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Abstract

The polarized target of the Spin Muon Collaboration at CERN was used for deep inelastic muon scattering
experiments during 1993}1996 with a polarized muon beam to investigate the spin structure of the nucleon. Most of the
experiments were carried out with longitudinal target polarization and 190 GeV muons, and some were done with
transverse polarization and 100 GeV muons. Protons as well as deuterons were polarized by dynamic nuclear
polarization (DNP) in three kinds of solid materials * butanol, ammonia, and deuterated butanol * with maximum
degrees of polarization of 94%, 91% and 60%, respectively. Considerable attention was paid to the accuracies of the
NMR polarization measurements and their analyses, the accuracies achieved were between 2.0% and 3.2%. The SMC
target system with two cells of opposite polarizations, each cell 65 cm long and 5 cm in diameter, constitutes the largest
polarized target system ever built and facilitates accurate spin asymmetry measurements. The design considerations,
construction and performance of the target are reviewed. ( 1999 Elsevier Science B.V. All rights reserved.

Keywords: Dynamic nuclear polarization; Polarized protons and deuterons; NMR analysis

1. Introduction

An extensive programme to study the spin de-
pendent structure functions of the nucleon has been
carried out at CERN by the Spin Muon Collabora-
tion (SMC). In the past few years results from the
SMC measurements [1}8] from SLAC [9}16], and
recently from HERMES [17] have improved our
knowledge on the spin structure of the proton and
neutron considerably.

In the SMC experiments, we made use of deep
inelastic scattering (DIS) of longitudinally polar-
ized muons o! polarized protons and deuterons to

study the internal spin structure of the nucleons.
Since the secondary muon beam from the CERN
SPS had a low #ux (4]107 l/pulse, pulse interval
14.4 s), and since the muon cross-section for scatter-
ing is small, a large polarized target with high spin
density was essential to our measurements. Data
taking by the SMC began in 1991 with the polar-
ized target used by the European Muon Collabo-
ration [18] as modi"ed by the SMC for the "rst
measurements with polarized deuterons [19].

Later data taking was carried out with a com-
pletely new polarized double cell target system.
A short description of this SMC target has been
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published [20]. Here we give a comprehensive re-
port on the design of the SMC polarized target and
on the experience gained from its operation during
1993}1996, with particular emphasis on the deter-
mination of the target polarization.

After a brief discussion in Section 2 of the
method used to obtain the spin dependent structure
functions, we describe in Section 3 the design, con-
struction and operation of the polarized target sys-
tem, in Section 4 the polarization measurements
and analyses, and in Section 5 relaxation data and
transverse polarization. In Section 6 we summarize
our main results related to the SMC polarized
target.

2. Basics of spin asymmetry measurements

The measurement of the spin-dependent struc-
ture functions g1,$

1
of the proton and the deuteron

provides vital information on the spin structure of
the nucleon. Theoretical predictions exist for sum
rules involving nucleon spin structure functions
which can be tested using the results of polarized
deep inelastic scattering experiments. In most of
our measurements we determined the longitudinal
spin asymmetry A1,$

,
"(pts!ptt)/(pts#ptt) for

muon}nucleon scattering with the muon spin
antiparallel and the target proton or deuteron
spins parallel and antiparallel to the muon beam
direction. For about 5% of our data taking, the
transverse spin asymmetry A1,$

M
, corresponding to

transverse nucleon spin orientations with respect to
the scattering plane, was measured. These asym-
metries are related to the proton and deuteron
virtual photon asymmetries A1,$

1
and A1,$

2
accord-

ing to

A1,$
,

"D(A1,$
1

#gA1,$
2

), A1,$
M

"d(A1,$
2

!mA1,$
1

)

(1)

in which the factors g and m depend only on kin-
ematic variables and are small in our experiment,
the depolarization factors D and d depend on kin-
ematical variables and on the ratio R"p

L
/p

T
of

longitudinal and transverse photo-absorption cross
sections.

Because of the small in#uence of A1,$
2

in our
longitudinal polarization measurements, the longi-
tudinal asymmetry A1,$

,
can be related directly to

the spin structure function g1,$
1

by

g1,$
1

(x,Q2)+
F
2
(x,Q2)

2x(1#R(x,Q2))

A1,$
,
D

(2)

where F
2
(x,Q2) is the unpolarized structure func-

tion, !Q2 is the square of the four-momentum of
the virtual photon exchanged between the muon
and the target nucleon, and x"Q2/(2Ml) is the
Bjorken scaling variable representing the fraction
of nucleon momentum carried by the struck par-
ton. Here M is the nucleon mass and l is the energy
of the virtual photon. For a longitudinally polar-
ized target the measured event yield, N, can be
related to the longitudinal spin asymmetry

N"nUap
0
(1!f P

l
PA

,
) (3)

where n is the number of target nucleons, U the
beam #ux, a the apparatus acceptance, p

0
the un-

polarized (i.e. spin averaged) cross-section, f the
target dilution factor (de"ned in Eq. (6)), and P

l
,

and P the beam and target polarizations, respec-
tively. The asymmetry cannot be reliably extracted
from two consecutive measurements with opposite
target polarizations because the relative beam #ux
cannot be controlled with su$cient accuracy.
Therefore, we have two oppositely polarized target
cells in line along the beam, labelled `upstreama
and `downstreama, so that the two cells were ex-
posed simultaneously to the same beam #ux. The
two cells of this target were separated by a suitable
distance to allow identi"cation of events coming
from each cell.

For the measurement of A
,

the ratio, r"
n
6
a
6
/n

$
a
$
, occurs in which a

6
and a

$
are the appar-

atus acceptances for the upstream (u) and down-
stream (d) cells. Since r is not known the solution
was to perform two consecutive measurements sep-
arated by a reversal of the polarization direction in
both cells. Then the expression for the asymmetry
becomes

A
,
"

!1

2 f P
l
P

5
A
N

6
!N

$
N

6
#N

$

!

N @
6
!N @

$
N @

6
#N @

$
B (4)
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where P
5
is the weighed polarization of the two cells

[7], N
6
and N

$
(N @

6
and N @

$
) are the number of DIS

events from the upstream and downstream cells
before (after) the polarization reversal. In this ex-
pression the ratio r cancels to a large degree if
r"r@. A variation of r with time might occur due to
a change in detector e$ciencies. The di!erence
*r"r!r@ results in a systematic error

*A
,
"

1

4 f P
l
P
5

*r

r
. (5)

In order to have *A
,

su$ciently small the target
system was designed to allow frequent reversals of
spins with little or no loss of target polarization.

For the measurement of A
M

it was also necessary
to have the capability of rotating the polarization
from the longitudinal to the transverse direction.
The measurement of A

M
provides a value for

A
2

which was needed to determine A
1

from A
,

(see
Eq. (1)).

It is important to obtain the highest possible
degree of polarization. From a statistical error
point of view an increase of the target polarization
by a certain factor is equivalent to an increase of the
number of events for a given running time by this
factor squared (see Eq. (4)). Since the experiment
aimed at a precise asymmetry measurement, for
which systematic uncertainties were reduced to the
order of 10~2, the target polarization had to be
known to this accuracy.

The polarized target system was designed with
the above considerations in mind. In what follows
we describe how the high degrees of polarization in
the target cells were obtained and how these polar-
izations were measured accurately.

3. Design of the target

A solid polarized target has several important
properties, in particular the inherently high and
stable nucleon density and the high polarization
obtained by using the technique of dynamic nuclear
polarization (DNP) [21]. It is possible to obtain
proton polarizations close to 100%. The polariza-
tion can be measured to a high accuracy.

DNP is obtained at temperatures below about
1 K, using a homogeneous magnetic "eld to

polarize paramagnetic spins to a high degree, and
a microwave "eld to transfer the polarization to the
nuclear spins. For the samples used in our experi-
ments DNP is not well described by the so-called
`solid-statea e!ect in which for su$ciently dilute
systems the interaction between paramagnetic
spins can be neglected [22], but rather by the cool-
ing (by microwave pumping) of the paramagnetic
spin}spin interaction `reservoira [23]. Therefore,
the nuclei become polarized by the coupling of the
nuclear spin and the paramagnetic spin systems.
Nuclear spin relaxation must be orders of magni-
tude slower than the relaxation of the dilute
paramagnetic centres so that the latter are used
repeatedly to #ip the nuclear spins into the
preferred direction. Spin di!usion is an additional
important phenomenon in this process. Depending
on the tuning of the microwave frequency the pro-
ton or deuteron spins become polarized parallel or
antiparallel to the magnetic "eld.

The low intensity muon beam and the small
muon}nucleon cross-section made it necessary to
use a thick target. On the basis of the argument
given in Section 2 we designed a target with two
cells in line, each 60 cm (later 65 cm) long separated
by 30 cm (later 20 cm). The target diameter was
5 cm consistent with the expected muon beam
pro"le. A superconducting solenoid was designed
to provide a very homogeneous longitudinal "eld
over at least 150 cm. The "eld strength chosen was
2.5 T which allowed us to use two available micro-
wave sources of about 70 GHz. A saddle type coil
was superposed on the solenoid coil to produce
a dipole "eld of 0.5 T perpendicular to the solenoid
"eld and to enable (1) a relatively fast and reliable
reversal of the nuclear spins by "eld rotation about
1803, and (2) after DNP in the solenoid "eld to
rotate the polarization in a "eld of 0.5 T from
the longitudinal to the transverse direction. With
the spins in a "eld of 0.5 T with the microwaves o!,
it is necessary to have a target temperature well
below 0.1K in order to achieve long relaxation
times. Therefore, a dilution refrigerator was de-
signed (1) to absorb a large amount of microwave
power of about 1 W during DNP at about 0.5 K,
and (2) to cool the large amount of target material
rapidly to well below 0.1 K after the microwave
power is turned o!. Fig. 1 shows the lay-out of the

D. Adams et al. / Nuclear Instruments and Methods in Physics Research A 437 (1999) 23}67 27



Fig. 1. The SMC target cryostat with the target holder as used in 1993. The muon beam traverses the cryostat from left to right.
(1) Target cells, (2) microwave cavity, (3) solenoid coil, (4) dipole coil, (5) correction coils, (6) dilution refrigerator, (7) precooler of 3He,
(8) indium seal, and (9) external seal.

dilution refrigerator and the magnet system of the
target.

A nuclear magnetic resonance (NMR) system
with 10 coils was designed to determine the polariza-
tions in the two target cells. To achieve accurate and
reliable determinations of the degree of polarizations
over the complete target volume is challenging and
much attention was paid to the design of the NMR
coils, of cabling to the electronics, of the electronic
NMR units and to the analysis of the NMR signals.

In the following, we discuss the technical realiza-
tion of the main components of this double cell
polarized target system, including the material, the
dilution refrigerator, the magnets, the microwave
system and the NMR system. A detailed discussion
is given of the systematic uncertainties in the polar-
izations for the di!erent target materials.

3.1. Target materials

In the case of polarized solid-state targets un-
paired electron spins with a density in the range of

1019}1020 cm~3 are needed for the DNP process to
work well. Depending on the material, these can be
introduced by chemical doping with a paramag-
netic compound or by irradiation which creates
free radicals. In the SMC experiment the radiation
damage due to the low-intensity muon beam was
negligible and did not limit the choice of material.
Both methods of introducing unpaired electrons
were used. In 1993, butanol (C

4
H

9
OH) with a para-

magnetic complex was used as a proton target, in
1994 and in 1995, deuterated butanol (C

4
D

9
OD)

with a paramagnetic complex as a deuteron target,
and in 1996, irradiated ammonia (NH

3
) again as

a proton target.
The dilution factor f is de"ned in our case as the

fraction of events scattered o! the polarizable nuc-
leons under study,

f"A1#+
A

n
A
) p

A
n
1($)

) p
1($)
B

~1
(6)

where n is the number of nuclei and p the un-
polarized scattering cross-section per nucleus
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Table 2
Typical parameter values for butanol and ammonia target materials

Packing fraction Density o at 77 K Dilution Polarization
x
.

(g/cm3) factor S f T P
!7

(yr)

Butanol 0.62$0.04 0.985 0.12 0.86 (1993)
Ammonia 0.58$0.01 0.853 0.15 0.89 (1996)

Fig. 2. The dilution factors f for the di!erent target materials as
function of Bjorken x. The curves (from top to bottom) corre-
spond to deuterated butanol, ammonia and butanol.

(proton, deuteron or elements with the atomic
weight A). Due to di!erent dependencies of p

A
and

p
1,$

on the Bjorken-x, the dilution factor varies
with x as is shown in Fig. 2 for the three target
materials. In addition to the target material, the
dilution factors depend on the 3He/4He cooling
mixture, whose composition varied with temper-
ature, and on the embedded NMR coils with their
support structure. The amounts of the elements in
each cell are given in Table 1.

Butanol is a clean material in the sense that the
background carbon and oxygen nuclei are spinless
(except for abundances of 1% for 13C and 0.3% for
17O), but f is relatively small. Paramagnetic centres
are introduced by dissolving a suitable compound.
Ammonia has a larger dilution factor, but has the
drawback that the spin-1 14N nuclei introduce

Table 1
The elements and their respective moles of the target materials

Element Material

Butanol d-Butanol Ammonia
n
A

(mole) n
A

(mole) n
A

(mole)

1H 185.7 1.2 226
2H * 206.2 *

3He 6.5$1.0 4.7$1.0 5.4$1.0
4He 23.6G1.5 26.6G1.5 30.7G1.5
C 71.8 80.2 0.22
N * * 75.4
O 22.7 25.1 *

F 0.24 * 0.45
Na 0.17 0.18 *

Cr 0.17 0.18 *

Ni 0.14 ! 0.25
Cu 0.36 ! 0.58

!In 1994 the NMR coils were not embedded in the material.

a polarized background which must be corrected
for. Solid ammonia was irradiated at &80 K with
20 MeV electrons to introduce the paramagnetic
radicals. The use of 15NH

3
with spin-1

2
15N nuclei

was not feasible in our experiment because of the
high cost of the material. Deuterated ammonia has
a higher dilution factor than that of deuterated
butanol, but requires a secondary irradiation at
4 K inside the target system in order to obtain high
polarization [24], which was not possible in our
experimental situation.

To compare the two proton target materials
we consider the statistical errors of the spin asym-
metries, which are inversely proportional to
Jx

.
o f P, assuming that the target volume and

beam #ux are the same. Here x
.

is the packing
fraction, o is the density and P is the average target
nuclear polarization. Using the values of the
parameters given in Table 2, it is found that the
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statistical error for the ammonia target is reduced
by a factor of 0.83 in comparison to a butanol
target. This gain in accuracy is due to the larger
value of the dilution factor, despite the lower pack-
ing fraction and the lower density of ammonia. The
low packing fraction is due to the irregular shape of
the ammonia chips and the low density of ammonia
which made it di$cult to "ll the long target cells,
because the chips tended to #oat on the liquid
nitrogen during loading (see Section 3.2).

3.1.1. Preparation of normal and deuterated butanol
The butanol material was doped by dissolving in

it the paramagnetic complex EHBA}Cr(V) [25,26].
The mass composition by weight of the target mater-
ial was 78.5% 1-butanol, 12% 2-butanol, 5% water,
and 4.5% EHBA}Cr(V) for the normal butanol ma-
terial. For the deuterated butanol material 91.4%
1-butanol, 4.6% water, and 4% EHBA}Cr(V) was
used, for which the components were taken in their
perdeuterated form. The deuteration level of this
target material was 99.4%. Water was added to
promote glass formation, necessary to obtain a ho-
mogeneous distribution of the dopant. Together
with a uniform cooling of the material, this was
crucial for a homogeneous distribution of the polar-
ization. The liquid mixture of the deuterated butanol
and its additives was solidi"ed into spherical beads
of 1.8 mm diameter by dropping the liquid solution
through a needle onto the surface of a liquid nitro-
gen bath. The droplets of 3 ll volume froze within
4}5 s and then sank to the bottom of the bath. An
apparatus [27] was built to obtain a fast production
of the needed quantity of around half a million
beads. For that purpose the liquid nitrogen bath was
constructed with separate compartments, which
moved in succession under two dripping needles.
A similar procedure was used for the normal butanol
material resulting in beads of 1}3 mm diameter.
Detailed studies of the butanol target materials were
carried out [27]. The low-temperature densities of
butanol and deuterated butanol materials were
measured to be 0.985$0.031 g/cm3 and 1.106$
0.012 g/cm3, respectively.

