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A new frozen-spin target for 4p particle detection
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Abstract

A new frozen-spin target has been developed, that allows the detection of emitted particles in an angular acceptance of
almost 4p in the laboratory frame. The central part of this new target represents a 3He/4He dilution refrigerator that is
installed horizontally along the beam axis. The refrigerator includes an internal superconducting holding coil to maintain
the nucleon polarization in the frozen-spin mode longitudinally to the beam. The design of the dilution refrigerator and
the use of an internal holding coil enabled for the "rst time the measurement of a spin-dependent total cross section in
combination with a polarized solid state target. This new frozen-spin target was used successfully to measure the helicity
asymmetry of the total photoabsorption cross-section at the Mainz accelerator facility MAMI. This experiment has been
performed in order to verify for the "rst time the GDH sum rule. ( 1999 Elsevier Science B.V. All rights reserved.

PACS: 11.55.Hx; 29.25.Pj
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1. Introduction

For scattering experiments investigating the spin
structure of the nucleon the preparation of the
target polarization is of major importance. The
experiments involving low intense particle beams
} e.g. a tagged photon beam } need the high density
of a solid state target to achieve sizable luminosity.

*Corresponding author. Tel.: 0228-73-2230; fax: 0228-73-
7869.

E-mail address: h.dutz@uni-bonn.de (H. Dutz)

In order to enable detection of emitted particles
over a wide angular range the frozen-spin tech-
nique with an internal holding coil is used. At this
technique the polarization of the target nucleons is
maintained during data-taking by a holding coil
with a magnetic "eld of about 0.4 T. Its thickness of
less than 1 mm enables outgoing particles to pass
through. In former target systems the technique of
an internal holding coil was applied in a vertical
dilution refrigerator leading to a reduction in angu-
lar acceptance and an asymmetric mass distribu-
tion in azimuth [1,2]. In the new target system the
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horizontal alignment of the refrigerator allowed to
place its cryogenic components in the backward
region and extended thus the angular acceptance to
almost 4p in the laboratory frame. The holding coil
was built as a solenoid and provided by this a mag-
netic "eld homogeneous enough to allow a NMR-
measurement. So for the "rst time at a scattering
experiment the nucleon polarization could be mea-
sured directly during the frozen-spin period, i.e.
during the data-taking period.

The development of this new target system was
an important step for the "rst experimental veri"-
cation of the GDH sum rule, since this test required
the measurement of a total cross-section with
a nucleon target polarized longitudinally to the
beam momentum direction. Here we present the
components of the new target system and discuss
its operation and performance at the GDH experi-
ment.

2. The GDH-experiment

The Gerasimov}Drell}Hearn (GDH) sum rule
[3,4] relates static properties of the nucleon } its
anomalous magnetic moment i was its mass m } by
the "ne structure constant a to an integral that runs
over all energies l and contains the energy-
weighted helicity asymmetry of the total photoab-
sorption cross-section p
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In the more general case of non-zero photon vir-
tuality!Q2 the helicity asymmetry can be ex-
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with x"Q2/2ml representing the Bjorken scaling,
the GDH sum rule is connected with the quantity
I by Eq. (2) and predicts for real photons
I(Q2"0)"!i2/4 [5].

The GDH sum rule is not model dependent, it is
based only on fundamental physics principles such
as casuality, unitarity, guage invariance and
Lorentz invariance. A derivation of this sum rule
was "rst published in 1965, but more than thirty
years passed before the demands for a direct experi-
mental check could be ful"lled. Now a "rst
measurement of the GDH sum rule of the photon
was performed at the Mainz microton (MAMI) for
photons of energy up to 800 MeV [6]. The
measurements will be completed using the Bonn
electron accelerator facility ELSA with electrons of
energy between 550 and 3400 MeV [7]. At MAMI
furthermore, data were taken using a deuteron tar-
get in order to perform a "rst test of the GDH sum
rules for the deuteron and for the neutron. This
measurement will be continued after the end of the
Bonn experiment using a more suitable detector
set-up for the detection of uncharged particles [8].

