
in good agreement with this formula. ' The numerical
constant in Eq. (5) has been chosen to optimize the fit to
the data of Ref. 5.

III. EXPERIMENTAL DETAILS

The experiments were carried out in the liquid-helium
dewar shown schematically in Fig. 3. The sample is
cooled by pumped liquid He. The He gas, which circu-
lates in a closed loop, enters the dewar through a heat ex-
changer cooled by He vapor. The He line then passes
through the liquid He and into a pumped He reservoir
where the He liquifies. The He then expands through a
needle valve, which can be adjusted from outside the
dewar, and the .resulting spray is directed at the YES
sample. The evaporating He gas is pumped away by a
140 I/sec roots pump backed by a 17 l/sec mechanical
pump. Before reentering the dewar the He is passed
through an oil filter and a liquid nitrogen cooled molecu-
lar sieve trap. The cooling system can maintain a tem-
perature of 0.6 K with a heat load of 60 mW.

The temperature in the sample region is monitored
with an accurately calibrated germanium resistor located
about 2.5 cm from the sample. The temperature gra-
dients near the sample are not expected to be large since
the sample is quite far from major sources of heat (i.e.,
the bearings} and from the pool of liquid He at the bot-
tom of the sample tube. Consequently the sensing resis-
tor should give a reliable indication of the He vapor tem-
perature at the surface of the sample.

The YES crystals are held in Kel-F containers which
are attached to a shaft capable of rotating at rates of up
to 100 revolutions per second. The low-temperature end
of the shaft is made of an epoxy-Fiberglass material
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(6-10) and is 2.5 cm in diameter. The upper end of the
shaft is coupled to a Inotor located outside the vacuum
system through a FerroAuidic' feedthrough. The shaft is
supported by commercial high precision stainless steel
ball bearings which have been modified in two respects.
First, the balls and races were thoroughly cleaned and
then plated with a thin coating of tungsten disulfide, '

which is an eff'ective solid lubricant. Second, the com-

mercial stainless-steel ball separators were replaced with
specially machined separators made of Duroid, ' a
Fiberglass-611ed TeAon material. %e have found these
modified bearings to be very reliable, whereas unmodified
bearings often failed after only a few hours of operation.

The required magnetic fields are provided by two inter-
nal superconducting magnets. Since the rotation axis of
the crystals is vertical, the field used for polarizing must
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FIG. 3. Schematic diagram of the experimental apparatus.
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be horizontal. Two saddle-shaped coils are used to pro-
duce a field of up to 11 kOe for this purpose. The second
superconducting magnet consists of four circular coils in
a split pair configuration designed to produce a vertical
magnetic field uniform to +0.5% over a cylindrical
volume 6 cm in diameter and 8 cm high. For the experi-
ments described in the present paper this magnet was
used primarily for NMR measurements of the sample po-
larization; however, the magnet design is such that it can
also be used to provide a uniform holding field for the
larger targets which we will use in subsequent nuclear
physics experiments.

The method used to measure the polarization of the
sample is similar to that described by Potter. ' A block
diagram of the NMR electronics is shown in Fig. 4. The
tank circuit consists of an LC circuit in which the induc-
tor consists of a few loops of wire surrounding the YES
sample. The capacitors are chosen so that the circuit
resonates at f=10 MHz. The magic tee splits the crystal
stabilized radio frequency signal and sends it to the tank
circuit and a similar balancing circuit. The rejected sig-
nals from the two circuits are then added together 180'
out of phase. The resulting output from the magic tee is
then amplified, rectified and amplified again. By carefully
adjusting cable lengths and capacitors in the balance cir-
cuit it is possible to tune the circuit so that the output
from the magic tee is sensitive only to the absorptive part
of the NMR response. To detect the NMR absorption
the magnetic field is swept back and forth through the
resonance line at a frequency of about 1.4 Hz. The sweep
width is about 56 Oe (peak to peak) which corresponds to
about twice the observed full width at base of the absorp-
tion line. The magnetic field is adjusted so that the reso-
nance line appears at the center of the sweep. A lock-in
amplifier is used to pick out the absorption signal which
occurs at a frequency of double the sweep frequency.

The absolute normalization of the polarization is deter-
mined by measuring the thermal equilibrium signal at
T=4.2 K. At this temperature the Yb ion spin-

relaxation is dominated by the Orbach process and is
much more rapid than at our normal operating tempera-
tures. The hyperfine coupling gives rise to a proton spin-
relaxation time of about 4 sec, and therefore the polariza-
tion can be calculated from the Boltzmann equation.