3.1.2. Preparation of ammonia
For the 3 l of solid ammonia which had to be

prepared for this experiment, a new solidi"cation

apparatus with a continuous cooling system was
built. The solidi"cation proceeded as follows. Am-
monia gas was "rst condensed in a glass tube at
240K using an ethanol bath cooled by cold nitro-
gen gas. When the ammonia gas #ow was switched
o! after about 150 cm3 of ammonia was liqui"ed,
the material immediately started to freeze at the
tube wall. Filling the glass cylinder with 500 mbar
of argon allowed the liquid to freeze very homo-
geneously to form a transparent block of ammonia
ice. It was then crushed into pieces under liquid
nitrogen and sifted to 2}3 mm chip size.

To create NQ H
2

radicals [28] by irradiation at
a low temperature, the sample was immersed in
a liquid argon bath at 87K using a cryostat of
which an initial version is described in Ref. [29],
but with some modi"cations in order to guarantee
constant conditions for the irradiation of the whole
amount of the target material [30].

The irradiation was performed at the Bonn Uni-
versity with 20MeV electrons and a beam current
of 30 lA. The charge collected by the sample con-
tainer was used as a relative measure for the density
of the implanted paramagnetic centres. The con-
straint of dose homogeneity limited the batch size
to 150 cm3. The geometry of the container and the
rotation of the sample produced a su$ciently ho-
mogeneous irradiation of the material. This could
be judged from the uniform blue colour of the
material after the irradiation as well as from the
similar polarization behaviour of di!erent small
samples which were tested. The density of para-
magnetic centres was estimated to be 6]
1019 cm~3 from previous measurements [28].

3.2. The dilution refrigerator

Dilution refrigeration [31] was the only practical
method for cooling our target because temper-
atures well below 100 mK were required to su$-
ciently slow down the spin-lattice relaxation at
0.5 T and thereby to rotate the magnetic "eld (see
Section 3.3) with minor loss of polarization.
In addition, this made it possible to carry out
transverse spin asymmetry measurements with
a 0.5 T "eld. Furthermore, higher polarizations
were obtained about 200 mK, a region inaccessible
to evaporation refrigerators.
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3.2.1. Basic requirements
The structure of the refrigerator was dictated by

the following requirements: (1) to have a minimum
amount of structural material in the muon beam,
(2) to allow loading of the target material precooled
below 100 K, (3) to have it "t inside the supercon-
ducting magnet, and (4) to provide large cooling
power needed for DNP. A #ow-type cryostat was
chosen instead of a bath-type to obtain faster op-
eration. A special feature was the possibility to load
the target material at 77 K directly into the mixing
chamber. The design of the SMC dilution refriger-
ator is largely based on that of the EMC polarized
target set-up [32,33]. Fig. 1 shows a cross-section of
the target cryostat.

3.2.2. Technical solutions
The purpose of the elaborate precooling system

was to reduce the 4He boil-o! rate to provide a safe
margin to the helium liqui"er which had a max-
imum capacity of 100 l/h and which also had to
supply the magnet system. A 2000 l liquid helium
dewar, installed between the liqui"er and our re-
frigerator plus magnet, served as a bu!er. The
liquid 4He consumption of the refrigerator varied
between 15 and 40 l/h depending on the 3He #ow
rate. The #ow of liquid 4He into the evaporator
(volume 27 l) was regulated by a motor-driven
needle valve coupled to a capacitive level gauge
inside the evaporator and thus maintained the
liquid helium level within preset narrow limits.

3.2.3. Heat exchangers
The concentrated 3He #ow, going from the still

to the mixing chamber, was "rst cooled in a tubular
heat exchanger followed by a series of sintered
copper heat exchangers. They were placed inside
a helicoidal groove, machined in glass"bre-epoxy
cylindrical spacers between two stainless steel
tubes. The groove de"ned the dilute 3He phase #ow
channel. The tight "tting of the outer stainless steel
tube to the glass"bre-epoxy spacers sealed o! this
#ow channel. The calculation of the required sur-
face area in these heat exchangers was based on
information given in Ref. [34]. The tubular heat
exchanger was made of #attened stainless steel
tubes and had a total surface area of 0.1 m2. Since
the refrigerator had to provide high cooling powers

at about 0.3 K, the e!ective surface area could not
be increased by increasing the sinter thickness, be-
cause the transverse heat conduction in the helium
and in the sinter limits the heat transfer. Instead, we
had to rely on increasing the interfacial surface area
between the sinter and the #uid streams. For the
same reason, copper sinter was preferred over sil-
ver. The sintered heat exchangers were arranged in
two parallel streams. To prevent cold plug forma-
tion due to the increasing viscosity of 3He below
0.5 K, the #ow in the streams was crossed at several
points. The heat exchanger elements consisted of
two sintered copper plates which were "rst bent to
"t into the #ow channel and then electron-beam
welded together. The average thickness of the layer
of the nominally 18 lm grain size sinter was 0.75
mm, yielding 375 g of sinter and a geometrical
surface area of 12 m2 on both the concentrated and
the dilute phase streams. The heat transfer was
enhanced by grooves in the sinter surface to in-
crease the interfacial area with #uid #ow and to
produce turbulence in it.

3.2.4. Mixing chamber and target holder
The mixing chamber, with a length of 1600 mm

and a diameter of 70 mm, was made of glass"bre-
reinforced epoxy with 0.6 mm wall thickness to
ensure su$cient rigidity and to withstand overpres-
sure in the case of a pump failure. The target holder
could slide into the horizontal access tube and was
internally connected with a cold indium seal to the
dilution unit at position 8 indicated in Fig. 1. A vac-
uum chamber at the entrance side of the target
holder had two 0.1 mm stainless steel windows for
the beam access and 6 aluminium foil thermal
shields, and it provided thermal anchors for the
coaxial cables for the NMR coils and for the instru-
mentation wires of the cryogenic sensors inside the
mixing chamber.

The target support was made mainly of kevlar}
epoxy composite for lightness, rigidity, and small
thermal contraction. The target material was
located in two cells of earlier given dimensions.
Good heat transfer was assured by making the
cells out of polyester net with 60% of open area.
To ensure uniform cooling, liquid 3He was fed
into the mixing chamber through 40 holes in a
CuNi tube which was "xed to the target holder.
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A spring-loaded conical connector coupled the out-
let of the heat exchanger to the CuNi tube when the
target holder was in place.

3.2.5. Pumping system
A pumping system for 3He, available from the

EMC experiment, with 8 Root's blowers42 in series
was used, giving a volume speed of 13500 m3/h.
Charcoal traps at room temperature and at 77 K
were used to "lter out impurities in the 3He return
#ow, in addition to the zeolite "lters in the pumps.
The amount of 3He gas for normal operation of the
dilution refrigerator was 800 l (at standard temper-
ature and pressure). The 3He#4He mixture was
stored at room temperature and with 0.5 bar over-
pressure.

3.2.6. Microwave cavity
The mixing chamber was surrounded by a cylin-

drical copper microwave cavity of 210 mm diam-
eter. The cavity was divided axially into two
compartments by a microwave stopper. It was de-
signed to ensure inside the mixing chamber free
di!usion and convection in the dilute solution (see
also Section 3.4). The cavity was cooled to 3 K by
4He #ow controlled by a cold needle valve. The two
wave guides feeding two sections of the cavity had
FEP plastic windows to seal the main vacuum and
to isolate the cavity in order to prevent loss of 3He
in case of a rupture of the mixing chamber.

3.2.7. Thermometry
Temperature measurements below about 10 K

were based on carbon and RuO resistors, read by
4-wire AC resistance bridges.43 The resistors in the
mixing chamber were partly shielded against the
microwave "eld. Higher temperatures were meas-
ured with silicon diodes. During the calibration of
the NMR system, the refrigerator was "lled with
pure 4He at a temperature of about 1 K. This
temperature was measured with a 3He vapour pres-
sure bulb inside the mixing chamber.

Between 0.5 and 5 K the international temper-
ature scale ITS-90 is based on the saturated vapour

42Pfei!er Vacuum GmbH.
43AVS-46 by RV-Elektroniikka Oy.

pressure of 3He, whose measurement provided
therefore the most accurate and straightforward
determination of the temperature of the target ma-
terial during NMR calibration runs. For this pur-
pose a high precision capacitive pressure gauge was
used.44

3.2.8. Computer interface
A graphical user interface was running on a Unix

workstation45 and could be displayed on several
X-terminals, while the control program was run-
ning in a VME processor. More than 100 cryogenic
parameters were logged by the programs which
also generated alarms [35]. Most readout instru-
ments were read via a GPIB bus, either directly or
using a 32-channel data logger and plotter.46

3.2.9. Operation and performance
During DNP the temperature of the helium mix-

ture decreased slowly from about 350 to 200 mK
(400 to 300 mK in case of the ammonia target) as
the optimum microwave power reduced with in-
creasing polarization. The target was cooled down
well below 100 mK by turning the microwave
power o! 0.5}1 h before "eld rotation. A memory
e!ect was observed: after long microwave irradia-
tion with high power the upstream target cooled
down more slowly than the downstream one. This
was attributed to conduction of heat from the
microwave stopper to the mixing chamber, because
the stopper slightly touched the mixing chamber.

The cooling power in the mixing chamber with
optimum 3He circulation is shown in Fig. 3. The
temperature was measured at the outlet of the dilute
phase from the mixing chamber. A residual heat leak
of about 1.4mW to the mixing chamber was mainly
from this end. At this position the temperature was
20}30 mK higher compared to the downstream end
where the lowest temperature of 30 mK was
obtained. The 3He #ow rate had practical minimum
and maximum values of 27 and 350 mmol/s with
a 4He content of about 25% in the pumped 3He gas
due to the rather high still temperature of 0.95 K.

44MKS Baratron 270B.
45SUN SparcStation10.
46Siemens Multireg C1732.
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Table 3
Dimensions and electrical parameters of the magnet windings

Solenoid and compensation coils Correction coils Dipole

H
*//%3

/H
065%3

(mm) 300/326 to 347 408/414 to 422 500/508
Length (mm) 2000#2]150 150 2500
Conductor Cu}NbTi Cu}NbTi Keystone Rutherford
Nominal B (T) 2.5 * 0.5
*B/B (2]10~5 )2]10~2

Nominal I (A) 416 )8 650
dI/dt

.!9
(A/s) 0.5 * 2.5

Inductance (H) 5.6 0.06 to 0.54 0.4
Discharge resistor ()) 1 * 0.4

Fig. 3. The maximum cooling power Q
.!9

versus the mixing
chamber temperature ¹.

3.2.10. Target loading
One of the design features of this refrigerator is

that it could be loaded with both the target and
refrigerator well below 100 K. To stay well below
100 K during loading was extremely important
since the target materials have critical temperatures
in the range of 100}120 K related to devitri"cation
or to the decay of radicals in ammonia. The loading
of the refrigerator with the target material was
a delicate operation, but could be accomplished
reliably as follows. At the start, the empty target
holder was submerged in a long bath "lled with
liquid nitrogen. The two cells of the target holder
were "lled under liquid nitrogen with the target
material stored at 77 K. At this point the dilution
refrigerator was precooled to about 4 K. The space
into which the target holder was to be inserted,

was covered with a quickly removable plate
and was "lled with helium gas. The "lled target
holder was lifted from the liquid nitrogen bath and
slid into the dilution refrigerator within less than a
minute. Two heavy external clamps were used to
rapidly compress the inner indium O-ring with
su$cient force to provide proper sealing of the
dilution refrigerator at the back wall of the still.
The indium seal was further tightened with bolts and
the external #ange was sealed. Finally, the dilution
refrigerator was evacuated and purged several times
with helium gas during a couple of hours to remove
the remaining liquid nitrogen from the target.

3.3. The superconducting magnet system

As described in the introduction of this section
a 2.5 T magnetic "eld was chosen for DNP which
also requires a "eld homogeneity better than 10~4

throughout the target volume to reach a uniform
polarization.

The magnet [36] consists of three concentric coil
systems: a main inner solenoid with a compensa-
tion coil at each end, an assembly of 16 correction
coils distributed along the solenoid and an outer
dipole of saddle coil type. The dimensions and
electrical characteristics of these subsystems can be
found in Table 3. The magnets were immersed in
a liquid helium bath which was thermally isolated
by a radiation shield, cooled by the evaporating
helium, and by multilayer superinsulation. The
magnet current leads, which passed through three
separated tubes, were cooled in the same way.
There were no persistent mode switches because
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the current had to be frequently changed for the
reversal of the spin directions.

The solenoid "eld was aligned parallel to the
muon beam. With the help of the correction coils,
a homogeneity better than *B/B"3.5]10~5

could be reached over the full cylindrical volume of
the target cartridge (1500 mm long and 50 mm in
diameter). This number was deduced from the dis-
tribution of the NMR line centres among the 10
coils. The magnet system alone, i.e., without the
target, reached a homogeneity of 2]10~5 which
was obtained by the use of wet winding technique,
aided by an automatic wire positioning guide. A
0.5 T maximum vertical dipole "eld was perpen-
dicular to the main solenoid "eld. It was used to
maintain polarization during the rotation of the
spins and also during measurements with trans-
verse target polarization. Since this magnet was
used for neither DNP nor NMR, a 2% "eld homo-
geneity was su$cient.

The two-mode hardware security system could
generate fast or slow discharges of the magnets. The
slow discharge mode reduced the stress on the
magnet compared to that caused by a fast dis-
charge. If the temperature or the voltage of the
current leads had increased too much or if a quench
had been detected, then the coils would have been
automatically disconnected from their power sup-
plies. The solenoid and the dipole would have then
quickly discharged through a 1 ) and a 0.4 ) resis-
tor, respectively; these resistors were located inside
the helium bath above the liquid level. In case of
less serious incidents such as bad isolation vacuum,
low helium #ow in the current leads or low helium
level inside the cryostat, the magnets were slowly
discharged through the power supplies in about 10
min. The security system also inhibited the dipole
magnet to be on when the solenoid "eld was larger
than 0.5 T, since this could mechanically damage
the magnets.

The magnets were controlled from the same
Unix workstation as used for the dilution refriger-
ator, and a VME crate with a CPU47 running
under the VxWorks48 operating system. The

47Matrix MDCPU334.
48Wind River Systems.

interfaces with the instruments were made with 8 or
16 channels 12-bit DAC boards, 12-bit ADC
boards, and a digital input/output board for 96
channels;49 most channels were optically isolated
by a signal conditioner. The solenoid current sup-
ply50 was directly read and controlled by the CPU
through a RS232 line, while the dipole51 and cor-
rection coil current supplies52 were controlled
through a DAC and read by an ADC. The ADC's
were also used to read magnet cryogenic para-
meters. The VME crate was connected to the
work-station through a private Ethernet. The
work-station provided development capabilities
and a graphical user interface.53

An automatic rotation procedure was developed,
in which the solenoid "eld was ramped from $2.5
to G2.5 T in order to reverse the spins. To ensure
that the total magnetic "eld remained above
0.5 T during rotation, the dipole "eld was ramped
up to 0.5 T and back to zero during the time when
the solenoid "eld was below 0.5 T. The polarity of
the correction coils was reversed when the solenoid
"eld was zero. The rotation required about 35 min.
During most of this time the muon beam could stay
on, except for a 10 min period when the dipole was
turned on.

In the beginning of the 1993 proton data taking,
a considerable loss of the negative polarization due
to superradiance [37,38] was observed during rota-
tion. To suppress this e!ect and to save the polar-
ization, the "eld was made inhomogeneous during
the rotation procedure by applying suitable cur-
rents to the correction coils (see Section 4.5). This
cured the problem completely.

3.4. The microwave system

The desired opposite spin directions in the target
cells required two independent microwave sources
operating near 70GHz at the lower and upper
edges of the paramagnetic spectrum with a spacing

49ADAS ICV712, ICV150 and ICV196.
50Drusch M1281.
51Drusch M1349.
52Euro-Test LAB/S110.
53SL-GMS by Sherrill-Lubinski Co.
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Fig. 4. The microwave instrumentation.

of about 0.4GHz. The frequency and the power
output of the microwave sources had to be "ne-
tuned during DNP. Fig. 4 shows the main parts of
the microwave system.