3. Set-up at Mainz

For an experimental test of the GDH sum
rule the total cross section of circularly polarized
photons on longitudinally polarized nucleons has
to be measured. Circularly polarized photons were
obtained by the bremsstrahlung process of longitu-
dinally polarized electrons and energy tagged in the
Glasgow}Edinburgh}Mainz}tagger of the A2-col-
laboration with a resolution of 2 MeV. The beam
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Fig. 1. Side-view of the experimental set-up at Mainz.

polarization was determined by a M+ller polari-
meter and the photon rate was about 500 kHz.
Under these conditions it was necessary to use
a solid state target with its high density of polarized
nucleons (&1023/cm3). The DAPHNE detector
represented the central part of the detector
set-up and has an angular acceptance of 94% of 4p.
DAPHNE is mainly a charged particle tracking
detector with cylindrical symmetry. It consists of
three layers of multi-wire proportional chambers
(MWPCs) and six layers of plastic scintillators. In
the forward region it was complemented by micro-
strip detectors (MIDAS) and a forward wall to
increase its solid angle acceptance. This wall con-
sists of the annular ring detector STAR to trigger
on charged hadronic particles at small forward
angles and a lead-scintillator shower counter.
A Cherenkov detector was used for the suppression
of the electromagnetic background. A side-view of
the experimental set-up at Mainz is shown in Fig. 1.

4. Polarized Target

The polarization P of particles carrying spin J in
thermal equilibrium (depending on the applied
magnetic "eld B and the temperature ¹ is given by
the Brillouin function
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where k denotes the Boltzmann factor, k the mag-
netic moment and g the corresponding g factor.
The relation shows that electrons can easily be
polarized, whereas the polarization of protons and
deuterons requires a magnetic "eld of more than
10 T and a temperature below 20 mK. These di$-
cult conditions, which moreover cause a long
build-up time for the nucleon polarization, can be
avoided by the principle of the dynamic nuclear
polarization (DNP). To this purpose the target
material was doped with a dilute assembly of para-
magnetic radicals by chemical techniques. At
a temperature of 300 mK and a magnetic "eld of
2.5 T the electron spin polarization of these para-
magnetic impurities amounts to almost 100% and
could be transferred to the nucleon spin system by
irradiation with microwaves. In this way hyper"ne
transitions were stimulated and, depending on the
selected transition (the microwave frequency), the
nucleon spin could be aligned parallel or antiparal-
lel to the applied magnetic "eld. A homogeneity of
the magnetic "eld better than *B/B(10~4 over
the whole target sample is necessary to drive uni-
formly the transition. At a magnetic "eld of 2.5 T
this condition can only be ful"lled by a large mag-
net that surrounds the target completely, resulting
in a reduction of angular acceptance (compare
Fig. 2, upper sketch) [9].

To increase the acceptance to a totally open
geometry for the scattered particles the &frozen spin'
technique with an internal holding coil was used
[1,10]. This technique is based on the long nucleon
spin relaxation times at temperatures below
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Fig. 2. Sketch of the refrigerator and the target area in the
polarizing mode (upper sketch) and during the data taking in the
frozen-spin mode (lower sketch).

70 mK. At these temperatures the nucleon polar-
ization once optimally polarized was preserved at
a lower magnetic "eld of about 0.4 T, which was
provided by an internal holding coil. This super-
conducting coil was part of the refrigerator and
its thickness of only 780 lm enabled scattered
particles to pass through. In the lower sketch of
Fig. 2 the experimental set-up in the frozen-spin
mode is shown. The degree of nucleon polarization
was measured by means of the NMR-technique.

5. Refrigerator

The refrigerator had to ful"ll two di!erent re-
quirements due to the two modes of operation. In
the polarizing mode at a temperature of about
300 mK a cooling power of more than 30 mW was
needed for the DNP of 10 cm3 target material,
while in the frozen-spin mode a temperature below
70 mK was required to provide long relaxation
times for the nucleon spins. Furthermore, it was
necessary to choose a set-up that allows a measure-
ment of the total cross-section. Additionally, the
outer dimensions of the refrigerator were limited by
the inner dimensions of the DAPHNE detector and
by the warm bore of the polarizing magnet.