For our conditions the thermal equilibrium polariza-
tion is only about 6X 10, and since we need to measure
polarizations a factor of 10 larger, the linearity of the
system is important. To achieve linearity, care was taken
to insure that the size of the rf signal at the input of the rf
detector was such that the rectifier circuit operated in a
linear range. With polarizations near 50% the rf level at
the detector changes by only about a factor of 2 as the
field is swept from off resonance to on resonance. It was
also necessary to adjust the resistance of the tank circuit
so that the power absorbed by the protons is small com-
pared to the power dissipated in the circuit itself (so the

Q of the circuit does not change significantly). We esti-
mate that systematic errors in the measurement of the
polarization are less than 10% of the measured value.

A variety of techniques were used to prepare the YES
solutions and grow the crystals. In the end, a method
similar to that described by Felcher et al. ' was adopted.
In most cases, the Yb used was 99% isotopically enriched

Yb. The Yb/Y ratios in the crystals ranged from 0.005
to 0.048%, as determined either by proton-induced x-ray
emission (PIXE) or by neutron activation analysis.

We performed measurements on two types of samples.
The first, which we call granular, consisted of a large
number of small single crystals with irregular dimensions
of about 1 —2 mm. These were randomly oriented and
held in a Kel-F cylinder with a diameter and height of 1

cm. The second type of sample was a 1&0.7)&0.5 cm
single crystal. In this case the crystal c axis was aligned
at an angle 80 from the vertical. This orientation is
chosen so that the protons do not couple strongly to the
Yb ions when the vertical field magnet is in use. As we
spin the target to polarize the protons, the angle between
the polarizing field (which is horizontal) and the c axis of
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FIG. 4. Schematic diagram of the NMR electronics used to measure the proton polarization.
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TABLE I. Properties of the YES samples used in the present

experiment. In the second column, g is used to designate granu-

lar samples and s single crystals. The third column gives the Yb
concentration of the crystals.

Sample

1

2
3

5b

6
7
81

9
10'
11'
12'
13'

g

s

s

s

Yb concentration
(9o)

0.005'
0.014'
0.021
0.037
0.010
0.025
0.048
0.010
0.008
0.005
0,006
0.009
0.009'

'Inferred from Yb concentration of growing solution.
"Obtained from Hinks, Argonne National Laboratory.
'Relaxation-time measurements only.

the single crystal varies between 10' and 170', and passes
through 90' twice per revolution. As noted above, the 90'
orientation is essential since this is where the level cross-
ings occur. Since the cycle involves angles with cose- 1,
the Yb g factor is large during an appreciable portion of
the cycle, and therefore one obtains sizable Yb polariza-
tions.

The properties of the various samples used are listed in
Table I. Here g is used to denote granular samples and s
single crystals. Note that for samples 10-13 we only re-
port measurements of the proton spin-relaxation times.
These last few samples have been used in a more recent
set of experiments with a working polarized target which
differs in several respects from the apparatus described
above. In view of the extensive modifications, it did not
seem appropriate to incorporate the proton polarization
results into the present paper. On the other hand, the re-
laxation times should not be affected by the
modifications, and therefore these data have been includ-
ed.

IV. EXPERIMENTAL RESULTS

A. MaxiInuln polarixgtions

In Table II we present a complete list of measurements
of the maximum proton polarization achieved under a
wide range of conditions. The results are listed in chro-
nological order and cover a time span of about one and a
half years. One notes, Srst of all, that there is a gradual
increase in the observed maximum polarization as a func-
tion of time. %'e believe that these improvements result-
ed from a combination of many factors, including the use
of higher magnetic fields and higher rotation rates, im-
provements in the cooling system and in various mechan-
ical components of the target, the change from granular

samples to single crystals and the use of samples with
lower Yb concentrations.

The maximum polarizations obtained with granular
samples are clearly lower than those observed with single
crystals. For example, with sample 5 (a granular sample)
we obtain P„=32%at F„=41Hz, H= 11 kOe whereas
with sample 8 (a single crystal grown at the same time)
we obtain P„=48%%uo under essentially the same condi-
tions. Although some loss in polarization is expected for
a granular sample due to the random orientation of the
crystals, this efFect should only reduce the Yb ion polar-
ization at crossover by about 8%%uo (Ref. 19), which is not
sufFicient to explain the observed differences. We believe
that the main problem has to do with the internal heating
of the crystals which results from coupling of the Yb
spins to the lattice (see Ref. 10). Since He vapor is a
very poor thermal conductor, heat generated near the
center of the granular sample is not dissipated effectively.
Adding liquid to the sample holder is also thought to be
ineffective, since the heat generated produces large
volumes of the sHe vapor which prevent liquid from ever
reaching the center of the sample. A single crystal can be
cooled more efFectively, since the thermal conductivity of
YES is large compared to that of the He vapor. This
provides a mechanism to transport the heat to the surface
of the sample where it can be removed by the He spray
from the expansion valve. With single crystal samples we
were able to obtain polarizations in excess of 50%%uo.