The microwave power was generated by two
extended interaction oscillator (EIO) tubes,54 de-
livering up to 20 W of continuous power in a band
of about 2GHz around 70GHz. The frequency
could be set coarsely by changing the cavity size of
the EIO, and "ne-tuned by adjusting the cathode
voltage of the HV power supply.55 The coarse

54Varian VKE 2401.
55Siemel type CO.

frequency change was used for changing the polar-
ization sign of the target cells, while the electrical
tuning by the cathode voltage enabled "ne control
of the frequency by 0.25MHz/V within a band of
about 200MHz. In addition, a triangular waveform
was applied to the cathode voltage in order to
modulate the microwave frequency in a band of
30MHz at a rate of about 1 kHz in order to im-
prove the speed of polarization and to obtain
a higher degree of polarization (see Section 4.6).

The sources were protected against re#ected
microwave power by circulators, equipped with
15W matched loads. Two power control at-
tenuators (PCA) [39,40] were used to regulate the
microwave power to the two target halves.
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The maximum power rating of commercially avail-
able microwave attenuators operating at 4mm
wavelength is only a few watt, while in our circuit
the attenuators had to withstand power levels of
15W. Our PCA's consist of two hybrid tees, wave-
guides, and matched loads arranged in a trom-
bone-like structure as can be seen in Fig. 4. The
incoming microwave is divided by the "rst hybrid
tee into two waves; one is directed to one arm of the
PCA with a motorized sliding waveguide with the
shape of a trombone, and the other wave is going
through a "xed waveguide in the other arm. The
sliding waveguide acted as a phase shifter when
moving the inner waveguide with respect to the
outer one thus altering the electrical length. The
two waves are combined in the second hybrid tee.
When in phase, the combined wave came out from
the E-junction of this hybrid tee to the cryostat
with a small loss due to the PCA of 2.5 dB. When
out of phase, the combined wave escaped from the
H-junction and was absorbed in the matched load,
resulting in the maximum attenuation of about
20 dB. Fine control of the microwave power could
also be achieved by adjusting the anode voltages of
the sources.

The frequencies of the upstream and downstream
microwaves were measured with two frequency
counters56 coupled to the main line after the PCAs
using two attenuators in series with a total attenu-
ation of 25 dB. The frequency was read by the
computer via a GPIB interface. Small fractions of
the microwave power were taken with the aid of
splitters installed between these two pairs of at-
tenuators and were fed to a thermocouple power
meter via a microwave switch. This enabled micro-
wave power calibration of the carbon resistors,57
located inside the mixing chamber but outside the
target cell, which were used as bolometers for the
"ne adjustment of the optimum input power,
ranging from 0.8W at the start of DNP to less than
100 mW at the maximum polarization.

To have the microwave sources out of the beam
area they were connected to the cryostat via E-,
V-, and K-band elements and 15m of oversized

56EIP 578.
57Speer 220 ).

X-band waveguides. Their transmission losses, in-
cluding the junction parts, were about 6 dB and
showed a rather #at frequency dependence. The
thermal isolation in the microwave guides inside
the cryostat was made with internally silvered
thin-walled CuNi tubes of 4mm diameter. The "nal
connection to the cavity consisted of K-band
waveguides soldered along the cavity wall and
coupled to the inside via 7 equidistant slits, result-
ing in less than 10% of re#ection loss.

Both target halves were located in a cylindrical
multimode copper cavity of 210mm diameter and
1700mm length. This cavity was divided axially in
two compartments by graphite coated copper
ba%es and copper re#ectors to allow simultaneous
operation with di!erent microwave frequencies for
both target halves. Inside the mixing chamber iso-
lation of the two halves was obtained by using
graphite coated Nomex honeycomb absorbers and
"ne copper mesh re#ectors, designed to ensure free
di!usion and convection in the dilute 3He/4He mix-
ture. The microwave isolation was measured to be
20}30 dB in the 69}70 GHz band with empty
cavities.

During the muon scattering experiments micro-
waves were continuously applied to achieve the
highest possible polarization in the two target
halves, except when the polarization directions
were reversed by magnetic "eld rotation or during
measurements of A

M
with transverse polarizations.

Before the magnetic "eld rotations the system was
brought in the Frozen Spin (FS) mode by switching
the microwaves o!. In this condition the target
cooled rapidly to temperatures of about 50 mK,
thus ensuring long relaxation times in a magnetic
"eld as low as 0.5 T.

3.5. The Nuclear Magnetic Resonance (NMR)
electronics and probe design

The nuclear spin polarization was measured with
a continuous-wave NMR system, which was based
on commercial `Liverpoola Q-meters58 [41].
A block diagram of the NMR circuit is shown in
Fig. 5. Due to the large dimensions of the target

58Ultra-Physics Ltd.
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Fig. 5. Schematic outline of an NMR circuit.

cells, the NMR signal had to be probed simulta-
neously by up to ten NMR coils distributed along
the target length. The radiofrequent (RF) suscepti-
bility of the material was inductively coupled to the
coils which were part of a series LCR circuit, tuned
to the Larmor frequency of the nuclei under study.
Section 4.1 describes the circuit analysis and the
signal measurement in more detail. The probes
inside the cryostat were connected to the Q-meters
via tuned coaxial cables of half-integer wavelength
(except for 14N; see Section 4.4.3). The Q-meters
were fed via a ten-way splitter by an RF syn-
thesizer59 of which the frequency was scanned in
400 frequency steps across the Larmor resonance.
The RF voltage from the LCR circuit underwent an
ampli"cation of 42 dB by the Q-meter. A balanced
ring modulator, acting as a phase sensitive detector
(PSD) was used to select the real part of the output
voltage. After an additional LF ampli"cation by
a factor of 30, the DC o!set of the signal was
subtracted by a circuit whose function was to pro-
vide a better dynamic range for the readout system.
It worked by detecting the voltage at the lowest
frequency of the baseline scan, obtained at a slight-
ly altered magnetic "eld (see also Section 4.1), with
a 12-bit ADC and then applying a DC voltage
o!set of the same value and opposite polarity with

59PTS 250.

a DAC. This circuit provided also a DC level out-
put to monitor the circuit stability. In the NMR
interface the synchronous signal outputs were fed
via sample-and-hold circuits in groups of four
through three multiplexers into 16-bit ADCs. The
digitized signals were then sent via an M68000 bus
to a STAC60 computer, where a desired number of
frequency scans was averaged. The STAC also con-
trolled other hardware components of the circuit
such as the synthesizer and an oscilloscope [42].
Finally, the averaged signals were sent through
a CAMAC bus connection to a kVAX computer
providing the user interface, the data storage, and
the analysis programs [43].

In addition to the requirements from the elec-
tronics point of view, the NMR coils had to ful"l
various criteria arising from their use in our scatter-
ing experiment, so that an optimum design had to
compromise on contradicting demands. The empty
coil inductance ¸

#
strongly a!ects the signal size

and was chosen according to the nuclei under
study, leading to 5 to 10 times higher inductance in
the case of deuterons compared to the protons,
where a large signal could result in non-linearities
(Section 4.4.2). The small inductance of the proton
coils leads to a smaller signal, in contradiction with
the demand of full coverage of the target volume,
while this was no problem for the deuterons. How-
ever, large embedded coils impair the dilution
factor by adding background material.

The shape of the coils had to take into account
both the desired RF "eld distribution and also the
muon beam pro"le. The placement of the coils
should be such that their highest sensitivity co-
incided with the maximum of the convolution of
beam pro"le and target mass. The longitudinal
arrangement had to balance between good cover-
age and tuning problems due to mutual coupling of
coils which were too close to each other. Also the
relative angle played an important role; perpen-
dicular neighbouring coils showed increased distor-
tions via dispersive contributions. The coils were
made of cupronickel, which was available in the
form of thin-walled tubes and had the advantages
of a relatively high resistivity, which helped against

60Stand-Alone Camac module.
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Table 4
Parameters of the various NMR coils, all made of Cu

0.7
Ni

0.3
, for the di!erent measurements

Nucleus (Yr) p (1993) d (1994) d (1995) p (1996) 14N (1996)

¸
#
(kH) 0.09 1.35 0.45 0.066 0.092

Q (at u
0
) 190 48 35 73 133

g
&

0.28 0.15 0.26 0.14 0.29
r
#
(at u

0
) ()) 0.3 2.5 1.3 0.4 0.1

<
4
(cm3) 80 92 127 55 75

*S 0.40 0.62 0.38 0.75 0.59
Material 4mm tube 3mm strip 1mm tube 3mm tube 4mm tube
Coating (PTFE) * CH

2
FEP *

Note: The deuteron coils of 1994 were originally designed for a cross-coil con"guration and were not embedded in the material. ¸
#
and

r
#
are the empty coil inductance and resistance, respectively. See the text for the other parameters.

superradiance (see Section 4.5), and a low resistivity
dependence on temperature and magnetic "eld.

Coating of the coils by a layer of plastic material
did help to avoid saturation e!ects due to large RF
"eld strengths at the coil surface, especially for
small tube diameters, and improved also the homo-
geneity of sampling in a large target. Of course,
the coating material should not contain any free
hydrogen in the case of the proton NMR, which
otherwise would substantially contribute to the
TE signal. For protons, coating also reduced
the "lling factor and thus the signal height.

The cables should disturb the measurement as
little as possible. In the "nal set-up, we used 0.050 in.
copper cables61 inside the dilution chamber, con-
nected via `home-madea vacuum feed-through's to
copper clad stainless steel 0.085 in. cables62 inside
the evacuated part of the target holder. The connec-
tion outside the cryostat was made of 0.141 in.
semi-rigid copper coax cables63 without the usual
PTFE insulation, because it was found to create
circuit drift problems due to its phase transitions at
193C and 303C [44]. Special attention was paid to
the NMR electronics and the temperature stability
of the electronics and cables (to within 13C) to ob-
tain good measurements of weak signals, notably for
the thermal equilibrium measurements of the
deuterons at 1 K for calibration purposes [45].

61Coaxitube DA50050 by Precision Tube Co.
62Coaxitube JN50085.
63 Isocore IA}141NC by Rogers Co.

Table 4 summarizes the characteristics of the
various NMR coils used during the data taking. In
Fig. 6 some typical coil shapes are shown. The
"lling factor g

&
was calculated according to

g
&
"

:
V
x
.
(r)H2

M
(r) dr

2:
V
H2

1
(r) dr

(7)

where H
M

is the transverse component of the RF
"eld with total strength H

1
"(H2

,
#H2

M
)1@2, and

x
.

is the measured packing fraction of the material
which has the value of +0.6 (see Table 2) in the
volume occupied by the target material and zero
elsewhere. The factor 2 in the denominator of
Eq. (7) follows from the fact that only the compo-
nent of the RF "eld rotating with the spins
produces transverse magnetization while the
counter-rotating component does not. The sam-
pled volume <

4
is de"ned as the volume giving rise

to 95% of the NMR signal. The di!erence *S in
sampling the target material by the muon beam
and by the NMR coils is given by

*S"

1

2P
r:R

Dc
"%!.

I
"%!.

(r)!c
NMR

H2
M
(r)Ddr (8)

where R is the radius of the target container. The
normalization constants c

"%!.
and c

NMR
are such

that

c
"%!.P

r:R

I
"%!.

(r) dr"c
NMRP

r:R

H2
M
(r) dr"1 .

(9)
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Fig. 6. Several shapes of NMR coils used in the SMC polarized
targets. The sizes are in mm, unless indicated in inches.

The muon beam pro"le I
"%!.

(r) is in good approxi-
mation presented by a gaussian function with
p"12 mm.

4. Target polarization and its measurement

The NMR system allowed us to monitor the
proton and deuteron polarization in a semi-con-
tinuous way by determining the NMR signal area

(integral method). Calibration runs were occa-
sionally carried out with the target spins in thermal
equilibrium at 1 K and with 2.5 T magnetic "eld. In
the case of deuterated samples the polarization
could also be determined from the asymmetric
NMR lineshape due to quadrupole interaction. For
the ammonia target also the 14N polarization was
determined. To determine the polarization accu-
rately it is essential to analyse the NMR circuit in
detail and to understand the various error sources.
This is the subject of the following sections with the
NMR results discussed separately for the three
target materials.

4.1. Q-meter circuit analysis

The polarization of the target material is related
to the NMR absorption by [21,46]

P"

2+I

g2k2
N
NpP

=

0

sA(u)
u

0
u

du,

2+I

g2k2
N
Np

A (10)

whereA is the `areaa of the signal, k
N

is the nuclear
magneton, I and g are the spin and g-factor of the
nuclear species under consideration, and N is their
number density in the sample. The quantity sA(u) is
the absorptive part of the complex nuclear suscepti-
bility s(u)"s@(u)!isA(u) where s@(u) is the dis-
persive part. The absorption function for deuterons
and protons in our target materials is non-zero for
only about a 300 kHz range around the Larmor
frequency u

0
. Thus, in order to calculate the polar-

ization from Eq. (10), the absorption function only
needs to be integrated over a small range of fre-
quencies. The ratio u

0
/u varies only slightly for

protons and deuterons over this range and can be
taken constant. The more complicated case of
measuring the 14N NMR signal, where the vari-
ation of u

0
/u cannot be neglected, will be discussed

in Section 4.4.3. Due to the target material the
impedance Z

#
of a coil varies as

Z
#
"r

#
#iu¸

#
(1#g

&
s(u)) (11)

where ¸
#
is the inductance of the empty coil, r

#
is its

resistance, and g
&

is the "lling factor de"ned in
Eq. (7). The impedance is measured by the series-
tuned Q-meter [41] which provides a complex volt-
age <"<(u,s). The real part of < is selected by
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the phase sensitive detector (PSD). The Q-meter is
tuned so that the minimum of <(u, 0) occurs at
u"u

0
.

The NMR signal is measured in two steps. First-
ly, a `Q-curvea<(u, sA"0) is measured by shifting
B, and therefore the Larmor frequency, by a few per
cent while keeping the RF scan in its nominal
frequency range. In this case, sA(u)"0 and s@(u) is
fairly constant for the entire frequency scan. Fur-
ther in the paper we refer to this as the `baselinea.
The Q-curve <(u, sA"0) represents the frequency
response of the Q-meter. Secondly, the NMR signal
<(u, s) is measured on resonance by scanning the
frequency at B

0
. The two averaged signals are then

subtracted, with the result that Re[<(u,s)]!
Re[<(u,sA"0)],S(u), which represents only the
response of the Q-meter to the susceptibility func-
tion. In the following paragraphs, it will be shown
that S(u)JsA(u), from which it follows that the
polarization is in very good approximation given
by

P"KP*uS(u) du (12)

where K is a constant involving both properties of
the material and of the Q-meter. We determined
K by making a thermal equilibrium (TE) cali-
bration of the NMR system (Section 4.2.1).

A circuit diagram of the constant current series-
tuned Q-meter is shown in Fig. 7; the circuit is
driven by an RF source (synthesizer) of voltage

Fig. 7. Block diagram of the Q-meter circuit to measure the real
part of the NMR signal.

Table 5
Typical circuit parameters for the proton, the deuteron, and the
14N NMR

Parameter Nucleus

p d 14N

l
0

(at B
0
) (MHz) 106.5 16.35 6.47

B
0

(T) 2.5 2.5 2.1
*l (kHz) 600 500 2]300
R

0
()) 900 700 900

R ()) 33 10 10
R

a
()) 120 50 110

n 5 1 0.36

Note: The parameters l
0
, B

0
, and n stand for the Larmor

frequency, the corresponding magnetic "eld value, and the elec-
trical length l"nj/2 of the cable, respectively. For the explana-
tion of the other symbols, see Fig. 7.

<
0

through a constant current feed resistance R
0
.

An ampli"er with voltage gain A and input impe-
dance R

!
ampli"es the signal. Typical circuit param-

eters are given in Table 5.
The NMR coil is connected to a Q-meter by

a cable of impedance Z
#!"-%

, length l and complex
propagation constant c"a#ib, where a is the
attenuation factor and b is the phase constant. The
total impedance of coil, cable, tuning capacitor
C and damping resistor R (see Fig. 7), is given by
[47,48]

Z(u, s)"R#

1

iuC
#Z

#!"-%

Z
#!"-%

tanh(cl)#Z
#

Z
#!"-%

#Z
#
tanh(cl)

.