Thus a refrigerator of 3He/4He dilution type was
built that was installed horizontally along the beam

axis. It has a total length of 2215 mm and its dia-
meter amounts to 95 mm in the target area and to
204 mm in the back part. The horizontal design
allowed to place the cryogenic components at
backward angles and to achieve a symmetric mass
distribution in azimuth. The cryogenic components
were placed symmetrically around the beam tube,
which is the central part of the refrigerator and
serves also as an internal isolation vacuum to re-
duce thermal heat load. For the same purpose the
refrigerator also is enclosed by an isolation vacuum
and surrounded by two heat shields. The outer heat
shield is gold plated in order to lower the heat load
by thermal radiation by more than a factor of nine
from 75 to 8 W. In this arrangement, the opera-
tional temperature of the outer heat shield is below
90 K and that of the inner heat shield is below 15 K.
In this way the thermal radiation of the inner shield
loads the cryogenic components of the refrigerator
by less than 1 lW.

The 3He/4He-gas mixture entering the refriger-
ator is liqui"ed in a series of counter current heat
exchangers cooled by two 4He-evaporation stages:
the seperator and the evaporator. It is pumped on
the vapor phase of these percooling stages to re-
duce their temperature and the cold vapor is used
for the cooling of the heat shields. Simultaneously it
is pumped on the liquid phase of the separator to
cool the incoming gas mixture down to about 2.2 K
in a coaxial heat exchanger. The liquefaction of the
gas mixture is accomplished in the following heat
exchanger cooled by the evaporator. It serves as
a thermal sink where a de"nite temperature of
1.5 K can be set. After passing a further heat ex-
changer the gas mixture enters the dilution unit
consisting of the still, the "nal heat exchanger and
the mixing chamber. This unit permits by the dilu-
tion process a continuous cooling of the target
material, located in the mixing chamber, at temper-
atures in the millikelvin region. Especially, the
design of the "nal heat echanger is of major import-
ance as the cooling power depends directly on the
energy exchange between the gas #owing into and
out of the mixing chamber. Therefore, it is build as
a helical copper tube with sintered copper walls to
increase its surface area and thermal conductivity.
The dilution unit is designed as a tube-in-tube
system to minimize heat load.
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Fig. 3. Cooling power of the refrigerator.

Fig. 4. Schematic diagram of the dilution refrigerator.

The pumping system of the 3He/4He-circuit con-
sists of a combination of oil-free compressing Roots
pumps (Balzers WKP4000, WKP1000, WGK500
and WGK250), which are equipped with canned
motors. The pumping speed can be adjusted by
frequency converters so as to adapt dynamically
the pumping power to the actual performance of
the refrigerator.

This design allowed a maximum 3He circulation
rate of 30 mmol/s. In the polarizing mode at a tem-
perature of about 300 mK, a cooling power of up to
50 mW was available (Fig. 3). A base temperature
of 40 mK was measured at a circulation rate of
1.4 mmol/s. In latter conditions the cooling power
just covered the heat load by thermal radiation and
conductivity. In the frozen-spin mode the refriger-

ator was usually operated at 50}60 mK with a cool-
ing power of a few microwatts, whereby the beam
heated the target by less than 1 lW. The perfor-
mance, especially the temperature, is mainly regu-
lated by the needle valve metering the inlet of the
gas mixture. The still heating was also adapted to
the actual operation mode in order to exceed 90%
3He quota in the circulating gas. This quota was
controlled by the mass spectrometer. Another
needle valve enabled to bypass the "nal heat ex-
changer and thereby to cool down the refrigerator
with 4He from the separator to 1 K within approx-
imately 20 h. The total 4He consumption
amounted to 7 l/h liquid helium during the cooling
down and to 5 l/h in the frozen-spin mode.

The target material was located in a cylindrical
container made of polytetra#uorethylen (PTFE).
This container was mounted at the end of an insert,
that also contained NMR } and microwave guides.
By sliding the insert in the beam tube of the refri-
gerator from the upstream side the target material
could be placed in the mixing chamber with only
a slight warming of the refrigerator. The mixing
chamber was insulated against the beam tube vac-
uum by a cold indium seal. After a change of target
material the indium seal was heated by resistors to
almost room temperature and then pressed with
a force of 1.5 kN to tighten it again. Afterwards the
heated parts were cooled by an additional 4He-
circuit, that was integrated in the insert. The heat
load on the mixing chamber by thermal radiation
along the beam tube was minimized by the shield-
ing of four thin aluminium foils (10 lm) placed in
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Fig. 5. The microwave system.

the insert. A schematic diagram of the dilution
refrigerator is shown in Fig. 4.