In spite of the improvements, the observed polariza-
tions for single crystals are still well below the calculated
Yb ion polarization at crossover. As noted in Sec. II A,
the polarization of the protons is expected to reach that
of the Yb ions provided that the polarization is
transferred through a process in which one Yb ion flips
spin with a single proton. The failure of this simple pic-
ture to explain the observed polarizations provided the
motivation to develop the model described in Sec. V.

B. Polarization buildup curves

Polarization buildup curves were measured by inter-
rupting the spinning for short periods of time to measure
the polarization. The interruptions were short compared
to the relaxation time of the proton polarization and
hence should have a negligible effect on the shape of the
curve. In Fig. 5 the measured polarization is plotted as a
function of accumulated spinning time for two represen-
tative cases. The calculations shown in Fig. 5 will be dis-
cussed in Sec. V.

C. HoMing times

In this section we discuss the measurements of the pro-
ton spin-relaxation time, T&„. Relaxation times were
measured for aB 13 of the samples listed in Table I, and
in most cases results were obtained for several values of
the magnetic 6eld. The temperatures were normally in
the range 0.45-0.60 K.

In Fig. 6 we show the experimental results plotted as a
function of magnetic Seld for a number of difterent sam-
ples. Each set of measurements is labeled by the sample
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TABLE II. Maximum proton polarizations obtained with various samples, rotation rates, and mag-

netic fields.

Sample
F„

(rps)

18
20
20
30
35
30
22
20
30
80
50
42
41
70
20
40
40
40
30
60
80
40
40
40
60
40
40
60
90
40
40
85

100

0
(kOe)

7.0
5.0
7.0
8.5
8.5
8.5
8.5
5.0
8.5

11.0
10.0
9.0

11.0
11.0
11.0
9.0

11.0
7.0

10.0
10.0
10.0
9.0
7.0

11.0
11.0
9.0

11.0
11.0
11.0
9.0

11.0
11.0
11.0

T
(K)

0.62
0.62
0.62
0.62
0.62
0.57
0.57
0.60
0.57
0.70
0.65
0.48
0.48
0.53
0.48
0.65
0.65
0.65
0.65
0.73
0.73
0.64
0.62
0.62
0.92
0.62
0.62
0.86
0.96
0.57
0.57
0.65
0.62

Measured
p„
(%)

3
3
3

12
11
9

13
9

22
25
22
20
32
35
38
27
28
17
26
27
25
34
24
39
43
33
48
52
53
43
59
57
44

Predicted
p„
(%)

34
22
41
45
41
53
47
49
43
56
66
71

number and by the temperature at which the measure-
ments were obtained. Although there is a considerable
amount of variation from one sample to another, in the
best cases we obtain holding times in excess of 100 h for
magnetic fields of less than 1000 Oe. The spin-relaxation
times are quite long even for very low magnetic fields; for
example, at 20 Oe the observed holding time for sample 8
was approximately 3 h. The spin-relaxation times pre-
dicted from Eq. (5) are more than an order of magnitude
longer than the observed holding times, and therefore we
conclude that the relaxation of the proton spins cannot
be attributed to the mechanism described in Ref. 5.

The dashed line in Fig. 6 indicates the slope that one
would expect to obtain under the assumption that
T,„~H.Although there are a few anomalous points, it
is apparent that the observed relaxation times are directly
proportional to the magnetic field strength. In contrast
to the observed behavior, Eq. (5) predicts T,„~H in
the limit of small g.

Although we have made no systematic study of the
temperature dependence of the spin-relaxation rate, the
measurements which are available suggest that T&„varies
approximately as T

While it is apparent that Eq. (5) does not properly ac-
count for the observed spin-relaxation results, it is not
clear whether the Yb ions play a role in the depolariza-
tion process. To address this question one can look at the
dependence of the spin-relaxation rate on Yb concentra-
tion. In Fig. 7, measurements of T,„atH=500 Oe are
plotted as a function of the Yb concentration, c. For
several of the samples, the plotted points were obtained
by extrapolating measurements obtained at higher mag-
netic fields, assuming T,„~H. In addition, the measure-
ments have been extrapolated in temperature, assuming
T~ (x T, to a common temperature of 0.5 K. For cases
in which it was necessary to extrapolate by more than 50
Oe or by more than 0.05 K the results are shown as open
circles.
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FIG. 5. Measurements of the proton polarization as a func-
tion of accumulated spinning time for two YES single crystal
samples. The curves are predictions obtained from model calcu-
lations described in Sec. V. In each case the solid curve corre-
sponds to our standard parameter set.

FIG. 6. Measurements of the proton spin-relaxation time for
various samples plotted as a function of magnetic Seld. Each set
of measurements is labeled by the sample number and tempera-
ture. There is one additional measurement (not shown) for sam-
ple 8 at 0=20 Oe for which T&„-.3 h. The dashed line indi-
cates the expected slope for T&„N.H.