(13)

The last term of this equation introduces non-
linearity if the susceptibility is large. The character-
istic properties of the cable are its distributed
resistance R

#!"-%
, inductance ¸

#!"-%
and capacitance

C
#!"-%

. For a low-loss cable the quality factor
Q

#!"-%
"u¸

#!"-%
/R

#!"-%
<1 and the cable impe-

dance is in good approximation given by

Z
#!"-%

"Z
0S1#

R
#!"-%

iu¸
#!"-%

+Z
0S1#

1

i2Q
#!"-%

(14)

where Z
0
"J¸

#!"-%
/C

#!"-%
is the characteristic im-

pedance of a lossless cable. With the electrical
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length chosen to be an integer (n) times the half
wavelength in the cable at the Larmor frequency,
tanh(cl) is real and equal to tanh(npa/b).
The propagation constant is c"M(R

#!"-%
#

iu¸
#!"-%

)iuC
#!"-%

N1@2, which gives for a low-loss
cable in good approximation b/a+2Q

#!"-%
and

thus tanh(cl)+tanh(np/2Q
#!"-%

) at the Larmor fre-
quency. For the 50 ) cables used by SMC
a+0.024 Np/m and b+3.16 rad/m giving
Q

#!"-%
+60. Thus, by analysing the circuit, we see

that the complex voltage at the output of the RF
ampli"er as a function of u and s is

<(u,s)"
A<

0
R

0

Z

1#XZ
(15)

where X"R~1
0

#R~1
!

is the admittance due to the
resistances R

0
and R

!
. This equation can be in-

verted and solved for s as a function of *<"
<(u, s)!<(u, sA"0) which describes how the
Q-meter a!ects the signal coming from the suscep-
tibility. However, it is more enlightening to write
the s dependence of *< explicitly. To wit

*<"
D(u)s(u)

1#E(u)s(u)
(16)

where D(u) and E(u) are complex, frequency-de-
pendent coe$cients [48]. From this explicit expres-
sion for *< as a function of sA, we can expand
Eq. (16) to low orders to investigate Q-meter e!ects.
With E(u)s(u);1, the real part of *< is

Re[*<],S(u)"sA Im[D(u)]#s@ Re[D(u)]

# (sA2!s@2)Re[D(u)E(u)]

!2s@sA Im[D(u)E(u)]#O(3) .

(17)

The coe$cients D(u) and D(u)E(u) calculated for
a tuned circuit are shown in Fig. 8. The question is
which terms in Eq. (17) contribute signi"cantly to
the integral of S(u) in Eq. (12). Re[D(u)] is small
and is zero at the Larmor frequency (see Fig. 8), and
thus, gives a small contribution to the integral.
With a su$ciently wide frequency scan, the
third term of Eq. (17) gives a negligible contri-
bution because of the Kramers}Kronig relation
:=
~=

(sA2(u)!s@2(u)) du"0 [49,50] and the small

variation of Re[D(u)E(u)] over the sweep range.
The fourth term of Eq. (17) also produces only
a small contribution to the integral because it is
antisymmetric around the Larmor frequency. Thus,
to a very good approximation the integration of
S(u) can be considered to depend only on
Im[D(u)], that is

S(u)JsA(u)Im[D(u)] (18)

with Im[D(u)] in good approximation linear with
u and positive for the whole sweep range (Fig. 8).
The `false asymmetrya of the deuteron NMR sig-
nals, discussed later in Section 4.2.3, is for a large
part understood on the basis of the small deviation
of Im[D(u)] from linearity with u and higher-order
terms given in Eq. (17), and is thus related to the
properties of the electronics.64

For the large proton signals the higher-order
e!ects can come into play. If the sweep width of the
NMR system is not wide enough then the sA2!s@2
term does not integrate to zero. The signal shape
for high positive and negative polarizations be-
comes di!erent (see Section 4.4.2).

4.2. The NMR of the deuterated butanol target

The deuteron has a spin 1 and a quadrupole
moment which, together with the electric "eld
gradient of the C}D and O}D bonds, shifts the
energy levels depending on the angle between the
magnetic "eld and the electric "eld gradient, and
thus causes the characteristic shape of the NMR
absorption signal (Figs. 9 and 10). In this case there
are two ways to measure the polarization, namely
(1) by the NMR signal area comparing it with a TE
calibration (Section 4.2.1), or (2) by analysing the
asymmetry of the NMR lineshape (Section 4.2.3).
The TE method was used as the basic calibration
and its result was cross-checked with the asym-
metry method. The second method requires the
polarization to be uniform, and it was used mainly
to put limits to the non-uniformity of the deuteron
polarization.

64There is a contribution to the false asymmetry from phys-
ical e!ects associated with the quadrupole broadening of spin-1
systems [51].
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Fig. 8. The real and imaginary parts of the frequency dependent coe$cients D(u) and D(u)E(u).

4.2.1. The thermal equilibrium calibration
The polarization P achieved by DNP was de-

rived as the ratio of the enhanced absorption signal
area to that of the thermal equilibrium signal

P"

:S
%/)

(u) du
:S

TE
(u) du

)P
TE

(19)

where the TE polarization for a spin-1 particle at
a given temperature and magnetic "eld could be
calculated from the equation

P
TE
"

4 tanh(+u
0
/2k¹)

3#tanh2(+u
0
/2k¹)

(20)

k being the Boltzmann constant and u
0
the Larmor

deuteron frequency.
The detection of the deuteron TE signal was

di$cult for two reasons: (1) at 1 K and 2.5 T the
polarization was only 0.052%, and (2) it was
broadened by the quadrupole interaction. Owing
to the tiny TE signal of the deuteron, special care
had to be taken to ensure su$cient signal-to-noise
ratio and small system drifts. For a substantial
noise reduction the signal was averaged over
n"2000 to 10 000 double sweeps, which reduced
the statistical noise by a factor of Jn. But due to
the longer time needed to average the signals,
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Fig. 9. The Q-meter signal S for deuteron polarization at ther-
mal equilibrium (TE). The dots are the data points of a 2000
double sweep TE signal. The line is a super TE signal, which is
the average of 380 of these TE signals, thus 760000 double
sweeps in total. The averaging reduces the noise su$ciently to
allow a determination of the calibration constant K and, in
addition, a reliable "t to the shape.

Fig. 10. The Q-meter signal for 44% enhanced deuteron polar-
ization (dots) with the "tted curve (solid line). The dashed curves
are the line shapes of the m"0%#1 and m"0%!1
transitions with quadrupole splitting and dipolar broadening.
The two highest dashed curves are related to the C}D bonds; the
two lowest dashed-dotted curves are related to the O}D bonds.

thermal drifts of the Q-meter parameters had an
in#uence on the "nal accuracy, leading to an opti-
mum between noise reduction by a large number of
sweeps and short signal taking.

In addition, systematic tuning variations, mostly
due to the magnetic "eld change necessary for
measuring the Q-curve without absorption signal,
altered the TE measurements [19]. To account for
this, the Q-curve was taken alternatingly 5% above
or below the Larmor frequency. Also a dependence
of the TE coe$cients on the magnetic "eld polarity,
which was reversed for rotating the spin direction,
was found. Up to 1000 TE signals were taken in the
course of a few days which allowed additional sys-
tematic studies, e.g., of daily variations of the circuit
parameters. The long-term stability of the NMR
system was monitored by the RF level at the
Q-meter output and, in addition, regularly
cross-checked by TE calibrations. The long term
instability was found to be 2% during the 1994 data
taking, but improved to 0.5% in 1995. Fig. 9 shows
a typical deuteron TE signal averaged 2000 times
after subtraction of the Q-curve using a second-
order polynomial "t to the absorption-free wings of
the frequency scan.

In the following paragraphs we shall summarize
the error analysis of the deuteron polarization
measurements in 1995, while at some points we
make a comparison with the measurements made
in 1994.

4.2.1.1. Temperature measurement. TE calibra-
tions were carried out in super#uid 4He near 1 K in
order to obtain a short polarization built-up time
and good thermal uniformity and stability. TE
signals were usually collected at two or more
temperatures to have an additional cross-check of
systematic errors in the temperature measurement.
For an accurate temperature determination we
used liquid 3He in a separate small bulb mounted
inside the mixing chamber and measured the 3He
vapour pressure by means of a high precision ca-
pacitive pressure gauge.65 Table 6 summarizes the
uncertainties of this temperature measurement and
its stability for the 1995 data taking.

65MKS Baratron 270B.
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Table 6
Errors of the TE temperature measurement of the 1995 deuteron
run

Error sources; TE temperature D*¹/¹D (%)

Baratron gauge head accuracy 0.08
Electronic linearity 0.005
Gain factor uncertainty 0.2
AD-conversion 0.012
Reference vacuum 0.2
ITS-90 temperature scale 0.1
Thermomolecular e!ect 0.1
Instability 0.2
Spatial uniformity 0.003

Total error 0.38

4.2.1.2. NMR system noise and drift. We have in-
troduced a new technique to detect and monitor
very small changes in the NMR system based on
two considerations:

(1) The outermost edges of the frequency scan are
the most sensitive parts of the Q-curve for
detecting small changes of the Q-meter's reso-
nance frequency (i.e., the minimum of the base-
line), which cannot be found when the NMR
signal is in place. We used the di!erence of the
"rst and the last channel content, called tuning,
as a monitor for frequency changes. The
change in the tuning is proportional to *u,
which was found to be proportional to *P.

(2) The sum of the "rst and the last channel gave
us a direct relative measurement of the DC-
level, i.e., the change in the quality factor Q of
the system, which is (for small changes) also
proportional to *P. To make this method to
work, we had to disable the automatic DC-
subtraction by the DC-o!set card after storing
once the right values to bring the parabola in
the mid-range of the ADC.

The contribution of the thermal drift of the cir-
cuit could not be separated from the other tuning
changes. The origin of the drift was mostly inside
the refrigerator and due to temperature changes in
the mK range. In addition, we observed daily vari-
ations of the parameters which could be traced
back to temperature variations of the NMR rack
and of the j/2-cables [44]. The averaging over both

baseline measurements with the "eld shifted up and
down by a small percentage had the additional ad-
vantage of reducing greatly the system drift by sub-
tracting the mean Q-curve before and after each
signal. The period of the drift was several hours,
so that through this method the residual drift
became very small.

The relative statistical error of the "nal TE coef-

"cient was calculated by p"RMS/Jn and con-
tained also the spreading due to noise. A further

analysis of the TE data showed that this 1/Jn
dependence was justi"ed and that a shift of half
the signal areas by a "xed amount (e.g., due to the
magnetic "eld) did not harm the accuracy of the
mean value of the TE signal.

4.2.1.3. Long-term tuning changes. Another sys-
tematic error was due to the contribution from
long-term tuning changes, which caused signal area
changes since the response function of a Q-meter is
frequency dependent. In order to determine the
magnitude of this e!ect on the polarization reading,
the tuning was o!set by shifting the Larmor fre-
quency and the integration window at the same
time in the frozen spin mode. An additional error
can be assumed for the DC level change between
calibrations. This change was translated into a rela-
tive percentage of polarization change by assuming
linear scaling with the Q-value, i.e., the DC-level.

4.2.1.4. Field polarity ewect. It was observed that
the calibration constants showed a small depen-
dence on the polarity of the magnetic "eld. We did
not apply polarity dependent TE coe$cients as for
protons in 1993, even when the e!ect became more
pronounced due to the better TE signal quality. It
turned out that this e!ect was hard to compensate
for two reasons: Firstly, the polarity e!ect was
entangled with the larger day and night variations
of the system parameters. Especially for a short
calibration run the unbalanced times led to false
di!erences in the coe$cients. Secondly, the polarity
e!ect turned out to be temperature dependent.

The average "eld polarity e!ect (see Fig. 11) was
taken into account by a general correction to the
averaged polarization upstream and downstream
by adding half the jump to the lower polarization
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Fig. 11. Di!erence DP`!P~D between the polarizations of the
target cells during the 1995 deuteron g$

1
measurement. When the

magnetic "eld is reversed the polarization di!erence alters
slightly. This "eld polarity e!ect is clearly visible in the #at
regions.

and subtracting the same amount from the higher
one. It turned out that the mean values for both
temperature regimes were quite the same. For this
systematic error we assumed, conservatively, 100%
of that correction.

4.2.1.5. TE relaxation time. Because of the "nite
relaxation time q of the polarization there can be
a systematic e!ect on the TE-calibration due to the
fact that the baseline had been taken at a 5% higher
or lower "eld. This could lead to an up to 5% larger
or smaller TE signal area relaxing exponentially to
the original value when the "eld was back at its
nominal value. The possible e!ect on the coe$-
cients was largely diminished by the fact that we
took the baselines alternatingly at higher and lower
"elds. This procedure should average the e!ect to
zero, but would broaden the distribution. In addi-
tion, we waited several minutes after reaching 2.5T
again before taking the "rst signal. The relaxation
time was measured with an enhanced signal at
1 K to be q"2.0$0.2 min. From this number we
could estimate that this broadening was negligible
small.

4.2.1.6. TE ow-centering. A small contribution to
the error was associated with the mean centering of
the TE-signals. There was a polarity dependent bias

arising, because the normal centering algorithm did
not work well with noisy signals. However, the
TE-supersignals (i.e., an average of about 100 TE
signals) showed the centres very well. From the
study of the distribution of the centres we deduced
the systematic error due to integration, and due to
the Q-meter response function.

The magnitudes of the main error sources in the
determination of the TE signal area are shown in
Table 7. The TE coe$cients were averaged over the
two baseline "elds and over the "eld polarities.

4.2.2. The enhanced signals
As the enhanced signals were much larger than

the TE signals, some of the error sources mentioned
above for the TE signals were negligible, especially
noise. However, system drifts while irradiating the
target with microwaves, and lineshape changes due
to the dispersive component or the cross-talk be-
tween the coils were sources of systematic errors.
A gain variation was observed between the TE
calibration measurement and the low temperature
measurements when the dilution refrigerator was
operating. This was because the parameters of the
NMR circuit inside the cryostat were slightly tem-
perature dependent. Some of the major systematic
changes of the signal area arose when the transition
was made from dynamic nuclear polarization
(DNP) to the frozen spin (FS) mode. Here follows
a treatment of error sources for enhanced signals.

4.2.2.1. Tuning and DC level change between the TE
and dilution modes. With some of the circuit param-
eters temperature sensitive, the largest change

Table 7
Summary of the deuteron TE signal area errors in 1995

Error sources; TE signal D*P/PD (%)

Calibration statistics 0.20
Long-term tuning change 0.32
Field polarity e!ect 0.62
Long term DC level change 0.32
TE relaxation 0.05
TE centering 0.24

Total error (TE) 0.83

HNote: For the "eld polarity e!ect the residual error after
correction is shown.

D. Adams et al. / Nuclear Instruments and Methods in Physics Research A 437 (1999) 23}67 45



was observed between the TE-mode (4He at 1 K)
and the dilution mode (¹(300mK). Using the
tuning and DC-level information described above,
we could monitor the signal area changes.

4.2.2.2. Tuning change between DNP and FS
modes. A change in signal area due to microwave
heating was observed in 1994 when large-induc-
tance NMR coils were employed. It led to a )2%
relative change in the signal area when going from
the FS mode to the DNP mode. It could be partly
compensated by raising the temperature of the mix-
ing chamber by using an electric heater, while the
baselines in the FS mode were taken. The origin of
this e!ect is still unknown but has possibly to do
with the temperature-dependent resistivity of the
copper-clad cryogenic coaxial cables of the NMR
probes. By reducing the inductance of the coils for
the 1995 run this e!ect largely diminished. The
e!ect of the microwave heating on the signal areas
was found to be polarity dependent.

4.2.2.3. Tuning change due to RF level vari-
ations. Sudden RF-level jumps, on the order of
1%, were visible. The origin of these jumps is not
known; the RF source itself or its transmission line
are not ruled out.

4.2.2.4. Cross-talk between the target cells. The RF
cross-talk between the target cells was measured by
polarizing only one cell and observing the signals in
the other. In 1994 a large dispersive signal was seen,
which caused concern because of the fact that dur-
ing the TE calibration both cells were positively
polarized while during the physics run the polariza-
tion was always opposite, so that the e!ect did not
cancel. We found that most of the cross-talk signal
was transmitted via the coaxial cables, passing from
one cell to another. Thus, the distance between the
NMR coils and the coaxial cables played a vital
role and led to our decision to return to embedded
coils. The cross-coupling was further reduced by
improving the RF grounding of the microwave
stopper and by dividing the 3He inlet tube in two
sections, which were not electrically connected.