6. Microwave system

For the dynamic nuclear polarization the target
material was irradiated by microwaves near the
electron Larmor frequency to induce transitions
between the Zeeman levels. This process required
a frequency stability of at least 10~4 to drive single
transition. The ability to tune the frequency was
needed as the frequencies related to the polariza-
tion process in positive and negative direction di!er
by several 100 MHz. In order to achieve a fast
polarization build-up a microwave power of
2}3 mW/cm3 was required, which added up to
about 25 mW for a target of 103 cm volume.

In the GDH-experiment a carcinotron (Thomp-
son CSF) was used as microwave source. It
provides a power output of 3.5 W and its central
frequency of 70 GHz corresponds to the electron
Larmor frequency at a magnetic "eld of 2.5 T. The
microwaves were conducted to the refrigerator by
a rectangular waveguide, which was oversized to
minimize the power loss. Inside the refrigerator
they were guided by a stainless-steel tube into a
cylindrical multimode cavity of 39 mm diameter
represented by the mixing chamber. The stainless-
steel tube was part of the target insert. It was
connected to the rectangular waveguide by a vac-

uum feed-through containing a window made of
#uoronated ethylene propylene (FEP) and it was
tightened against the mixing chamber by a Te#on
hood. In order to minimize the heat load by ther-
mal conductivity along the stainless steel tube it
was contacted at four di!erent points to thermal
sinks of the target insert. The set-up of the micro-
wave system is shown in Fig. 5.

During the DNP the microwave frequency was
modulated in a bandwidth of 20 MHz with a fre-
quency of 1 kHz by varying the cathode voltage of
the carcinotron. In this manner the maximum po-
larization for deuterons was increased by 3% and
furthermore, the polarization build-up time was
shortened. At a polarization value exceeding 70%
the microwave power was strongly reduced by an
attenuator to lower the temperature of the target
material and thus to lower was strongly reduced by
an attenuator to lower the temperature of the target
material and thus to lower its in#uence on the
polarization process.

7. Polarizing magnet

The magnetic "eld at the polarization build-up
was provided by a superconducting solenoid, which
was built by the Saclay group and formerly used in
the experiment E704 at Fermilab [11]. Its maxi-
mum "eld amounted to 6.5 T. During the DNP
process it was operated in nonpersistent mode at
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Fig. 6. View of the front part of the refrigerator containing the
internal holding coil.

a current of 70 A corresponding to a magnetic "eld
of 2.5 T. The magnet has a warm bore of 95 mm
and enclosed in the polarization mode the target
completely to ful"ll the stringent requirements of
"eld homogeneity of better than 10~4 over the
target area. After switching into the frozen-spin
mode, the magnet was removed from the refriger-
ator, in order to place the detector in the
data-taking position, where it surrounded the re-
frigerator (lower sketch of Fig. 2). For the move-
ments the polarizing magnet and the detectors were
mounted on a railway system, which allowed for
reproducible position.

8. The internal holding coil

In the frozen-spin mode a superconducting, in-
ternal holding coil maintained the nucleon polar-
ization. This magnet is wound in four layers of 1050
turns each on a copper carrier, that is located in the
outer isolation vacuum and surrounded by the in-
ner cooling shield. It consists of a 100 lm multi"la-
ment NbTi-wire insulated by 10 lm varnish. Thus
the total thickness of the coil including the 300 lm
copper carrier amounts to only 780 lm. Due to this
low mass content the majority of outgoing particles
were una!ected; a signi"cant loss of particles occur-
red only close to their production threshold. The
small thickness allowed the detection of particles in
a wide angular range. Fig. 6 presents the placement
of the internal holding coil in the front part of the
refrigerator.

As a result of its compact and small design the
coil has a weak outer fringe "eld that does not
exceed 200 G outside the refrigerator. Thus, the
in#uence on the detectors located close to the tar-
get (especially the microstrip detectors and the in-
ner tubes of the DAPHNE detector) was small in
comparison to that of the big outer holding coils
formerly used. This simpli"ed also the tracking of
the charged particles. The computed distribution of
the fringe "eld was veri"ed with a Hall probe.