100

From Fig. 7 it would appear that there is some rela-
tionship between the spin-relaxation rate and the Yb con-
centration. Although there is a large amount of scatter
in the points, the dashed curve, corresponding to
T&„~c,seems to reproduce the overall tread of the
data, which might lead one to conclude that the depolari-
zation is caused by a mechanism that involves two Yb
spins. However, this hypothesis appears to be ruled out
by previous holding time measurements for crystals with
high Yb concentrations. Froro the results shown in Fig.
7 one would predict that for c=0.5% the holding time
should be roughly 0.02 h for T=0.5 K assuming
T&„~c . However, Langley and Jerries observe hold-
ing times that are larger than this at a much higher tem-
perature of 1.4 K (see Fig. 11 of Ref. 5) for c=0.5%.
(The 2% Yb concentration listed in Ref. 5 refers to the
growing solutions. Our experience suggests that the Yb
concentrations in the crystals are lower by roughly a fac-
tor of 4.)

Another possibility is that the presence of the Yb in
the growing solution may have adverse effects on the
crystal formation (for example, giving rise to lattice de-
fects) which lead to increased spin-relaxation rates. This
is supported by the observation (see Ref. 13) that it is ex-
tremely dif6cult to grow well formed crystals from solu-
tions with high Yb concentrations.

50-

20-

2
C W 0

0-

0

I

0.0) 0.02 0.05 0.04 0.05

Yb Concentration (at.'L}
FIG. 7. Measurements of the proton spin-relaxation time for

H=500 Oe and T=0.5 K plotted as a function of the Yb con-
centration. In many cases the plotted point was obtained by ex-
trapolating measurements obtained at other temperatures
and/or Selds. Measurements which were extrapolated by more
than 50 Oe or more than 0.05 K are shown as open circles.
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V. MODEL CALCULATIONS

In order to understand why the measured polarizations
are smaller than the calculated Yb ion polarizations at
crossover, we have developed a computer-based model of
the spin-refrigerator process. Previous authors have, in
general, fully descr&bed the theory of spin refrigerators,
but the calculations presented by these authors have ei-
ther not included the full range of effects or have been
based on simplifying assumptions (e.g., small polariza-
tion) which lead to closed form expressions. On the other
hand, a computer-based model makes it possible to fully
incorporate the important aspects of the existing theory
in a realistic way, thereby allowing quantitative compar-
isons with data. In this section we describe the effects
which are included in the model, discuss briefly how the
actual calculations are performed, and show some of the
model's predictions.

A. Description of the model

There are the three main processes which we have in-
corporated into the model calculation. The first involves
the interaction of the Yb spins with the lattice during the
cycle. The second is the cross relaxation process by
which the ion polarization is transferred to the protons.
The third process is the internal heating of the YES crys-
tals. We will now discuss each of these in order.

The Yb ion polarization, P„is followed through the
cycle by assuming that at any instant it decays towards
the thermal equilibrium value, P,0, with an exponential
time constant T,,' given in Eq. (3};i.e.,

dP,
=Ti (PG P) . —

dt
(6)

P,f K,P„+(1 K,——)P„, —

where

&, =1—exp — T, ' t dt (9)

and

The thermal equilibrium polarization is a function of the
angle 8 and is given by

P,G
——tanh[g (8)p&H/2kT] .

If the ion polarization at the start of a given cycle (i.e.,
immediately following the cross relaxation) is P„,the po-
larization at the end of the spin-lattice relaxation portion
of the cycle (i.e., just prior to the next cross relaxation}
will be '

spin-relaxation probability per cycle, and P„asthe
steady-state ion polarization at crossover (i.e., steady
state in the sense that if P, is not altered as the sample
passes through the cross relaxation region, the ion polar-
ization will approach this value). It follows that P„is the
maximum polarization the protons will acquire for the
special case in which only 1:1 spin flips occur. It is this
quantity which has been plotted in Fig. 2. It should be
noted that the quantities which enter into this part of the
calculation [g (8},T i, '(8) ] are well known.

The second part of the model involves a description of
the transfer of polarization from the Yb ions to the pro-
tons. The simplest cross relaxation process occurs at
some angle near 0=90, where the mutual spin flip of an
Yb ion and one proton is energetically allowed. It is clear
that for some angle slightly farther from 90' (i.e., for a
slightly larger splitting) it is energetically possible for one
Yb ion to flip the spins of two protons (a 2:1 spin flip). At
yet another angle, 3:1 processes are energetically allowed,
and so on. These multiple-spin-flip processes lead to a
reduction in the maximum attainable proton polariza-
tion. If only a single c:1 process takes place the max-
imum proton polarization will be

P„=tanh —tanh P„1

E,

This reduction in polarization can be thought of as result-
ing from the fact that the ions have a higher spin temper-
ature when the multiple spin flips occur than when single
spin flips take place.