4.2.2.5. Dispersive signal. Our theoretical under-
standing of the NMR circuit improved during the

course of the experiments, leading to detailed de-
scriptions and predictions for the system behav-
iour, including the response functions of both the
absorptive and the dispersive parts of the signal,
and the higher order non-linear signal distortions
[48,52,53]. In the case of the TE signal the disper-
sive part was fully antisymmetric66 with respect to
the Larmor frequency and should give no contribu-
tion to the polarization error. But in the enhanced
case the two peaks of the deuteron signal became
more and more unequal in height which was also
re#ected in the dispersive part. The Kramers}
Kronig relation guaranteed that the total integral
was zero even in this case but, due to our limited
frequency scan, deviations might occur. In particu-
lar, this happened for the case when there was
a tuning di!erence between Larmor frequency and
NMR circuit. Theoretical estimates of this e!ect
were of the order of 1}2% in 1994, while in 1995
this e!ect was very small.

There was a small e!ect due to the fact that we
normally took the baselines at a 5% reduced mag-
netic "eld. A substantial amount of dispersion exis-
ted at the baseline "eld, as the relative width of the
absorption signal was already 1.2% and the disper-
sive part was much broader. The e!ect was en-
hanced by the large di!erence between the Larmor
and the circuit resonance frequencies when the "eld
was changed, which led to a large dispersive signal
due to the response function. This e!ect was quan-
ti"ed by comparing the baselines taken below and
above the nominal "eld. In 1994 its contribution
was D*P/PD"0.3% but in 1995 it was negligible.

4.2.2.6. NMR depolarization. The polarization loss
of the large coils due to NMR turned out to be only
0.025%/h, using the `economy modea for the
measurement, when the NMR signals were taken
only every 5}10 min. Assuming a linear decay of the
polarization and taking into account that we
stayed in FS mode for 24 h at most during data
taking, we could derive an upper limit for the re-
sulting error.

66The corresponding response function is also antisymmetric,
but with respect to the resonance frequency of the circuit, so the
resulting contribution is symmetric if the tuning is correct.
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Another concern regarding the NMR depolari-
zation dealt with the possible bias of the polari-
zation value due to the balance between the
build-up of the polarization via DNP with increas-
ing characteristic time constants67 and the continu-
ous destruction of the polarization through the RF.
To "nd this out, the target was polarized for several
hours without NMR measurements starting at very
high polarizations with optimum frequency and
power settings. If the polarization close to the
NMR coil wires had been substantially smaller
before, due to NMR depolarization, then it should
have built up during that time. Thereafter we
switched o! the microwaves and went to FS mode,
freezing in the polarization. After some time, we
enabled the NMR measurement again and looked
for the decay of the signal with time, during which
the closest beads would depolarize back to the
`saturateda value. The observed decay constants
agreed with the number stated above. However, we
could deduce an upper limit for this bias, assuming
that the `recoverya of the former state took roughly
the same time as during the build-up without satu-
ration (around 3 h). See Section 4.5 for more details
about the e!ect of NMR on the polarization.

4.2.2.7. Integration error. After subtraction of the
baseline, the signals showed a residual baseline,
which was treated with a second (or third) order
polynomial "t to the wings. When both the signal
and the baseline were taken in FS mode, the resid-
ual baseline of the enhanced signals turned out to
be close to a straight line, and the error involved in
the subtraction of the wing-"t was minimal. But in
the case of DNP, the temperature di!erence, that
occurs between the times that the baseline and
signal were taken, caused a tilt of the raw signals
due to a non-negligible residual baseline. This e!ect
was mostly due to tuning changes of the micro-
wave-heated circuit as described before. However,
by a careful analysis of the tuning change, we found
that the e!ect arose from two di!erent origins: the
tuning change itself and the error on the "t of the
residual baseline.

67The typical time constants in the TE mode were a few
minutes and thus much shorter than in the dilution mode;
therefore, this bias was not included in the calibration constants.

4.2.2.8. LF gain variation. The temperature de-
pendence of the LF ampli"cation was measured in
order to evaluate the error due to variations of the
ambient temperature.

4.2.2.9. Homogeneity. In the error of the averaged
polarization value the homogeneity throughout
both of the target cells played a role. The longitudi-
nal homogeneity was less important due to the
`smearinga in the vertex resolution and the `aver-
aginga by the beam. The standard deviations of the
distributions of the polarization values measured in
the individual NMR coils were small, indicating no
signi"cant longitudinal inhomogeneity.

However, a possible large radial dependence of
the polarization could cause serious systematic
problems. In order to determine whether a sizable
radial gradient of polarization exists, two small
coils were mounted in one of the target cells. One of
these coils was on the axis and the other close to the
sample edge. The radial dependence of the polar-
ization measured by these coils revealed a small
e!ect of the order of 2% which had opposite signs
for the two polarization directions. We noted that
the ratio of the polarizations in the two small coils
deviated more from unity for low polarizations
than for high polarizations. This indicated that the
polarization di!erence we observed was real, and
not just an artifact of the TE coe$cients. In the
1995 run the NMR coils sampled the central area of
the target68 where the beam went through. There-
fore, the small radial dependence made only a mi-
nor contribution to the systematic error.

4.2.2.10. Polarization averaged over space and time.
The statistical part of the error should decrease
as 1/Jn by the averaging over the number of
coils, n. Unfortunately, the leading uncertainties
were of systematic nature. Usually there were sev-
eral polarization measurements for each physics
`runa, and these readings were averaged over the
run. The standard deviations of these distributions
were normally well below 1%, except for the peri-
ods soon after polarization reversals by DNP.

68The NMR coil wires were placed at a radius of 14 mm
to minimize the sampling di!erence between the beam and the
coil.
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Table 8
Summary of the deuteron enhanced signal errors in 1995

Error sources; enhanced signal D*P/PD (%)

Tuning change TE/dilution mode 0.5
DC level change TE/dilution mode 1.0
Tuning change DNP/FS mode 0.5
RF level variations 1.0
Cross-talk 0.4
Dispersion 0.1
NMR depolarization 0.5
Integration 0.4
LF gain variations 0.2
Radial gradient/homogeneity 0.1

Total error enhanced signal 1.8

No additional error was attached to this spread as
it should cancel out for a large number of runs. The
normalized inverse errors on the TE calibration
coe$cients were used as weights in the calculation
of average polarization in each cell.

4.2.2.11. Summary. The main error sources and
their contributions to the enhanced signal error are
shown in Table 8. The "nal error of the polariza-
tion measurement in 1995 was estimated from
Tables 6}8 to be D*P/PD"2.0%.

4.2.3. Polarization determination by the asymmetry
method

In this section we will use a theoretical model of
the deuteron line shape [51,54], which is "tted to
the experimental line shape to extract the polariza-
tion P

AS
. In our representation of the absorption

function we assume that the spin temperature of the
system is uniform throughout the sampling volume
of the NMR coils. Numerical methods have been
used in previous works by Hamada et al. [55], by
Wait et al. [56], and by Sperisen [57], to "t theoret-
ical line shapes to deuteron signals in hydrocarbon
materials.

First order quadrupole splitting in the electric
"eld gradients, which can be asymmetric about the
bond axes, is considered. In our line shape model
for deuterated butanol, the local electric "eld gradi-
ents of the C}D and the O}D bonds coupled to the
quadrupole moments of the deuterons cause an

asymmetric shift of the energy levels into two over-
lapping absorption lines. The energy levels of such
a spin-1 system are written as [22,23]

E
.
"!+u

$
m#+u

2
M3 cos2(h)!1

# g sin2(h) cos(2/)N(3m2!2) . (21)

The "rst term represents the magnetic splitting with
frequency u

$
and the second term the quadrupole

interaction with h being the polar angle between
the axis given by the C}D or O}D bond and the
static magnetic "eld B

0
, and m ("!1,0,1) the spin

magnetic quantum number. The strength of the
quadrupole interaction is described by +u

2
"

eq eQ/8 where eq is the magnitude of the electric
"eld gradient along the bond direction and eQ is
the electric quadrupole moment of the deuteron.
The azimuthal angle / and parameter g are neces-
sary for describing bonds in which the electric "eld
gradient is not symmetric about the bond axis
[22,58].

In the analysis of the quadrupole line shape the
dipolar broadening is taken into account as
a Lorentzian function with broadening parameter
p"3u

2
A. The absorption function can be written

as

sA(r,R)JA
1

u
2
BGC

r2!r1~30R

r2#r1~30R#1DF`
(R,A, g)

C#
r1`30R!1

r2#r1`30R#1DF~
(R,A, g)H .

(22)

F
B
(R,A, g) are line shape functions [51,54] related

to the m"0%#1 and m"!1%0 NMR
transitions for which R"(u!u

$
)/3u

2
varies

over the !2(R([1!g cos 2/] and ![1!
g cos 2/](R(2 ranges, respectively. These line
shape functions have peaks at R"$[1!
g cos 2/] if dipolar broadening can be neglected. In
Eq. (22) 0"u

2
/u

$
and r"eb+u$, with b"1/k¹

4
, is

the asymmetry parameter which is basically the
intensity ratio of the two transitions. The line
shapes of the two NMR transitions can be seen in
Fig. 10, in which the total NMR line shape is
decomposed in its components. The two strongest
lines are related to C}D bonds, the other two are
due to O}D bonds. Dipolar broadening is included
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in these line shapes, which have a peak and a shoul-
der. Comparing the `peak-to-peaka width to the
`shoulder-to-shoulderawidth provides information
about g. The asymmetry parameter r can be used to
express the polarization P

AS
in the spin temper-

ature ¹
4
; that is, up to second order in u

2

P
AS
"

r2!1

r2#1#rG1!
6

5

02r ln2(r)

r2#r#1H . (23)

For deuterated butanol material in a 2.5 T "eld
0+10~3; the absorption function can in good ap-
proximation be written as

sA(r,R)JA
1

u
2
BA

r!1

r B
]MrF

`
(R,A, g)#F

~
(R,A, g)N . (24)

The quadrupole coupling u
2

(thus R) di!ers be-
tween the O}D and C}D bonds. Their relative
amounts are represented by a constant factor K.
Contributions from D

2
O and the EDBA complex

are included. It is assumed that the polarization of
the deuterons is the same whether they are attached
to carbon or oxygen and that the dipolar broaden-
ing parameter p is the same for the two bonds.
Inspection of the experimental deuteron signal in
Fig. 10 shows that g"0 can be accepted for the
C}D bond since the `shoulder-to-shouldera width
is twice as large as the `peak-to-peak widtha. To
wit, the total absorption function for deuterated
butanol is

sA
"65

(r,R,p, g)"(1!K)sA(r,p,R#!3,g"0)

#KsA(r,p,R09:, g) (25)

where either of Eq. (22) or Eq. (24) can be used to
represent sA for analysing deuteron signals.

The NMR signals with the Q-curves subtracted
can be written as

S(u)"CsA
"65

(u)#a
0
#a

1
u#a

2
u2#a

3
u3 . (26)

The a
i
-terms are introduced to remove a residual

background by "tting this third-order polynomial
to the wings of the NMR signal. The "rst coe$cient
of Eq. (26) can be expressed as

C"C
0
M1#1

2
m(1#R)N (27)

in which C
0

represents the constant gain factor of
a Q-meter and m is the false asymmetry parameter.
The equation is written in this manner so that m is
the di!erence in gain between the two peaks in the
signal.

4.2.3.1. Results of the signal analysis. The total
expression for the NMR signal that was "tted to
the data contains 13 "tting parameters. The ab-
sorption function was described by the 8 param-
eters C

0
, r, u

$
, p, uC

2
, uO

2
, plus g for the O}D bond

only, and K for the ratio of the O}D and C}D
contributions. In addition, the instrumentation re-
quired 5 "tting parameters; m from the false asym-
metry, and a

0
to a

3
from the residual background.

Fig. 10 shows an example of such a "t to the
enhanced deuteron signal at 44% polarization.

In Fig. 12, P
AS

is plotted versus P
AR

, the polariza-
tion determined by the integral method, for both
signs of polarization. For polarizations above 30%,
the agreement between the two methods is within
the $3.0% relative error. The determination of the
polarization from the asymmetry method assumes
that the polarization is uniform throughout the
sampling volume of the coil since one temperature
¹

4
(i.e., b) is used to describe the system. The good

agreement between the two methods at the highest
polarizations supports this assumption. At the
lower polarizations the two methods diverge
slightly which is an indication that at these values
the polarization is not uniform during the early

Fig. 12. A plot of P
AS

versus P
AR

with the P
AS
"P

AR
line

superimposed for deuterated butanol. The data represent signals
collected at di!erent times during a period of several months.
The deviation at low polarization may be a sign of non-uniform
polarization occurring during the DNP process.

D. Adams et al. / Nuclear Instruments and Methods in Physics Research A 437 (1999) 23}67 49



stage of the DNP process in which the rate of
increase is large.

The asymmetry method was not used as a substi-
tution for the TE calibration in the determination
of the polarization, because a good measurement of
the area of the TE signals was needed anyway for
adjusting m in the asymmetry method. The asym-
metry method allows con"rmation of the polariza-
tion values and tells whether the polarization
throughout the sampling volume of the coil is
homogeneous.

4.3. The proton NMR of the butanol target

The TE polarization of the proton, P
TE
"

tanh(+u/k¹), is about "ve times higher than that of
the deuteron. In addition, the NMR signal is nar-
row due to the absence of quadrupolar broadening.
Thus the main error sources in the proton polariza-
tion measurement are di!erent from those dis-
cussed above for the deuteron target. The e!ects of
noise and drifts are greatly reduced owing to the
large signals but this introduces also a new prob-
lem; that is, the response of the Q-meter is linear
only in the limit of small signal height compared to
the Q-curve. Here we shall present the main error
sources and corrections which apply to the butanol
target in 1993 [59].

4.3.1. Temperature measurement errors
In the 1993 run, the capillary of the 3He vapour

pressure manometer was blocked during the TE
measurements and alternative ways for temper-
ature measurement had to be relied upon for the
butanol target. These were resistance thermometry
using calibrated Speer and RuO thermometers,
read out by 4-wire AC resistance bridges, and va-
pour pressure measurements of 4He in the still.

To improve the systematic uncertainties of the
calibration, the still heater was used to raise the
calibration temperature in small steps around 1 K.
Table 9 gives an overview of the main error sources
in the temperature measurement. The leading
error originated from the readout noise of the ca-
pacitive pressure gauge, especially at the lowest
temperatures (the vapour pressure of 4He is about
100 times smaller than that of 3He). Substantial
errors arose due to extrapolation of the ITS-90

Table 9
Main error sources of the TE temperature measurement of the
1993 proton run

¹ (K): 1.0 1.2 1.4 1.6

Error sources; temperature *¹ (mK)

Range 3.0 3.0 3.0 3.0
Reference vacuum 3.0 1.0 0.3 0.1
ITS-90 5.0 2.5 1.0 1.0
Thermomolecular e!ect 3.0 1.0 0.2 0.1
ADC 1.0 0.5 0.2 0.1
Film creep 0.4 0.2 0.1 0.1
3He contamination 0.3 0.3 0.3 0.3
Instability 3.0 3.0 3.0 3.0
Noise 8.0 4.0 2.0 2.0

Total error (mK) 11 7 5 6

D*¹/¹D (%) 1.1 0.6 0.4 0.4

temperature scale below 1.25 K69 and due to the
thermomolecular e!ect. The small instability dur-
ing the TE signal averaging (of about 4 min) was
found to contribute as well. Other errors related to
the pressure gauge were a bias due to the reference
vacuum and an observed inconsistency of the vari-
ous ranges.

Of minor in#uence were the ADC resolution of
the pressure reading, the "lm creep of super#uid
4He inside the manometer tube, and the contami-
nation of 4He with 3He. Other possible sources, like
pressure di!erences due to still pumping, "eld de-
pendencies, or self-heating of the resistance sensors,
were evaluated to be negligible. All in all, these
errors in the temperature determination resulted in
an overall error of the polarization D*P

T
/PD"

0.8%.