The homogeneity of the magnetic "eld over the
target area ((10~3) allowed for the "rst time
a NMR measurement with a holding coil to deter-
mine the polarization on-line during the &frozen-
spin mode'. Thus, the determination of the target

polarization during the data-taking period was
substantially improved. The homogeneity of the
magnetic "eld was measured by the NMR-tech-
nique.

The coil was cooled to an operational temper-
ature below 1.2 K by a thermal contact to the liquid
helium of the still. At this temperature a maximum
"eld of 0.48 T at a current of 12 A was achieved.
The superconducting current leads consist of
600 lm multi"lament wires, that are glued on the
outer heat shield for cooling purposes.

9. NMR

Since the value of the nucleon polarization con-
tributes directly to the result of the GDH-experi-
ment, it had to be determined with high accuracy.
For its measurement the continuous-wave nuclear
magnetic resonance method (NMR) was used [12].
For this purpose the target material was sur-
rounded by a small coil working as a sensing probe
of a series Q-meter. This RF circuit was driven at
the nucleon Larmor frequency to induce transitions
between the nucleon Zeeman levels of the material
under study. By this interaction the material ex-
changed energy with the Q-meter, leading to a lin-
ear dependence of the coil impedance Z(u) on the
complex magnetic susceptibility s of the material:

Z(u)"R#iu¸[1#gs(u)],

s(u)"s@(u)!isA(u). (5)

The parameter g represents the e!ective "lling fac-
tor of the target material in the coil, ¸ the induc-
tance when s"0 and u is given by the frequency of
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Fig. 7. Set-up for the NMR-measurement with the series Q-meter.

the RF oscillator. The real part of the complex
susceptibility (dispersion) represents the resulting
inductance, whereas the imaginary part (absorp-
tion) is determined by the energy exchange caused
by the nucleon Zeeman transitions. Since the en-
ergy exchange (and the number of transitions) de-
pends on the population of the nucleon Zeeman
levels, the absorptive part of the susceptibility is
a direct measure of the polarization of the target
material. The Zeeman levels are broadened by the
spin}spin interaction of the nucleons, so the imagi-
nary part of s has to be integrated over the reson-
ance region:

P"c P*u sA(u) du (6)

The proportional factor c for the spin polarization
was obtained by a calibration measurement in ther-
mal equilibrium (TE-measurement) at a known
temperature and magnetic "eld } corresponding to
a Larmor frequency of the nucleon u

0
} using the

Curie law (P
TE

"tanh(+u
0
/2k¹)). Knowing c, the

polarization can also be calculated after the micro-
wave pumping process of the DNP.

In Fig. 7 a schematic diagram of the series Q-
meter circuit is shown: The coil in the refrigerator
was connected by a coaxial transmission line to the
room temperature electronics of the LIVERPOOL
NMR module [13]. In order to reduce in#uences
by an additional capacity and inductance, the

length of the transmission line was adjusted to an
integer number of half-wavelengths at the nucleon
Larmor frequency. In addition it was temperature-
stabilized by a water circuit (as were the room
temperature electronics) to minimize electronic
shifts. The LIVERPOOL NMR module contains
a RF ampli"er (gain"42 dB) a phase sensitive
detector (PSD) and a LF ampli"er (gain"30). The
use of wide-band RF ampli"ers (10}250 MHz) was
necessary for the signal-to-noise ratio. The phase
sensitivity of the PSD was used to detect the absor-
ptive part of the signal alone. The amplitude of the
output signal varied up to 500 mV with a DC-o!set
of !1.5 V. After subtraction of the measured DC-
o!set, the signal was adapted by a LF ampli"er
(gain"10) to the input of a 16-bit ADC to achieve
high resolution. In order to measure the whole line
width of the NMR signal the oscillator swept the
RF-frequency in 500 steps over the resonance re-
gion. This measurement was controlled by a pro-
grammed Multi I/O-Board that read out a voltage
ramp to sweep the frequency of the osciallator and
stored the measured ADC values in a bu!er. This
technique provided a fast measurement of
75 ms/sweep. The PC used in this NMR measure-
ment corrected the digitized signal for the parabolic
background due to the Q-meter curve. This back-
ground was determined in a separate measurement,
where a change of the magnetic "eld was used to
shift the NMR signal out of the frequency scan
(s(H)"0). To improve the signal-to-noise ratio,
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Fig. 8. Target container with the two NMR-coils.

especially for the very small signals at thermal
equilibrium, the signal-averaging method was used.
This required a fast measurement, as the signal was
recorded up to 2000 times.