One can also understand this effect by thinking about
the details of the spin-flip process. For example, in the
2:1 process a spin-up ion must interact with two spin-
down protons in order for the spin flip to occur. If most
of the protons (say for example 90%) already have spin-
up, then the spin flip can occur for only a very small frac-
tion of all possible proton pairs (1%). On the other hand,
for most of the pairs (81%) both protons have spin-up
and can therefore be depolarized by an ion with spin-
down. From this numerical example one can see that to
achieve a proton spin-up to spin-down ratio of R, one
needs the ion spin-up to spin-down ratio to be R '.

In order to include the multiple-spin-flip processes in
the model calculation, it is necessary to know the proba-
bility f, that the e:I spin flip occurs during the cross re-
laxation part of the cycle. The transition probabilities f i,
f2, and f3 were first calculated by McColl and Jeffries.
More recently Parker has repeated the calculations for
@=1 and 2 using more recent measurements of the pro-
ton positions. ' The transition probabilities have the gen-
eral form

1 —I{,P„= P0t T),' t
0

—b,
, =1—exp

(co/2m. )H ' (12}

Xexp f T,, (t )dt dt .
0

(10)

In these formulas, T&,
' and P,0 are expressed as functions

of time, and ~ is the time required to complete one cycle
(i.e., 7= ,'F„}.The quantity . K—, can be thought of as the

where co is defined as dO/dt at the cross relaxation point
{in radians/sec), H is the magnetic field in Oe, and b, is a
constant. Note that for the special case in which the
crystal c axis and the applied field are both at right angles
to the rotation axis, ~/2m is just the rotation frequency,
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I",. If the c axis makes an angle a with the rotation axis
(a =80' for our single crystal measurements) then
co/2n. =F,sinu. For e= 1 and 2 we adopt the results ob-
tained by Parker,

b i
——8.62 X 10'(g, /g~ )'[I—(g, /g~ }2]

b =2.81 X 10' (g /g ) [1—(g /2g ) ]'~

(13)

(14)

These results have the same mathematical form as the
formulas obtained by McColl and Jeffries, but the numer-
ical constants are larger by a factor of about 2'. For b&

we use the result of McColi and Jeffries, namely

but scale it up by a factor of 8 for our calculations. Un-
less noted otherwise, we use gi/g =0.3, as suggested in
Ref. 10.

In our model calculations we include only e= 1, 2, and
3. This is probably reasonable, since f& ls already qllite
small compared to f, and fz for most of the situations
encoun0ered in our experiment. For example, with 0=9
kOe and F„=40Hz we obtain fi ——1, f2 ——0.58, and

fi ——0.018.
Whereas the interaction of the Yb ions with the lattice

is well understood, the situation is less clear for the cross
relaxation process. First, the calculation of the numeri-
cal factors is very sensitive to the Yb-proton separations.
Although the geometry of the YES crystal lattice is fairly
well known, the uncertainty in the b, parameters is prob-
ably still appreciable. In addition, the cross relaxation
probabilities depend on the parameter gj which, as noted
earlier, has never been measured directly.

The final ingredient in the model is the internal heat-
ing. The heating has been discussed extensively by Potter
and Stapleton, ' and is caused by the fact that the Yb ion
polarization always lags behind the thermal equilibrium
value, which leads to absorption of energy from the
mechanical rotation. The average power dissipated to
the lattice, (j ), can be expressed as

(j)=(N,pttH/2v) f (dp, /dt)g(t)dt,
0

(16)

where N, is the number of Yb ions in the sample. If the
ion polarization is known throughout the cycle the heat
generated in the crystal is easily calculated. To convert
this into a temperature rise we need to determine how
rapidly the heat is dissipated by the He in our cooling
system.

The heat transfer coefficient, defined as k =t'I/BET,
where q is the dissipated power, A is the surface area of
the sample, and AT is the temperature dN'erence, was
determined experimentally. This was done by placing a
brass block, similar in shape and size to our YES single
crystals, in the He refrigerator. Brass was chosen since
its thermal conductivity is close to that of YES. The
block contained a temperature measuring resistor and a
second resistor used as a heater. Hy measuring the tem-
perature rise for various power settings in the sample, the
heat transfer coef5cient was determined to be about 0.2
m~/K. cm~.

P„=tanh(s tanh 'P„). (18)

In the computer calculation one simply follows the Yb
polarization for a number of spin-refrigerator cycles (as-
suming constant polarization} until the Yb polarization
has reached an equilibrium state in which the value of P,
at the end of a given cycle is the same as at the corre-
sponding point in the previous cycle. Normally this con-
vergence takes place within two or three cycles.