4.3.2. TE signal area errors
The averaging was done over n"2000 double

sweeps, which reduced the noise by Jn, but the
long measuring time increased the in#uence of
thermal drifts in the Q-meter parameters. In
Table 10 we list the main uncertainties of the TE

69Below 1.25 K the ITS-90 scale is based only on 3He vapour
pressure.
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Table 10
Errors in the TE signal area measurement of the 1993 proton
run

Error sources; TE signal D*P/PD %

Polarity 0.6
Magnetoresistance 0.5
Background 0.4
Long term drift 0.4
Q-curve jumps 0.3
Noise 0.3
Relaxation 0.2
Short term drift 0.1

Total error TE signal 1.1

signal which result in a total error of the TE signal
area of $1.1%.

Note that the noise was the only statistical error
source, while all the others were systematic. For
two of the main error sources, namely for the
proton background signal of the empty target
containers and for a "eld polarity e!ect on the
calibration coe$cients, corrections were applied.
The background NMR signal was found to be of
the order of 1% of the TE signal size but with
a relatively large uncertainty. The in#uence of the
"eld polarity on the signal areas was possibly
caused by the stray "eld on the 10-way RF splitter
containing ferrite elements.

Other main sources of uncertainty in the TE
signal were the slight tuning changes at the 1.5%
higher baseline "eld due to magnetoresistance of
the coils and cables inside the cryostat, drifts of the
Q-meter circuits, noise, and observed small irregu-
lar jumps in the Q-curves, for which no satisfactory
explanation could be given so far. There is also
a small contribution due to the change in the TE
polarization caused by the baseline taking at a dif-
ferent "eld, together with the "nite relaxation time
on the order of a few minutes.

4.3.3. The enhanced signal errors
One of the main problems in the polarization

measurement arose from the large modulation
depth of the strongly enhanced signals, i.e., the
signal height relative to the RF-level at the min-
imum of the Q-curve. It exceeded 60% for the

negative signal, which led to a non-linear distortion
of the line shapes and, thus, to a wrong estimation
of the signal area. The correction to be made on the
polarizations due to our simulation of the Q-meter
circuit was on the order of 5% with a residual
uncertainty of up to 0.9%. The correction was dealt
with in detail in Ref. [53].

A correction was also necessary for the signal
shift caused by the internal magnetization of the
material. Other error sources were the deviation
from linearity of the phase sensitive detector (PSD),
sudden tuning changes, and a possible contribution
from the hyper"ne-broadened signal from the pro-
tons in the EHBA}Cr(V) complex, which could not
be measured. In Table 11 the leading error sources
of the enhanced signals are summarized for the two
sweep widths of 400 and 600 kHz during the 1993
run, adding to an overall error of 1.2% and 1.0%,
respectively. The LF ampli"er gain ratio between
the TE and enhanced signal turned out to intro-
duce an error on the order of 0.5%.

The polarization values, given by the individual
coils, were averaged for both target cells and over
the time of one data run (typically 30 min). After
corrections the largest di!erences within each cell
were below 3%. To probe for a possible radial
inhomogeneity, two small coils were installed in the
upstream target, one in the centre and the other
about 1 cm from the centre. The readings from
these coils di!ered only slightly.

Table 12 gives an overview of applied correc-
tions to the proton polarization values and the

Table 11
Errors of the enhanced signal area estimation of the 1993 proton
run

Sweep width (kHz): 400 600

Error sources; enhanced signal D*P/PD (%)

Non-linearity 0.90 0.60
Non-linearity of PSD 0.60 0.60
O!-centering 0.50 0.40
EHBA signal 0.15 0.15
Drift 0.30 0.15
Tuning jumps 0.50 0.50

Total error enhanced signal 1.2 1.0
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Table 12
Corrections applied to the raw values and their residual errors of
the polarization during the proton run in 1993

Correction Magnitude (%) Residual Error (%)

Background 1.0 0.4
Polarity 2.0 0.6
LF gain 2.0 0.5
O!-centering 0.6 0.5
Non-linearity 4.0 0.8

Combined error 1.3

corresponding errors. The overall error of both
target halves over the whole run, including the
small inhomogeneity observed by the di!erent
probes, turned out to be

D*P
505

/PD"3.0% .

4.4. The NMR of the ammonia target

4.4.1. Measurement of proton polarization
In ammonia, the protons are arranged in tri-

angular con"gurations, resulting in an asymmetric
NMR line shape at high polarizations. We de-
veloped an approximate model for the line shape in
order to estimate the correction due to non-linear
response of the Q-meter. To minimize the correc-
tion, the "lling factor of the proton coils was
reduced by an FEP coating. One coil (see the
N/p-coil in Fig. 6(c)) was left unwrapped and it was
used to measure both the proton and the 14N po-
larization. Another reason to reduce the "lling fac-
tor was superradiance which was for this sample
even more pronounced than in the butanol target.
In an extreme case the polarization changed by
superradiance from !88% to #28% locally
around the NMR coil. To overcome this e!ect,
small-inductance coils were used to avoid that coil
resonances lie at proton Larmor frequencies which
were swept through during the rotation procedure.
However, it turned out that superradiance could
be suppressed by making the solenoid "eld in-
homogeneous during ramping by reversing the trim
coil currents as in 1993 with the butanol target.
Here we shall summarize the error analysis for the
proton polarization measurement in 1996.

The thermal equilibrium (TE) signal areas were
obtained at about 1 K by "rst shifting the "eld by

Table 13
Summary of TE calibration errors

Error sources; proton TE signal D*P/PD (%)

N/p-coil p-coils

Temperature; statistical 0.1 0.1
Temperature; measurement 0.3 0.1
TE area; statistical 0.4 0.4
TE area; drift 1.4 1.2
Background; statistical 0.1 0.1
Background; drift 0.1 0.8
Field polarity 0.1 0.1
Relaxation 0.3 0.3

Total error TE signal 1.6 1.6

Note: The N/p-coil was used to measure both 14N and proton
polarizations, while the p-coils were used for proton polariza-
tion measurements only.

$1.5% and then recording the Q-meter resonance
curve. The signal was measured by averaging 2000
double frequency sweeps over the 600 kHz range.
The proton relaxation time was measured to be
about 20 min at 1 K, but by performing the "eld
shifts symmetrically the error due to relaxation
cancelled out.

Water absorption of the FEP, used to cover the
small NMR coils, was expected to be negligible.
However, a much larger background signal was
observed, compared to 1993 measurement when
both bare and coated coils were used. The back-
ground signal was measured before loading the
ammonia and remeasured after unloading. It con-
tributed about 7% to the TE signal. This and the
drift of the TE signal amplitude were the largest
error sources in the calibration (see Table 13).

While dealing with the NMR signals of the dy-
namically polarized material, the main concerns
were the non-linearity and NMR saturation in the
uncoated coil. All the other error sources were
small, as can be seen in Table 14. The non-linearity
analysis is described in Section 4.4.2. It was found
that for the N/p-coil the correction to be made was
up to 8% while for the other coils it remained
below 2%.

Another small correction was made for the shift
of NMR lines due to the internal "eld. The response
of the Q-meter was frequency dependent and the
enhanced signals shifted to higher frequencies for
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Table 14
Summary of enhanced proton signal errors in 1996

Error sources; proton enhanced signal D*P/PD (%)

N/p-coil p-coils

Non-linearity 2.2 0.2
O!-centering 0.1 0.1
Field polarity 0.1 0.3
Baseline "t 0.2 0.2
NMR cross-talk 0.2 0.2
NMR depolarization 1.1 0.5

Total error enhanced signal 2.5 0.8

positive polarization and to lower frequencies for
negative polarization. The correction was about
0.5% at the highest polarizations. The total uncer-
tainty of the measured proton polarization be-
comes thus D*P/PD"3.0% for the N/p-coil and
2.1% for the others. The coils sampled only about
15% of the volumes of the two cells. For this reason
we applied a statistical sampling model which will
be discussed in Section 4.5. Including the estimated
sampling errors lead to an overall uncertainty of
the proton polarization of the two cells together of
D*P/PD"2.7%.

4.4.2. Q-meter non-linearity
For Eq. (19) to hold true the Q-meter circuit

must respond linearly in a wide range since the
ratio of the largest proton signal to the TE signal is
more than 400. Here we will show how the ammo-
nia NMR measurements were corrected for devi-
ations from Q-meter non-linearity. The non-linear
contributions depend on the relative height, or al-
ternatively the modulation depth M"S(u

0
)/

<.*/
065

(s(u),0), that is the ratio of the absolute
height of the signal divided by the minimum value
of the RF-level.

Because the nitrogen magnetic moment is much
smaller than that of the proton, one of the coils
(N/p-coil) had a higher inductance than the proton
coils to increase the signal-to-noise ratio. The pro-
ton coils were enclosed in an FEP shell to reduce
the signal distortion, while the N/p-coil was not. It
was also used to measure proton polarization both
for SMC data taking and for the veri"cation of the

EST hypothesis. Therefore, it was of major impor-
tance to correct for the non-linearity.

In order to keep the in#uence of the non-lineari-
ties less than 1%, M should not exceed 0.3 for
positive polarization [41,60]. The modulation of
proton coils was kept below this limit (max.
!0.25/#0.2). The modulation of the N/p-coil
reached #0.4 and !1.2 at the highest polariza-
tion and thus exceeded the linearity limit.

The circuit was analysed as discussed before
(Section 4.1). If all parameters are accurately
known, we should be able to reproduce the ob-
served Q-curves and NMR signals. As not all para-
meters were measured with high accuracy, we "tted
the Q-curves in order to obtain more precise values
of the parameters. For the "t we used the exact
formula Eq. (15). The DC subtracted signal was
ampli"ed (gain G

LF
) by a low-frequency ampli"er,

and it can be written as

<
.%!4

"G
LF

](Re[<(u,s)]!<
DC

) . (28)

To estimate the gain factor and the DC-o!set
level, a "tting function F was applied, based on the
circuit parameter dependent function f, as

F(u)"af (u;X,R, C,¸,R
#0*-

, Q
#
)!b (29)

where a"G
LF

]A<
0
/R

0
, and

f (u)"ReC
Z

1#XZD . (30)

We carried out the "tting in three steps:

1. The parameters a and b were "rst removed by
introducing the function F@(u),

F@(u;X,R,C,¸, r
#
, Q

#
)"

F(u)!F(u
1
)

F(u)!F(u
2
)

"

f (u)!f (u
1
)

f (u)!f (u
2
)

(31)

in which u
1

and u
2

are the frequencies corre-
sponding to the maximum (i.e., at the sweep
edge) and minimum of the Q-curve. The func-
tion F@(u) does not depend on the gain and the
DC-o!set, and thus could be used to determine
circuit parameters.
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Fig. 13. (a) Measured and (b) simulated proton NMR signals of the N/p-coil (left) and of a proton coil (right).

2. The circuit parameters obtained in step 1 were
"xed, and the parameters a and b were allowed
to vary freely.

3. Finally, all parameters were set free and the full
"tting function F(u) was used. After these steps
all "tting parameters for each coil were ob-
tained. At each step we assigned a statistical
error of 0.1 mV to every measured point and
used the s2 minimization method.

For modulation depth measurement the minimum
voltages of the unsubtracted Q-curves were meas-
ured for each coil with an oscilloscope, and these
values were considered approximately equal to the
DC-o!set voltages. The "t agrees with the meas-
ured values within 6%.

The proton NMR line shape in ammonia is
asymmetric due to interaction between the three
protons within the ammonia molecule and depend
on the degree of polarization. This introduces
a non-linearity in the NMR measurements. The
asymmetric proton line shape is discussed in detail
in Ref. [30] and analysed with a simple model
based on scalar proton}proton interactions within
the ammonia molecule. The nitrogen}proton inter-
action is so weak that the polarization of 14N has

no in#uence on the proton line shape. Measured
proton NMR signals are shown in Fig. 13 for
positive and negative polarizations together with
simulated signals based on the above indicated
model. The simulation reproduced the distortions
in a su$ciently satisfactory way to estimate
the non-linearity of the signals. The uncertainty
of the line shape, which contains the informa-
tion of the signal width and height, was treated
as a 20% relative error of the non-linearity
corrections.

For the non-linearity estimation we had to know
the "lling factor of each coil, g, used in Eq. (11).
However, it was very di$cult to measure these
values directly because they depend on the coil
shape and the distribution of the material in the
target cells.

We measured the Q-meter calibration constant,
which is de"ned as the signal area obtained at 1%
proton polarization. From these calibration con-
stants and the Q-meter circuit parameters, ob-
tained by the "tting, we could estimate the relative
signal size of each coil g@

#0*-

g@
#0*-

"

g
#0*-

s
#0*-

(u)

s
*/165

(u)
(32)
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Fig. 14. Non-linearity correction P
3%!-

!P
.%!4

versus the measured polarization for (a) the N/p-coil and (b) for the proton coils.

instead of the absolute value of the "lling factor
g
#0*-

, because we did not know the absolute suscep-
tibility at each coil. In the Q-meter simulation the
same input s(u) was used for every coil, and
the "lling factors were corrected by g@

#0*-
. Using

the simulated signals (Fig. 13(b)) we calculated the
non-linearity correction P

3%!-
!P

.%!4
shown in

Fig. 14. The correction data were "tted to a poly-
nomial to simplify the analysis

P
3%!-

!P
.%!4

" +
i/0,4

a
i
)Pi

.%!4
. (33)

At the highest proton polarization, P+$90%,
the polarization of the N/p-coil was under-
estimated (overestimated) by about 8% for positive
(negative) polarization. For the other coils the cor-
rection curve had a di!erent behaviour, namely the
polarization was overestimated by about !2% for
negative, and 0.1}0.5% for positive polarizations.
This di!erence comes from the proton signal line
shape change. The uncertainty of the correction
was estimated to be 20% relative due to the uncer-
tainty in the Q-meter simulation and the crudeness
of the line shape model.

However, the impact of this result on the SMC
experiment was small because the overestimation
of the negative polarization and underestimation of
the positive polarization were largely cancelled
with the two target cells having nearly the same
absolute polarization and in the limit that the ac-
ceptances for both target cells were identical.

4.4.3. Measurement of the 14N polarization
The 14N spin system presents many problems for

measuring its NMR signal because of the large
quadrupole line broadening, the distance between
the two quadrupole peaks of 6u

2
/2p"2.4 MHz is

too large to be covered with a single frequency
sweep of the Q-meter and, correspondingly, its am-
plitude is very small, preventing a direct TE cali-
bration. The measurement was carried out at two
magnetic "eld values. Therefore, an on-line
measurement of the 14N polarization during DNP
was not possible.

Polarizing the nuclei by dynamic cooling, which
is believed to be the principal way through which
DNP works in ammonia, leads to an equal spin
temperature ¹

4
among the protons and 14N nuclei

[61]. Then, the polarizations for the proton and for
the 14N spin systems are

P
1
"tanhA

+u
1

2k¹
4
B, P

N
"

4 tanh(+u
N
/2k¹

4
)

3#tanh2(+u
N
/2k¹

4
)

(34)

neglecting the quadrupole interaction for the
moment. The corrections to this formula will be
discussed later.

The equal spin temperature (EST) hypothesis
had not been veri"ed beyond DPD"80% in ammo-
nia. There were also some con#icting results in
15NH

3
and in 15ND

3
[61}64]. Therefore, we

measured the nitrogen polarization during an inter-
ruption of the SMC physics run [30].
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Fig. 15. Left and centre: The two fragments of a 14N NMR signal with measured baselines subtracted over a sweep range of 300 kHz at
6.47 MHz and magnetic "eld of 1.68 T for m"0 %#1 transitions and 2.45 T for m"!1%0 transitions, respectively. The solid lines
are "ts to the dots which are the raw data points. Right: The reconstructed signal at 2.5 T with the residual background removed. The
hashed areas represent the measured regions. The nitrogen polarization corresponding to this signal is determined to be P

N
"9% from

both the area and asymmetry methods.

A new technique was employed to increase the
sensitivity of the NMR system for measuring the
nitrogen signals. A short (l(j/4) untuned coaxial
cable was used to connect the coil to the Q-meter,
instead of a tuned j/2 cable. In this way the Q-
curve becomes #atter and the e!ect of circuit drift is
diminished, including thermal drift in the cable
itself. The parameters of the NMR system are listed
in Table 5 as they applied for measuring the nitro-
gen NMR signals.