The design of a NMR-coil depends on the target
material, the target size, the Larmor frequency of
the nucleons (depending on the magnetic "eld) and
the desired quality factor. The quality factor had to
be large enough to obtain a clear NMR signal, but
small enough to stay within the linear region of the
NMR-module. For these reasons also the wire of
the NMR-coil was coated by a Te#on tube. This
tube kept the target material away from the strong
RF "eld close to the wire and thus limited the size
of the signal.

The coil used for the detection of the proton
signal consisted of one turn with an inductance of
about 75 nH. For the detection of the deuteron
signal a more sensitive coil was required due to the
smaller size of the signal (smaller g-factor) and its
more complicated line shape (quadrupole splitting).
Thus a saddle coil was built, consisting of eight
turns and an inductance of about 440 nH.

The calibration of the proton NMR was per-
formed by measurements of the polarization in
thermal equilibrium at three di!erent temperatures,
so that the proportional factor c could be deter-
mined by linear regression. These measurements
were performed at temperatures around 1 K run-
ning the refrigerator in the 4He-mode, since in this
range temperatures can easily be measured with
high precision and the polarization build-up times
are short.

The uncertainty in the determination of the pro-
ton polarization was mainly due to the calibration
measurement. The main error sources of a single
TE-measurement were the determination of the
temperature and the noise of the signal: The tem-
perature was measured using a carbon resistor

(Allen Bradley) with a statistical error of $0.5%
and a systematic uncertainly in the calibration of
$1%. The magnetic "eld was calculated using the
Larmor frequency of the protons to an accuracy of
10~4. By averaging over 1000 measurements the
statistical noise of the small TE signal was reduced
to below $2%. The uncertainty based on the
dispersive part of the NMR signal depends on the
tuning of the PSD and is negligible. Thus the stat-
istical error of the calibration factor c given by
linear regression of three TE-measurements at dif-
ferent temperatures is $0.5%. This error also in-
cludes the statistical error of the temperature
measurement and the error resulting from thermal
drifts in the Q-meter electronics during the
measurement; it does not include the systematic
uncertainty in the calibration of the resistor. Thus,
the total error of a TE measurements was $1.1%.

The enhanced proton signals taken as 2.5 T were
about 300 times larger than the TE signals. There-
by, the noise is of minor importance and the aver-
age of 100 measurements was su$cient to lower the
corresponding statistical error to less than $0.1%.
However, the larger signal size increased the in#u-
ence of nonlinear e!ects in the ampli"er. By using
a wide frequency scan (500 kHz) and a small modu-
lation } the relation of the signal size to the DC-
level } this error was reduced below $0.5%. Thus
the total error for the proton polarization at 2.5 T
from the statistical error of the enhanced signals
and the uncertainties of the calibration measure-
ment amounted to $1.3%.

Due to its small size (B"2.5 T, ¹"1 KN

P
$
"0.05%), the deuteron signal in thermal equi-

librium could not be taken with a su$cient pre-
cision using this small type of saddle coil out of the
target container. Thus, the deuteron polarization
was determined by the relationship of the two
peaks of the NMR signal (so-called R-ratio
method) [14]. The line shape of the deuteron
signals was "tted using the parameters of the Liver-
pool NMR module. By this "t the two peaks result-
ing from di!erent Zeeman transitions could be
analyzed precisely. These polarization values based
on R-ratio method were in good agreement with
the dedicated values of the uncalibrated integral of
Eq. (6) as the linear dependence in Fig. 9 shows. The
upper limit for the resulting uncertainty in this
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Fig. 9. Deuteron polarization by the R-ratio method versus the
uncalibrated integral of Eq. (5).

Fig. 10. Enhanced signals taken at 2.5 T using the polarizing
magnet (upper diagram) and at 0.4 T using the internal holding
coil (lower diagram).

determination of the deuteron polarization is
$4.5%.