At this point heating effects are included. Having
determined the appropriate starting value for P„P,(t) is
determined throughout the spin-lattice relaxation portion
of the cycle by numerical integration of Eq. (6), and the
heat generated is then calculated from Eq. (16). The
internal temperature of the crystal is obtained from (j ),
the assumed ambient temperature and the measured heat
transfer coeScient. We then go back to the beginning
and redetermine the Yb polarization throughout the cy-
cle using the corrected crystal temperature (in the initial
calculation the crystal temperature is assumed to be equal
to the ambient temperature}. The entire process of calcu-
lating (j) and redetermining P, (t) is then repeated as
necessary until the values obtained for (j) converge
(normally three or four iterations are sufficient).

Having now obtained what should be the correct Yb
polarization throughout the cycle it is a simple rnatter to
determine the change in the nuclear polarization. For a

8. Details of the computer calculations

In order to determine the maximum attainable proton
polarization and also to make predictions for the polar-
ization buildup curves, we have developed a computer
program which incorporates the processes described in
Sec. VA. In the computer calculations we make use of
the fact that the protons greatly outnumber the Yb ions
(typically by a factor of 10 or more) in our YES samples.
It follows that the proton polarization changes very little
over the course of a few cycles. On the other hand, the
Yb polarization is continually changing as the ions in-
teract with the lattice and as the crystal rotates through
the cross-relaxation region. The Srst step in the comput-
er calculation is to determine how the Yb polarization
varies over any given spin-refrigerator cycle.

Suppose that at some instant the protons have a polar-
ization P„.In order to determine how the Yb polariza-
tion behaves for this value of P„webegin by postulating
some value, P„,for the polarization of the ions at the
start of the cycle (i.e., immediately following the cross re-
laxation). We then begin to follow the Yb polarization
through the spin-refrigerator cycle. In the first step the
ions relax to the lattice and the polarization changes to a
new value, P,I, given by Eq. (8). The second part of the
cycle consists of a series of six proton- Yb cross relaxa-
tions, in the order 3:1,2:1, 1:1,1:1,2:1,3:1. If the Yb po-
larization prior to a given e.:1 cross relaxation is I'„,the
polarization after the cross relaxation will be

P,~ f,P„+(1——f, )P„, —

where P„is the polarization which would result if the
cross relaxation were complete; i.e.,
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given c:1 cross relaxation the change in the nuclear polar-
ization is given by

hP„=—cr AP, , (19)

where hP, is the change in the Yb polarization and r is
the ratio of the number of Yb ions to the number of pro-
tons in the sample. The computer calculations thus per-
mit us to determine AP„for a complete cycle for any as-
sumed value of P„.This makes it possible to map out the
polarization buildup curve and to find the maximum at-
tainable polarization.

C. Model predictions

I I I I I & I

n Pes (No Heating)

Mult. Spin Flips Included

----- Heating Included0.8—

I l I I 1 I

T=0.62 K

11kOe~
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FIG. 8. Model calculations of the steady state proton polar-
ization as a function of rotation frequency for T=0.62 K and
for various magnetic fields. The dot-dashed curves show the ex-
pected polarization for no internal heating and no multiple spin
flips. The solid curves were obtained by including the effects of
multiple spin flips, while for the dashed curves heating and mul-
tiple spin flips were both included.

In Fig. 8 we plot the model predictions of the max-
imum proton polarization as a function of rotation rate
for H=7, 9, and 11 kOe at 0.62 K. The dot-dash curves
are included for reference and show the expected proton
polarization for the case in which multiple spin flips and
internal heating are neglected. For this calculation the
predicted proton polarizations are large even for relative-
ly low magnetic fields and rotation rates (e.g., 7 kOe and
10 Hz). The inclusion of multiple spin flips (solid lines)
greatly reduces the expected polarization, particularly at
lower rotation rates and fields. For high rotation rates
(F„&30 Hz) P„is predicted to depend very strongly on
magnetic field. This results from the fact that higher
fields lead to a substantial reduction in the multiple spin
flip probabilities, fz and f3.

The multiple —spin-flip processes lead to a larger reduc-
tion in P„than one might have expected on the basis of
naive considerations, as the following example will illus-
trate. At H=9 kOe, F„=40Hz (where f, and f2 are
both large and f3 is essentially negligible) the steady state
Yb polarization is found to be 77%. It follows that for a

pure 1:1process one would obtain P„=77%, whereas the
expected polarization for a pure 2:1 process is, according
to Eq. (11),P„=47%.However, the predicted model po-
larization is only 42% (see Fig. 8). In fact, it is quite gen-
erally true that when f, and fz are both large, the 1:1
and 2:1 process working together produce a polarization
that is lower than that for either process by itself.