The "rst-order energy levels of 14N are described
by Eq. (21). This formula still gives a good descrip-
tion of the system even though the quadrupole
coupling is rather large, u

2
/2p"!0.395 MHz

[65]. Note that the sign of the quadrupole interac-
tion is opposite to that of deuteron in butanol,
reversing the order of the peaks in the NMR signal.

Since it was not possible to cover the whole
signal with a single frequency sweep, only two small
frequency ranges around the two peaks of the
quadrupole splitted NMR spectrum were measured
at two di!erent magnetic "elds. This was preferred
to using two Q-meters tuned to the two frequencies
at one "eld, because two calibrations would have to
be made leading to a large error in the determina-
tion of the ratio r of the peak intensities. For most
of the runs a sweep range of 300 kHz was chosen,
which is su$cient to cover both peaks of the
14N signal, since this shows little dipolar broaden-
ing, and to encompass the proton signal used to

calibrate the 14N signal. With the NMR frequency
of 6.47MHz the positions of the peaks were found
at "elds of 1.68 and 2.45T. These agreed with the
calculation of the energy levels in the spin-1 system,
including the second-order terms [22,51]. The Q-
curves were taken in the pedestal area where the
absorption function did not vary strongly over the
scan width. The shape of the Q-curve was measured
well enough, but not its absolute magnitude. Since
the pedestal was much smaller than the residual
background, caused by the drifting of the NMR
system, the constant could be accounted for when
the nitrogen signal pieces were combined and "tted
to the theoretical shape of the absorption function
given by Eq. (22) with 0"u

2
/u

N
+!0.06. The

asymmetry parameter g vanishes because of the
axial symmetry of the ammonia molecule.

The "tting algorithm took into account the fact
that the NMR signal consists of two fragments of
the spectrum and that each fragment has a di!erent
residual background since they were measured
after each other with the same Q-meter. Thus,
Eq. (26) was used to "t the NMR signals with
di!erent values of a

i
for the two regions u(u

N
and u'u

N
, but with the same values for C. The "t

yields two parts of sA(u), but at di!erent magnetic
"elds.

Fig. 15 shows the two fragments of a signal with
the "tted function. The vertical scale of the data is
radically di!erent for the two parts due to the

56 D. Adams et al. / Nuclear Instruments and Methods in Physics Research A 437 (1999) 23}67



drifting of the NMR system between the times
when the Q-curves and signals were taken for each
section of the nitrogen signal. The structure of the
absorption function around the peaks is a very
dominating feature and, for this reason, the absorp-
tion function can be distinguished from the back-
ground even though the Q-curve was actually
taken on the pedestal of the signal. In addition to
the asymmetry, r, the "t determines the other param-
eters of the absorption function such as A, u

2
,

u
N

and C as well. Once these values were known,
the full absorption function could be calculated
over the whole frequency range. The complete
signal reconstructed in this way is shown in
Fig. 15 for a "eld of 2.5 T. As mentioned above,
the large quadrupole splitting of the nitrogen
system necessitates a more careful calculation of
the nitrogen polarization in terms of the spin
temperature including the second order term in
Eq. (23). The correction is at most a few per mill
for nitrogen polarizations of 20% and less for lower
polarizations. The polarization can be directly
calculated from the asymmetry parameter r using
Eq. (23).

A small e!ect came from the fact that the projec-
tion of the spin on the solenoid "eld, SI

z
T, is smaller

and sA(u) is di!erent at lower magnetic "eld due to
the quadrupole interaction. Since the electric "eld
gradient axis is uniformly distributed, SI

z
T de-

creases. Thus the polarization at 1.68T was under-
estimated. This e!ect was quanti"ed by solving
exactly for the eigenvalues and eigenstates of the
Hamiltonian including quadrupole interactions.
The average di!erence between SI

z
T values cal-

culated at 1.68T compared to 2.45T leads to less
than a 1% relative underestimation of the polariza-
tion at 1.68 T.

Also the NMR signal is smaller at lower "eld
values due to the quadrupole interaction [66].
Therefore, the NMR signal taken at 1.68T is small-
er by 4% compared to the NMR signal at 2.45T.
Integrating the NMR signal and multiplying by the
cross-calibration constant, which was determined
from a pure Zeeman system, underdetermined the
polarization by about 2% relative. This was in-
cluded in the systematic error.

The nitrogen NMR signal was calibrated using
the proton signal at a relatively high temperature

with nitrogen nuclei and protons in thermal equi-
librium, which yields

P
N
"

g2
1
I
N
N

1
A

N
g2
N
I
1
N

N
A

1

P
1
+287

A
N

A
1

P
1

. (35)

The same sweep range must be used for taking
NMR signals of either species for the cross-cali-
bration to be valid because, as already mentioned,
the tuning of the Q-meter depends on the fre-
quency. The N/p-coil was calibrated with proton
TE signals at 1 K by changing the "eld to 0.15T
where the proton Larmor frequency is 6.47MHz.
The relative error of the cross-calibration was
estimated to be 2.5%.

An interesting result concerned the test of the
EST theory. This was done by polarizing the pro-
tons with DNP starting from zero and continuing
to the highest possible (positive and negative) value,
stopping along the way to measure the nitrogen
signals. The plot of the data in Fig. 16 supports an
overall agreement with the EST prediction over
a large range of polarizations. The small systematic
deviation from EST, also observed in 15NH

3
[63,64], can be due to the solid-state e!ect [24].
However, for the muon scattering asymmetry
A1
,

this deviation can be neglected as will be shown
below.

The absolute error of 1% for the nitrogen
polarization was found to be dominated by the
uncertainty of "tting the residual background

Fig. 16. A test of EST theory in ammonia material. The nitrogen
polarization, as determined by the cross-calibrated area and
asymmetry methods, is plotted as a function of the proton
polarization. The solid line is the expected relation if the EST
hypothesis is valid.
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simultaneously with the line shape [30]. The
e!ect of the background drift was studied both by
comparing the successively measured signals and
by using simulated signals with arti"cial back-
grounds.

We also studied the behaviour of the spin sys-
tems during a "eld sweep in the FS mode to check
that the "eld rotation would not cause cross-relax-
ation between the proton and nitrogen spins. This
test began with a high proton polarization of about
90%. The magnetic "eld was reduced to 45mT and
immediately raised back to 2.5T several times. At
each of the steps, the proton and nitrogen signals
were measured. Once the proton polarization fell to
about 40%, DNP was started and continued until
the polarization again reached +90% stopping
DNP for measuring the nitrogen signals. At the
beginning of the decay, the polarization of the ni-
trogen system increased signi"cantly, up to 40%.
After the initial increase, the nitrogen polarization
also began to decay. However, once DNP was
started, the ammonia spin systems obeyed EST
again with a time constant of about 25 min. This
con"rms that under DNP the spin systems are
rather cooled by a common heat bath than polar-
ized independently by the two-spin #ip transitions
due to the solid-state e!ect.

During the "eld rotation the minimum "eld was
0.5T and therefore little cross-relaxation took place
during rotation. Also, DNP was started almost
always immediately after the "eld rotation, re-
establishing EST.

The contribution of the 14N polarization to the
muon scattering asymmetry A1

,
is

*A1
,
"

p
N

3p
1

P
N

P
1

AN
,

. (36)

AN
,

has not been directly measured. However, it can
be estimated by using the shell model of the
14N nucleus, i.e., a 12C core plus the remaining
proton and neutron in a p1@2 state. It can be shown
that their spins have a probability 1

3
to be oriented

parallel to the nuclear spin, and a probability 2
3

to
be oriented antiparallel to it. So, the polarization of
the nitrogen nucleus corresponds to 1

3
of the proton

and neutron polarizations in this nucleus. The pro-
ton and the neutron together are assumed to be-

have like a deuteron, and thus, AN
,
"!1

3
A$
,
. This

yields

*A1
,
"!

p
$

9p
1

P
N

P
1

A$
,

. (37)

Using the measurement of A$
1

(see Eq. (1)), it was
possible to evaluate the correction term on the
proton asymmetry A1

1
. This correction is small,

!0.2% to #0.2% of A1
1
. The residual error is

found to be very small, compared to the total error
on A1

1
calculated during the 1993 run. Using more

detailed nuclear shell descriptions [67,68] has very
little in#uence on this correction. The error due to
the uncertainty on A$

1
is about 10 times larger than

the error due to the uncertainty on P
N
.

4.5. Accuracy of polarization measurement in a large
target

In a large target it is in general not feasible to
measure the polarization uniformly because of
the RF "eld distribution of the NMR coils (see
Section 3.5). Moreover, the muon beam [69] had
an intensity pro"le resembling a gaussian with
p"12 mm, thus weighing the material more in the
centre of the target cell. In the ideal case the NMR
and the beam would sample the material in the
same way and the possible radial inhomogeneity of
the polarization should cancel out. The beam was
averaging the material in any case longitudinally so
that inhomogeneity in this direction would have an
e!ect only via the estimation of the average polar-
ization. The NMR measurements were not uniform
along the length of the target cells.

Of the plausible sources of inhomogeneity the
most relevant ones during DNP were the in-
homogeneity of the magnetic "eld, temperature
gradients and microwave "eld gradients. During
the frozen spin mode the main sources were tem-
perature gradients, NMR depolarization and
superradiance.

At this point we note that the occurrence of
superradiation has been observed in our system
during magnetic "eld ramping and large negative
polarizations. The e!ective impedance of the NMR
probe coil then has a negative real part which may
provide such a large gain that the circuit starts
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oscillating until the polarization is reduced or the
circuit is shifted o! resonance with the change of
the magnetic "eld. The circuit has resonance fre-
quencies in the proximity of the cable resonances
corresponding to 1 to 4 half-wavelengths. At 2.5 T
"eld the coaxial lines connecting the probe coil and
the series-tuned Q-meter have electrical lengths of
5 half-wavelengths at the proton Larmor frequency
(Table 5). When the "eld is ramped the Larmor
frequency will cross the lower resonances and self-
oscillation of the circuit may occur. In order to fully
suppress the polarization loss due to superradiance,
the magnetic "eld was made inhomogeneous dur-
ing the "eld rotation procedure.

The standard homogeneity of the longitudinal
"eld was about 3.5]10~5 which corresponded
to a 2.5 MHz range in the microwave frequency.
This was within the precision required for optimum
DNP. In addition, microwave frequency modula-
tion was always used (see Section 4.6) and,
therefore, polarization inhomogeneity due to the
inhomogeneity of the magnetic "eld could be
minimized.

It was estimated that due to the Kapitza resis-
tance of the material [70] a temperature step of
about 10}30 mK occurred between the beads and
helium during DNP. Inside the beads there were
gradients as well but these kind of small-scale
e!ects were averaged out by the NMR measure-
ments. During DNP a somewhat higher temper-
ature was expected in the centre of the target cells,
depending on the e$ciency of convection within
the dilute mixture. In the frozen spin mode, it was
observed that the upstream target cell stayed at
a higher temperature. The gradients were of the
order of 20 mK over a target cell. Only during the
measurements of A

M
this had some signi"cance.

Over a period of about 70 h in 0.5 T a longitudinal
inhomogeneity of the order of 0.5% developed due
to the temperature dependence of the relaxation
(see Section 5).

The radial gradient of the microwave power is
a controversial subject. Since DNP is done at fre-
quencies close to the edges of the EPR absorption
line, most of the power close to the centre of the
EPR line is absorbed in the outer layers of the
target cell which may lead to lower polarizations in
the centre. With NMR coils embedded in the ma-

terial a better averaging of the polarization is
achieved if such a di!erence in polarization occurs.
The NMR coils were in most of our experiments
embedded in the material to avoid this situation.
In 1995 an additional Speer resistor was placed on
the axis of the cell to monitor the microwave
"eld intensity; otherwise the resistors were placed
on the outside. A constant o!set was found but it
did not depend on the selection of the microwave
frequencies in the vicinity of the optimum values.
The modes in a cylindrical microwave cavity
having maximum intensities on the axis could
have counteracted the absorption e!ect to some
extend.

A concern was the possibility of polarization
inhomogeneity due to NMR optimization, since
the setting of the microwave frequency and power
was based only on the NMR polarization measure-
ment. This opened in principle the possibility that
the cell volume, not sampled by the coils, could
have a lower polarization.

In performing an NMR measurement a small
loss of polarization due to the saturation e!ect
occurs mainly near the probe wire, leading to an
error in the average polarization measurement. The
saturation e!ect is related to the population chan-
ges of the nuclear spin states caused by the RF "eld
of the NMR. This is a local e!ect in contrast to the
sublevel population changes due to the spin-relax-
ation e!ect and the microwave "eld during DNP.
The loss of polarization due to NMR can be shown
to be of the form [71]

P(n)"P(0)e~ne (38)

where n is the number of frequency sweeps through
the NMR absorption line (from several hundred to
several thousand in the SMC target to obtain one
polarization measurement), and

e"
pc2B2

1
Ddu/dtD

. (39)

At this point it is assumed that the polarization is
constant otherwise, i.e., that the target is in the
frozen spin mode and that spin-lattice relaxation
can be neglected. The e!ect of NMR depolarization
is also the largest in the frozen spin mode because
there is no restoring e!ect due to DNP. Under
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these assumptions the measured polarization can in
principle be calculated as

P
.%!4

(t)"P
:
V
e~t@q%&&(r)H2

M
(r) dr

:
V
H2

1
(r) dr

. (40)

Here r is the distance from the coil axis and the
e!ective time constant is

q
%&&

(r)"*t
Ddu/dtD
pc2B2

1

"

*t

e
(41)

with *t being the interval between the frequency
sweeps. From Eqs. (40) and (41) one sees that in
order to have a negligible NMR depolarization one
should avoid large "eld strengths in the target ma-
terial close to the coil wire either by increasing the
diameter of the wire, by covering it with inert ma-
terial, or by limiting the RF current in the coil by
the choice of circuit parameters. Furthermore, the
NMR measurement should not be done too often,
because relaxation is extremely slow in frozen mode
and because during DNP close to the maximum
polarization the build-up is very slow. Also the
number of frequency sweeps should be kept as
low as possible. These requirements were ful"lled
during our measurements.

Instead of resorting to a theoretical error analy-
sis we measured the e!ect of NMR depolarization
in the frozen spin mode by switching o! NMR for
a certain period to observe the thermal relaxation.
In a period of 8 h no relaxation was observed so all
polarization decay in the frozen mode could be
addressed to NMR depolarization. The time spent
in the frozen mode was about 24 h maximum,
yielding an error of about 0.5% in the polarization
measurement.

During DNP the depolarization due to NMR
might have caused a constant underestimation of
the polarization. To quantify this, the target was
polarized for several hours with NMR switched o!,
starting at very high polarizations with optimum
frequency and power settings. If the polarization
close to the NMR coil would have become substan-
tially smaller due to depolarization before switch-
ing o! NMR, it should have recovered during this
time. Thereafter we switched o! the microwaves
and went to frozen spin mode, freezing in the status
quo. Finally, we enabled the NMR measurement

again and looked for the decay of the signal as
a function of time, where the closest beads should
be polarized back to the steady-state value. The
observed decay constants agreed with the ones
found in the frozen spin mode showing that the
NMR depolarization is negligible during DNP.

To estimate the uncertainty due to di!erent tar-
get samplings by the beam and the NMR two
approaches were used. In the "rst one we assumed
that a linear radial polarization gradient existed
and we calculated the error in the average polariza-
tion. The radial dependence of polarization was
investigated in 1993 and 1995 by using two small-
size NMR coils at di!erent radial positions. The
observed e!ects were small, about 2% at most,
which was less than the intrinsic accuracy of polar-
ization measurement. In 1994 the NMR coils were
placed on the outer radius of the target cells, thus
the material in the centre was not e!ectively sam-
pled. The radial dependence of the DIS asymmetry
itself was used to reveal any corresponding polar-
ization gradients but no such a dependence was
observed within the experimental accuracy. With
the NMR coils placed at an e!ective radius of
13}14 mm a linear gradient of the polarization
would not cause a bias compared to the average
target polarization seen by the muon beam.