In former experiments with frozen-spin targets
the polarization could not be determined during
the frozen-spin mode (data taking period), since the
magnetic "eld of the holding coils formerly used
was not homogeneous enough to allow a NMR
measurement. Thus the polarization had to be in-
terpolated exponentially between the starting and
the end values of this period. The homogeneity of
the new internal holding coil ((10~3 over the
target are) allowed for the "rst time an online
measurement of the proton polarization in
a frozen-spin target lowering considerably the sys-
tematic error of the target polarization. This online
measurement was performed by a second NMR
circuit that was tuned to the lower "eld of the
holding magnet. However a NMR measurement
always causes a depolarization e!ect whose
strength is related to the size of the signal. In order
to minimize this e!ect a smaller coil } compared to
the normal NMR circuit } was placed outside the
target container (Fig. 8), leading to a reduction in
the magnetic susceptibility by a factor of approxim-
ately 100. During the data-taking of the GDH-
experiment the proton polarization was determined
every hour with a statistical error of $0.2% for
a single measurement, with the same systematic
error as that of the normal NMR measurement,

since it was calibrated by it. Typical NMR signals
are shown in Fig. 10. For the deuterons an online
measurement of the polarization with this coil was
not possible due to the very low resonance fre-
quency of deuterons (2.8 MHz) at 0.4 T, which
could not be detected by the Liverpool NMR
module.

10. Target material

The main requirements on the target material
were a high maximum polarization as well as
a short build-up time and long relaxation time.
Apart from these conditions the absence of polariz-
ed background nuclei was also of major import-
ance, since the GDH experiment determined the
spin dependence of the total photoabsorption cross
section. For these reasons 1-butanol was chosen as
target material, since the residuals carbon and oxy-
gen are spinless particles. Furthermore it provided
easy handling, especially in comparison to ammo-
nia. The diluation factor } the fraction of polarized
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protons (deuterons) } of ammonia is 30% higher
than that one of butanol (0.135) leading to an
increase of statistics, but this bene"t was of minor
importance at a total beam time of only 600 h. The
radiation damage of butanol was negligible at
a tagged photon beam of 5]105 c/s. The process of
the DNP required the presence of paramagnetic
radicals in the vicinity of the nuclear spin. There-
fore, the butanol was chemically endowed by
0.5 wt% porphyrexide dissolved in 5 wt% water
resulting in 1.82]1019 electron spins per cm3. Bu-
tanol doped by porphyrexide had been preferred,
since it had been shown in test measurements to be
most temperature stable (e.g. compared to
TEMPO-doped butanol) [15], which was an im-
portant characteristic during insertion of the target
material in the refrigerator along with the easy
handling. The target material was frozen into
spherical beads of 2 mm size. A glassy state of the
beads obtained by shock freezing in liquid nitrogen
provided the homogeneous distribution of the
paramagnetic centers. The beads were placed in
a PTFE-container of 2 cm in length and in dia-
meter. The e!ective "lling factor of the target ma-
terial was 62%. In another experiment related to
the experimental check of the GDH sum rule of the
deuteron and the neutron perdeuterated butanol
was used as target material.

11. Data acquisition and computer control

Concerning the computer aided control the po-
larized target system presents a diverse range of
requirements: For the NMR-measurement a high-
speed data acquisition with excellent precision is
needed to ensure high accuracy in short time of
measurement by the signal-averaging method.
Therefore the NMR-measurement is performed
autonomously by a programmable Multi I/O
board providing 100 k Samples/s and 16-bit resolu-
tion. The supervisory control and analysis of the
measured values is done by a PC that extracts the
data stored in a FIFO bu!er of the slot-board.
The Slow-Control of the refrigerator, the micro-
waves, and the superconducting magnets has to
provide a wide variety of connectivity options.
Devices such as GPIB, Multi I/O-board and serial

port are used to connect frequency counters and
generators, power supplies, level meters, pressure
gauges, mass spectrometer and resistance bridges
for the measurement of temperatures to a PC. The
third component of the computer control repres-
ents the automation of critical processes concern-
ing the vacuum system, the polarizing magnet and
the 4He-support. For failsafe operation these con-
trol functions are accomplished by programmable
logic controllers (PLC), which are connected by the
Suconet-K-bus network to a SCADA application
running on a PC for monitoring and supervising
purposes. The PLC controlling the vacuum system
is connected by the industrial network Interbys-S
to over 800 Input and Output points spread across
11 racks for conditioning the digital and analog
signals related to pumps, motors, valves,
manometers and other sensors. this system also
integrates the frequency converters and performs
motion control of four stepper motors, which are
used for the precise and reliable positioning of the
inlet valves metering the helium #ow in the refriger-
ator.