The explanation for this rather unexpected result can
be found by considering the details of the cross-relaxation
process. For simplicity let us assume that in the steady
state, the Yb polarization at crossover is 100%. It fol-
lows that a pure 1:1 process and a pure 2:1 process would
both lead to 100% proton polarization. However, if
f ~ fz ————1 the maximum attainable polarization is only
about 56%. To see this let us consider in detail what
happens during the cross relaxation phase of the cycle
once the nuclear polarization has reached 56%. The
cross relaxation begins with the 2:1 process in which P, is
reduced from 100% to 85.3% [see Eq. (18)], thereby in-

creasing P„by2(0.147)r. This is followed by a sequence
of two 1:1 processes. Here P, drops to 56% and conse-
quently P„increases by an additional 1(0.293)r. Howev-

er, in the final step the nuclear polarization is reduced.
This last step is another 2:1 relaxation, which means that
P, returns to 85% thereby reducing P„by2(0.293)r. As
one can see, the net change in the nuclear polarization is
zero. It is this interplay between the 1:1 and 2:1 process
that gives rise to the large polarization losses which are
evident in Fig. 8.

We now turn to the internal heating mechanism. The
effects of internal heating are found to be small but not
negligible. The dashed curves in Fig. 8 show the predict-
ed polarizations for k=0.2 mW/Kcm (appropriate for
our measurements with single crystals) and c=0.02%. It
appears that internal heating effects are important only
under conditions for which the expected nuclear polariza-
tion is large. For cooling systems in which there is better
thermal contact between the crystal and the coolant the
effects of internal heating will be smaller.

VI. COMPARISON OF THEORY AND EXPERIMENT

A. Maximum polarization

In Table II our measurements of the maximum proton
polarization are compared with model calculations in-
cluding multiple spin flips and internal heating. Since we
do not have a quantitative understanding of how the
internally generated heat is dissipated in the granular
samples, the model predictions are given only for the sin-
gle crystals. Note that in most cases the agreement is
good to within 10% of the measured value. For two of
the measurements the discrepancy is somewhat larger
(i.e., 15—25%), but in view of possible systematic errors
in the measurement of the polarization and considering
that we often experienced large variations in the perfor-
mance of the He system this is not too disturbing. How-
ever, we have no explanation for the large discrepancy
for Sample 9 at 100 Hz, 11 kOe. Considering the wide
range of conditions encountered in the experiments, we
consider the overall agreement to be good. At the very
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TABLE III. Comparison of proton polarization data from
Ref. 13 to the model.

(sec ')

50-150
50
50
50
50

100
100
100
100
150
150
150
150
150
150
150
150

0.0
7.65

10.0
12.5
14.7
7.65

10.0
12.5
14.6
7.75

10.0
12.5
14.6
14.6
0.0

12.9
13.2

1.22
1.22
1.21
1.21
1.21
1.21
1.21
1.21
1.21
1.21
1.21
1.21
1.21
1.29
1.21
1.21
1.14

Measured
P„

(%%u.
")

0
16
25
29
32
17
25
34
37
13
28
36
41
36
0

36
41

Predicted
P„
(%)

0
18
28
33
36
18
36

49
17
39
53
56
53
0

54
58

least, these results demonstrate clearly (for the first time)
the importance of multiple spin Aips in the cross relaxa-
tion process. Moreover we conclude that the g~ and b,
values used in the calculations must be at least approxi-
mately correct.

In Table III we compare the model predictions with
the rotating crystal measurements of Felcher et al. '

Once again we find reasonably good agreement between
the measurements and calculations. In this case the mea-
surements are always smaller than the calculations, but
this is to be expected since the internal heating was
neglected in these calculations (since the heat transfer
coefficient is not known}. Note that the agreement is best
for low rotation rates and fields where the heating is least.

Felcher et al. ' have also reported measurements for a
rotating or pulsed magnetic field rather than a rotating
crystal. Table IV shows the model calculations for this
situation. The agreement is again quite reasonable, par-
ticularly in view of the fact that the calculated 3:1 spin-
fbp probability is quite large for many of these cases (see
Table IV), which raises the possibihty that higher-order
processes, not included in the model, may be non-
negligible. In any case, it is clear that the measurements
in Table IV cannot be reproduced if one neglects multiple
spin Nips.

The largest polarizations ever reported for YES are
those of Button-Shafer et al. "' Under conditions simi-
lar to those of Felcher et al. ' these authors have report-
edly achieved polarizations of 65-80% in granular sam-
ples rotated at F„=100Hz. Under the stated experimen-
tal conditions (T 1.25 K, H=10.7 kOe} our model pre-
dicts that for a randomly oriented granular sample with
no internal heating, the maximum proton polarization
should be 32%, which is far less than the reported values.
In fact the steady state Yb ion polarization at crossover,
P„,for crystals oriented at the optimum angle is only

TABLE IV. Comparison of rotating field data from Ref. 13
to the model. The probability of 3:1 spin fhps, f„is shown in
the last column.