In the second method we applied the theory of
random sampling [72] in order to estimate the
uncertainty of the polarization of the whole target.
We de"ned the volume sampled by each coil as the
volume giving 95% of the NMR signal (see Section
3.5). In most of our experiments the sampled vol-
umes were 40}50% of the cell volumes, except in
the case of the 1996 experiment in which rather
small coils were located at a 1.3 cm radius from the
centre line. Each proton coil sampled about 55 cm3

and the N/p coil 75 cm3. With three, respectively
four, NMR coils for proton polarization measure-
ments in ammonia, the sampled volume fractions
were 15% and 18% for the upstream and down-
stream cells, respectively. The theory of random
sampling introduced a variance of the polarization
estimate PK of each cell, giving an additional error

s
4!.1-*/'

"DPK !SPTD"
ptJ1!f

Jn
(42)
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Fig. 17. (a) E!ect of turning on the frequency modulation in the d-butanol target. The di!erence between the polarizations in the target
cells is shown. At time t"55 h the FM with a width of 20 MHz was switched on. (b) Deuteron polarization as a function of time with
("lled symbols) and without (open symbols) the FM. Open squares and circles refer to positive and negative polarization without FM,
respectively. Closed squares and circles are the same with FM on. During the data-taking the microwave power and frequencies were
continuously adjusted to optimize the polarization build-up.

with SPT the mean measured polarization in the
upstream or downstream cell, p the standard devi-
ation of the measurement, n the number of samples
(this is the number of coils) and t a factor taken, e.g.,
from the Student's t-distribution for n!1 degrees
of freedom and a chosen probability of the con"-
dence limit. The average standard deviations after
correcting for non-linearity and o!-centering were
p
61
"0.029 and p

$08/
"0.015. With a con"dence

limit of 68% this lead to values of s
4!.1-*/'

of 0.020
and 0.008, respectively. Putting this together with
the error of the average degrees of measured polar-
izations, we obtained errors of 3.1% and 2.3% of
the polarization estimates for the upstream and
downstream cells. The combination of both gives
an error for the average polarization of 2.7%.

4.6. Polarization enhancement by frequency
modulation

An important aspect for reaching high degrees of
polarization by DNP is the possibility of polariza-
tion enhancement by frequency modulation (FM)
of the microwaves. For materials in which the
solid-state e!ect dominates in the polarization
mechanism, it has been found that FM enhances
the polarization substantially, notably if synchro-

nized with magnetic "eld modulation [73]. In these
cases ESR hole-burning occurs and DNP is limited
by the phonon bottleneck. In materials in which
nuclear cooling by thermal mixing is the dominant
mechanism for DNP, such as the glassy materials
used in the SMC experiments, FM is not expected
to have a substantial e!ect [74]. The reason is that
the whole ESR line is a!ected in the DNP due to
spin}spin interactions. However, small increases
(1}5%) have been reported for several hydrogen-
rich glasses doped with Cr(V)EHBA [75], and for
protons in propanediol and for deuterons in fully
deuterated propanediol [70] also doped with the
Cr(V)EHBA. In the latter case FM was applied to
compensate the static magnetic "eld inhomogene-
ity. Considerable enhancements (10}20%) of pro-
tons and 19F by FM have been observed by Hill et al.
in various glassy materials doped with Cr(V)EHBA
obtaining up to about 85% polarizations [76].

In our deuterated butanol glass FM of +30
MHz of the microwave frequency of +70 GHz
gave rise to an unexpectedly strong enhancement
of the polarization, a factor of 1.7, as shown in
Fig. 17a, together with a reduction of the built-up
time by a similar factor [77]. Apparently, FM alter-
ed qualitatively the behaviour of the DNP process.
We studied the EPR absorption with bolometers,
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Fig. 18. Open symbols: Enhancement of the EPR absorption as
a function of the modulating frequency for two characteristic
values of the input power. The higher power level of about
0.2 mW/g (squares) increases the lattice temperature and this
shortens the built-up time. The lower power level of about
0.1 mW/g (diamonds) led to higher nuclear polarization because
of the lower lattice temperature. The lines are "ts to the slopes.
Filled symbols: Polarization built-up rate as a function of the
modulating frequency. The data have been taken with d-butanol
at polarization P]50%.

which were carbon composite resistors situated in
the microwave cavities close to the target material.
These measurements showed that without FM
(only 0.1 MHz band width of the EIO tube) satellite
peaks occurred at the edges of the EPR line. With
FM these satellite peaks disappeared [77,78]. The
additional absorption increased with the modula-
ting frequency f

.
and then saturated at about

f
.
"100 Hz (see Fig. 18). The latter allowed us to

make an estimate of a characteristic period ¹
.

of
the FM e!ect which matches better the relaxation
time 10~2(q

1
(10~1 s or the saturation estimate

[79] than the spin}spin relaxation times.
Fig. 17b shows the typical time evolution of the

deuteron polarization with and without FM. In
butanol FM increased the proton polarization rela-
tively weakly; typically from 0.75 to between 0.85
and 0.94. However, at these higher proton polariza-
tions the reduction of the spin temperature is about
the same as for deuterons.

The explanation that the e!ect is based on mag-
netic "eld inhomogeneity [70] can be rejected be-
cause of the good performance of our magnet and
the achieved uniform nuclear polarization along
the target (see Section 3.3). On the other hand, the

large enhancement is not in accord with micro-
scopic DNP theories [80] which usually deal with
uniform microwave "elds. One may postulate that
the gain of 1.7 in the nuclear polarization in the
deuterated butanol target material was induced by
exciting additional `spin packetsa [79] within the
inhomogeneous EPR line. That should have been
accompanied by a considerable increase, at least
twice, of the optimum incoming microwave power.
Despite this, the maximum deuteron polarization,
60%, was obtained with even a lower incoming
microwave power per unit mass, namely about
0.05, instead of 0.15 mW/g which was used to
achieve the maximum polarization without FM.
None of these two possibilities can explain the
satellites in EPR spectra either.

The observed polarization enhancement by FM
has recently been interpreted by a spatially vari-
ation of the microwave "eld [81,82]. For simplicity
plane waves along the target axis (z-direction) are
assumed in this work. The real part of

p(z,u)"i
k
0
2

us(z,u)I(z,u) (43)

describes the power absorbed in the target material;
k
0
is the vacuum permeability and I is the magnetic

component of the microwave intensity in the cavity.
With a sharp frequency a standing wave pattern
with an intensity distribution along the z-axis

I(z,u)"1
2
H2e~2L >b(u~u0)M1#cos[2(a

0
z!a¸)]N

(44)

occurs. Here, H is the strength of the magnetic "eld
component of the microwaves transverse to the
magnetic "eld, ¸ is the target length, and a and
b are the real and imaginary parts of a complex
propagation constant k"a!ib which, in good
approximation, can be written in terms of the sus-
ceptibility s and the dielectric constant e"e@!ieA
as

k"a!ib+
Je@u

c C1#
s@
2
!

i

2AsA#
eA
e@BD (45)

if s@, sA;1 and eA/e;1. From this expression it is
clear that the propagation constant a is a function
of s@, with a

0
"a (s@"0) appearing in Eq. (44), and

that the attenuation factor b is a function of sA.
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Fig. 19. Additional microwave absorption as a function of the
peak-to-peak frequency deviation, measured at a frequency of
69.532 GHz. The modulation frequency was 500 Hz.

With FM the phase factor in Eq. (44) has a vari-
ation given by [81]

*a )¸"¸ )Re[k(#*u/2)!k(!*u/2)]

+gu
Je@
2c

¸ )*s@ (46)

where g+0.6 is the "lling factor of the target ma-
terial. Assuming e@+2, ¸"0.6 m, and the spectral
bandwidth *u/2p"30MHz due to FM, over
which *s@+0.04, we obtain *a )¸+5p. This entails
a considerable spatial displacement of the interfer-
ing fringes. It is apparent that the dispersion of the
target material plays the key role in this process.
Fig. 19 shows the additional bolometer absorption
as a function of the peak-to-peak frequency devi-
ation with the mean frequency setting of 69.532
GHz and at four di!erent microwave power densi-
ties. The modulation frequency was 500 Hz. The
shown curves are "ts based on integration of
Eq. (43) over the bandwidth of the FM, and the
maximum of the losses taken as free parameter
[81,82].

5. Relaxation data and transverse polarization

An important issue concerns the relaxation of the
proton and deuteron spins to thermal equilibrium

when the microwaves are turned o!. Long relax-
ation times are necessary to be able to carry out
polarization reversals by 1803 magnetic "eld rota-
tions, and to do transverse spin asymmetry
measurements with a fairly low magnetic "eld per-
pendicular to the muon beam.

Relaxation times of our materials were studied
mainly in low magnetic "elds at low temperatures,
but some measurements were carried out in the
2.5 T "eld. Most of the relaxation data were ob-
tained during the SMC runs, but some during the
technical runs initiated to obtain information
about the target properties and to carry out ther-
mal equilibrium NMR calibrations.

As expected the relaxation times depend strongly
on magnetic "eld and temperature. Fig. 20 shows
the deuteron relaxation times versus temperature
for a 0.5 T "eld in d-butanol. Considerable scatter
occurs in these data, but the general trend is clear.
Deuteron relaxation times were about 600 h at
50 mK. Proton relaxation times in butanol were
measured at a number of temperatures and mag-
netic "eld values. They were longer than deuteron
relaxation times, namely in the order of 1000 h in a
0.5 T "eld and at 50 mK. No di!erence in relax-
ation times was observed between negative and
positive polarizations within the accuracy of the
measurements. In ammonia the proton relaxation
time, measured in a 0.5 T "eld at 60 mK, was about
500h.

Fig. 20. Nuclear spin relaxation times ¹$
1

in deuterated butanol
as a function of temperature ¹ and a magnetic "eld of 0.5 T.
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Since relaxation times were only very long in
a moderate magnetic "eld at temperatures well
below 0.1 K it was important to be able to cool our
large target cells quickly. Our dilution refrigerator
was designed to do so. The relaxation times were
su$ciently long to have at most a small depolari-
zation (+0.5%) during the 1803 magnetic "eld
rotation.

For the transverse spin asymmetry measure-
ments the target cells were "rst polarized longitudi-
nally in the 2.5 T "eld. After stopping DNP by
turning o! the microwaves, the target cooled down
rapidly to well below 0.1 K. Thereafter, the mag-
netic "eld was reduced to 0.5 T followed by a 903
rotation achieved by reducing the longitudinal "eld
simultaneously with ramping the transverse dipole
"eld to 0.5 T. This latter "eld served as a holding
"eld with the target in FS mode. Since this
dipole "eld was unipolar, it was necessary for spin
reversal in the transverse spin asymmetry measure-
ments to go "rst back to longitudinal polarization
in order to be able to reverse the spin directions by
using microwave irradiation at the other frequency.
DNP was not possible in the transverse dipole "eld.

Accurate NMR measurement to determine the
transverse polarization was not possible, owing to
the inhomogeneity of the dipole "eld. However, one
of the small NMR coils was retuned to the lower
Larmor frequency for protons in a 0.5 T "eld. This
coil was solely used for monitoring purposes; a TE
calibration was not available.

The proton relaxation time at 0.5 T and at about
50 mK was long enough to interpolate the polariza-
tion decay using a linear function which was valid
to a high accuracy. The loss of polarization was
only about 1% in 12 h. During the A1

M
data taking

period of 17 d with 100 GeV muons [3] the polar-
ization was reversed 10 times, resulting in an aver-
age polarization DPD

!7
"80%.

For the deuterated target the relaxation times
were shorter and in order to use the beam time
most e!ectively the "eld was ramped to 0.5 T while
the dilution refrigerator was still cooling down.
Assuming an exponential temperature dependence
of the relaxation time the polarization decay was
calculated using the temperature data (see Fig. 21).
The additional error due to this procedure was at
most 0.5%. During the A$

M
data taking period of

Fig. 21. An example of the relaxation of the deuteron polariza-
tion during the 1995 A$

M
measurement in the 0.5 T transverse

magnetic "eld. The three data points are the measured polariza-
tion values and the small dots represent the interpolated values.

14 d with 190 GeV muons [6] the polarization was
reversed "ve times, and the average polarization
was DPD

!7
"42%.

6. Summary and concluding remarks

The performance of a polarized target should not
be solely characterized by the maximum polariza-
tion obtained but rather by the average polariza-
tion during the data taking of the DIS experiment.
To cancel false asymmetries the spin directions in
our double cell target were reversed fairly often by
rotating the magnetic "eld in an automated
fashion. Further cancellation of false asymmetries
was done by polarization reversals by DNP every
2 to 3 weeks. Therefore, a rapid polarization build-
up was essential in order to avoid loss of beam time.
This was also important to recover the polarization
quickly after incidents such as power failures. Con-
siderable e!ort was invested to increase the reliabil-
ity and user-friendliness of the target operation. We
have achieved high degrees of polarization in all of
our experiments.

Typical polarization built-up curves for the bu-
tanol, d-butanol and ammonia targets are shown in
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Table 15
Average polarizations P

!7
"DP`!P~D/2 and their total errors for the di!erent target materials, together with the built-up time q

0.7
to

reach 70% of the maximum polarizations P`
.!9

and P~
.!9

Material P
!7

(%) *P
!7

/P
!7

(%) q
0.7

(h) P`
.!9

(%) P~
.!9

(%)

Butanol 86 3.2 1.5 #94 !94
d-Butanol 51 2.0 2.5 #51 !60
Ammonia 89 2.7 3.5 #89 !91

Fig. 22. Typical polarization build-up in the target materials,
(a) ammonia, (b) butanol, and (c) deuterated butanol followed
during 50 h. The breaks in the data sets are interruptions of
the measurements due to "eld rotations.

Fig. 22. In all cases FM has been used. In the case of
the proton target, about 95% of the maximum
polarization was obtained after 10 h of DNP and
the maximum was reached in 24 h. In contrast, the
build-up of the deuteron polarization was much
slower, as about 40 h were needed to reach 95% of
the maximum values. After the initial nearly ex-
ponential growth, a very slow, almost linear, trend
was seen and the maximum polarization was reach-
ed after 180 h of DNP. The microwave power was
decreased in the course of DNP to lower the lattice
temperature. For the ammonia target somewhat
higher microwave power was needed and corre-
spondingly the temperatures were higher.

The maximum polarizations reached with di!er-
ent materials are listed in Table 15. The average
degrees of polarization DP

!7
D and their total errors

are also given. The considerably larger polarization
time constant of ammonia is probably due to the
lower density of paramagnetic centres. The average
polarization depends also on external factors such
as the number of polarization reversals and cannot
be directly used to compare the materials. As an
example, DP`!P~D

!7
during the 1995 data taking

is shown in Fig. 11.
The lower polarization of the deuteron target is

compensated by the higher dilution factor. The
nuclear spin temperatures corresponding to these
polarization values are about 1mK for the
deuterated target materials. The fact that the nega-
tive polarization is higher can be qualitatively
understood in the framework of the spin temper-
ature theory [83], by the observation that the shape
of the EPR absorption line is steeper on the high-
frequency side.

Our polarized target with a thickness of 6.8]
1024 polarized nucleons per cm2 is the largest ever
used. It was the only means to reach satisfactory
statistical accuracy with the limited intensity of the
muon beam.

For the NMR measurements we have analysed
the Q-meter circuit very carefully and gained un-
derstanding of the non-linearities and the correc-
tions involved. An e!ort was made to accurately
measure the proton and deuteron polarizations
with several coils in each cell. Although the NMR
coils did not sample the complete cell volumes, we
showed that the additional error by this incomplete
sampling was small, and that we determined in all
SMC measurements the target polarizations with
a 3% relative error or better.
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The frequency modulation (FM) e!ect, dis-
covered in 1992 in the refurbished EMC target,
increased the deuteron polarization by a factor of
1.7 and allowed us to reach a record deuteron
polarization of !60% at 2.5 T.

We have measured the 14N polarization care-
fully, con"rming that the EST hypothesis was
closely valid in the ammonia material in a 2.5
T "eld. The corrections to the measured deep in-
elastic scattering asymmetries were estimated more
precisely than in earlier work [84,85].

In the future, a similar target design will be em-
ployed by the COMPASS collaboration [86] to
search for the gluon contribution to the nucleon
spin. The superconducting magnet will be replaced
by a new one with a much larger opening angle to
track particles with high transverse momenta. In
addition, the target diameter will be smaller by a fac-
tor of 2 owing to a better focusing of the muon beam.
6LiD might be introduced as the deuteron material
because of its larger fraction of polarizable nucleons
compared to deuterated alcohols or ammonia.
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