The three di!erent data acquisition and super-
vision systems are integrated in a common concept
capable of providing a customized and therefore
intuitive graphical user interface, network com-
munication, real-time and historical trending,
data-logging, alarming and data-linking to other
applications for analyzing and reporting purposes
[16,17]. With this solution it became possible to
give all collaboration members access to real-time
information about the polarized target system and
to have remote-control anywhere on a LAN or
GAN (Internet) independently of the used platform.
The whole application was developed in G, the
object-oriented graphical programming language
of LabVIEW. Since it consists of a modular open
system architecture it is very #exible and can easily
be expanded. Besides accomplishing the immediate
requirements it also provides for the future needs of
new experiments.

12. Performance

With this set-up a maximum polarization of
87.7% for protons and of 35.3% for deuterons was
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Fig. 11. Relaxation time of butanol at 60 mK.

Fig. 12. Proton polarization during three typical frozen-spin
cycles.

achieved at build-up times of about 2 h. The relax-
ation time of the proton polarization at the opera-
tional parameters in the frozen-spin-mode of
50}60 mK and 0.42 T exceeded 200 h (deuterons
'150 h) [18]. In Fig. 11 the dependence of the
relaxation time of the proton polarization on the
magnetic "eld is given.

Between May and October 1998 the GDH col-
laboration took data on the proton for more than
700 h and on the deuteron for 200 h. The electron
beam polarization was 70}75%, so that the photon
polarization exceeded 50% in the upper half of the
bremsstrahlung spectrum. In order to use this en-
ergy range the experiment ran at two di!erent elec-
tron energy settings: 850 and 525 MeV. The
starting value of the target polarization in the
&frozen-spin mode' was 80}85% for protons and

30}33% for deuterons. The polarization was re-
freshed every two days and reversed for consistency
checks. Fig. 12 shows a typical development of the
proton polarization during the experiment.

13. Conclusion

The new target concept extended the suitability
of a polarized solid state target to use for the
measurement of spin dependent total cross sec-
tions. Due to the horizontal design of the refriger-
ator and the application of a thin internal holding
coil, only 3.3% of 4p in the backward region is
hidden by the cryogenic components, and the sys-
tem provides a symmetric mass distribution in azi-
muth. The compact design of the front end of the
refrigerator and the small fringe "eld of the internal
holding coil enables the placement of detector com-
ponents directly around the vacuum jacket of the
refrigerator at a radial distance of 23 mm and a lon-
gitudinal distance of 70 mm from the target. It has
been shown that high polarization values for proto-
ns and deuterons could be reached. Temperatures
below 60 mK in the frozen-spin mode led to long
relaxation times so that the nucleon polarization
had to be refreshed only once every two days,
resulting in more e$cient data-taking. At
50}60 mK the refrigerator provided a su$cient
cooling power for tagged photon beams with a rate
of up to 107 c/s. The concept of loading the target
material with an insert allowed quick changes (less
than one hour) of the target sample in the 4He-
mode. For this purpose a special technique was
developed to insulate the mixing chamber with
a cold indium seal from the vacuum of the beam
tube. The measurement of the target polarization
was done very accurately for photons as well as for
deuterons by the NMR technique. The homogene-
ous "eld of the internal holding coil allowed for the
"rst time in a scattering experiment with a frozen-
spin target the determination of the target polariza-
tion during data-taking. In this way the systematic
error of the target polarization was considerably
lowered in comparison to former experiments
where the target polarization had to be interpo-
lated between the starting and the end values of
the frozen-spin period [1]. In almost 1000 h of
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data-taking the whole system has been shown to
work reliably. The development and successful op-
eration of the polarized target has thus made an
important contribution to the feasibility of the "rst
experimental test of the GDH sum rule.
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