Hg)c
(kOe)

2.85
2.85
2.87
3.02
3.02
3.02
3.48
4.00
5.00
6.00

H~c
(kOe)

4.60
6.30
8.50
4.65
6.30
8.50
6.30
6.30
6.30
6.30

Measured
P„
(%)

3
7

14
3
7

13
10
11
12
18

Predicted
P„
{%)

9
15
6

10
16
11
13
16
17

0.91
0.83
0.71
0.85
0.76
0.6
0.54
0.36
0.17
0.08

54%. Since the reported polarizations exceed this
straightforward and absolute upper limit by a substantial
amount, we are convinced that the measurements are in-
correct.

B. Polarization buiMuy curves

In Fig. 5 measurements of polarization buildup curves
are compared with predictions of the model. The results
in Fig. 5(a) are for sample 9 at H=9 kOe, F„=40Hz, and
T=0.57 K, while those in Fig. 5(b) are for sample 8 at
H=9 kOe, F, =40 Hz, and T=0.62 K. In both cases the
solid curve represents our "standard" model calculation
with go=0. 3g and with the Yb concentration taken to
be the measured value from neutron activation.

In the Srst example we Snd that the standard calcula-
tion does a good job of reproducing the initial buildup
rate, but that the last two data points are somewhat
higher than the predicted curve. The dashed curve, ob-
tained by changing the assumed value of gi to 0.24g„,
does a much better job of reproducing the measurements.
This change reduces the probability for multiple spin flips
and consequently increases the ultimate polarization
without substantially altering the initial buildup rate. We
do not consider it surprising that small changes in the
value of g~ are bene5cial. In fact it is probably an
oversimph6cation to suppose that gz has a single unique
value. Since nonzero values of g~ can arise at least in

part from crystal defects, it is possible that the average
value of gz for any given crystal depends on such things
as the Yb concentration and other details of the crystal
growing procedure. Furthermore, it may well be that the
Yb ions within a given crystal have a distribution of g~
values, ranging from essentially zero to several times the
average value.

For the case shown in Fig. 5(b) the standard calcula-
tion fails to reproduce the initial polarization buildup
rate. However, one can reproduce the observations by re-
ducing the assumed Yb concentration by about a factor
of 2. As shown by the dot-dashed curve, this decreases
the initial buildup rate without afkcting the ultimate po-
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larization very much. This same kind of effect has been
observed for all of the crystals which were grown by the
method described in Ref. 13, in which the growing solu-
tion contains excess Ba. This suggests that some fraction
of the Yb ions in these crystals may be located at posi-
tions other than the standard Y lattice site. If this is the
case, these Yb ions will not have a highly anisotropic g
factor, and consequently will not participate in the spin-
refrigerator process.

We find that overall the computer model does a good
job of reproducing measurements of polarization buildup
curves. Although there are often minor discrepancies
with the standard model calculations, we find that one
can always obtain a good fit with parameters which are at
least plausible. This reinforces our conclusion that multi-
ple spin flips play an important role and that the g~ and

b, parameters used are at least approximately correct.

VII. SUMMARY AND CONCLUSIONS

We have obtained new experimental results on the
spin-refrigerator method for polarizing protons in
yttrbium-doped ytterium ethyl sulfate at temperatures
near 0.6 K. Proton polarizations of greater than 50%
have been obtained in single crystals with Yb concentra-
tions of about 0.01% rotated at 40—90 resolutions/sec in
fields of 11 kOe.

A computer-based model of the spin-refrigerator pro-
cess which incorporates effects discussed by previous au-
thors has been developed. Overall, the model does a good
job of reproducing measurements of polarization buildup
curves and of the maximum polarization. The model cal-
culations show that multiple spin flips play an important
role in the Yb-proton cross relaxation process. Further-
more, it is apparent from the success of the model calcu-
lations that the parameters which determine the
multiple-spin-flip probabilities are reasonably well
known. The multiple spin flips lead to a substantial
reduction in the maximum attainable proton polariza-
tion. This effect is most evident at low-rotation rates and

low fields. The computer model does an adequate job of
explaining the measurements of Felcher et al. ,

' but can
not reproduce the high polarizations reported by
Button-Shafer et al. "' Since these latter measurements
also exceed straightforward upper limits on the polariza-
tion, we conclude that these measurements must be in-
correct.

The main element of uncertainty in the model calcula-
tions is the parameter g~. A direct measurement of this
quantity would be an important step forward in our un-
derstanding of the spin-refrigerator process.

Proton spin relaxation times in excess of 100 h have
been observed for fields of less than 1 kOe. The relaxa-
tion time for any given sample is observed to be directly
proportional to H. The measured holding times appear
to be correlated with Yb concentration, but it is unclear
to what extent the Yb ions are directly responsible for the
spin relaxation. The depolarization mechanism described
in Ref. 5 is definitely not the dominant process in the
present experiment.

The development of YES spin refrigerators has now
progressed to a point at which it is feasible to construct
working polarized proton targets with polarizations in
excess of 50% for experiments in high energy and nuclear
physics. The main advantage of spin-refrigerator targets
is that long holding times can be achieved in very low
magnetic fields.
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