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Abstract

We have carried out the experiments for polarizing protons in single crystals of p-terphenyl doped with 0.1 mol% pentacene. The
experiments have been performed in a magnetic field of 3 kG at room temperature or at 77 K. We obtained the polarization of 1.3%
for protons in bulk at room temperature by using a pulsed dye-laser with the wavelength of 590 nm, the average power of 150 mW,
and the repetition rate of 50 Hz. The polarization at 77 K reached 18% by irradiation with the dye-laser of 500 mW, 50 Hz and the
same wavelength. The polarization of protons was measured by the neutron transmission method also. The result was consistent
with that measured by the nuclear magnetic resonance.
� 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Dynamic nuclear polarization (DNP) is a conven-
tional technique for highly polarizing nuclear spins
[1,2]. For studying magnetically ordered nuclear spins
in sold state physics [1], or utilizing as a polarized solid
target in particle and nuclear physics [3,4], the technique
has been applied to various types of solid. Recently, by
1090-7807/$ - see front matter � 2005 Elsevier Inc. All rights reserved.
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efforts of many researchers on quantum computation
using nuclear magnetic resonance (NMR), the DNP is
attracting attention as a method for improvement of
NMR sensitivity in multi-qubits system [5,6]. The great
enhancement of NMR signal has also stimulated NMR
researches in chemical or biological fields, including, for
example, high resolution NMR that are of vital impor-
tance for structure analysis of molecules or biopolymers
[7].

Methods for the dynamic polarization of protons
have been studied extensively, and the resulting highly
polarized spin systems are now well understood. In these
methods, organic materials [8,9] or ammonia [10] are
doped with a small amount of paramagnetic centers.
They are irradiated with microwaves in a magnetic field
of 25–50 kG at a temperature of 0.3–1.0 K to transfer a
polarization of the electrons in the paramagnetic centers
to nearby proton spins by the ‘‘solid effect.’’ However,
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the ‘‘solid effect’’ is not effective in a low magnetic field
or at a high temperature, because the linewidth of elec-
tron spin resonance (ESR) is larger than the energy dif-
ference between magnetic sublevels of the nucleus. The
electron polarization in thermal equilibrium, which is
used as a �seed� of the polarization, is not large at high
temperature and in low magnetic field. Moreover, the
paramagnetic centers then rapidly relaxes the nuclear
polarization under such condition to prevent growth
of the polarization in a DNP.

In 1988, Henstra et al. [11] proposed a new method
for transferring the polarization efficiently in the low
magnetic field, ‘‘Integrated Solid Effect’’ (ISE), in which
the magnetic field is swept during irradiation with
microwaves. In order to get the proton polarization in
low magnetic field at high temperature, they also applied
the ISE to the polarization transfer on a photoexcited
triplet state of pentacene (C22H14), which is called
‘‘microwave-induced optical nuclear polarization’’
(MIONP) [12]. Aromatic molecules have a property of
a spontaneous alignment of electron spins on the photo-
excited triplet state, which provides the electron polari-
zation. The polarization of 0.5% was obtained for
protons in a crystal of naphthalene (C10H8) doped with
pentacene at room temperature by using a pulsed N2-la-
ser (k = 337 nm) [12].

To improve the polarization in the crystalline naph-
thalene, we proposed that the crystal should be cooled
down to temperature less than around 250 K, because
a slow molecular motion, which is a dominant relaxa-
tion process in the naphthalene crystal, can be sup-
pressed at temperature lower than around 250 K [13].
The relaxation rate around room temperature increases
significantly with an increase in the laser power, because
the relaxation due to the slow molecular motion is very
sensitive to the temperature. We reported a great
improvement of the proton polarization with the cooled
single crystal of naphthalene doped with pentacene
(0.001 mol%) by using the pulsed dye-laser, which has
the wavelength of 595–605 nm and a long pulse width
(800 ns), instead of the pulsed N2-laser [14]. The ob-
tained polarization was 32% at 77 K in 3 kG and per-
sisted for a surprisingly long time, 166 m, in a
magnetic field close to zero. Some other groups have
also obtained high proton polarization at 100 K by irra-
diating with such long pulse of visible light [6,15,16].

Except for the naphthalene molecule, a p-terphenyl
(C18H14) molecule is a good candidate as a host mole-
cule, because a single crystal of pure p-terphenyl
have remarkable features for performing this type of
the DNP. The concentration of pentacene molecules in
the p-terphenyl crystal is 10 times as high as that
in the naphthalene crystal. It means that a buildup rate
of the polarization is practically larger than one in the
naphthalene crystal. In addition, the relaxation rate of
protons in the pure p-terphenyl crystal decreases at high-
er temperature and little changes even if the temperature
varies around room temperature [17]. Higher polariza-
tion of protons is expected, especially, at room temper-
ature in comparison with that obtained in the
naphthalene crystal. However, no experiments are yet
to be carried out with p-terphenyl crystals dope with
pentacene.

In this paper, we report the experimental studies on
the DNP in the single crystal of p-terphenyl doped with
pentacene (0.1 mol%) at room temperature or at 77 K in
3 kG. The polarization of 1.3% was achieved at room
temperature by using the pulsed dye-laser with the wave-
length of 590 nm, the average power of 150 mW, and the
repetition rate of 50 Hz. This value is the highest polar-
ization at room temperature so far. However, we have
found that the relaxation rate becomes larger with an in-
crease of the laser power. At 77 K, the polarization of
18% was obtained pumping by the dye-laser of
500 mW, the same wavelength and repetition rate. The
proton polarization was measured not only by the
NMR but also by the neutron transmission. Preliminary
results have been reported in [14].
2. Principle

The DNP is performed on the photoexcited triplet
state of pentacene molecules, which play the same role
as in the naphthalene crystal [12,14]. On the photoex-
cited lowest triplet state T0 of pentacene molecules, the
populations of the Zeeman sublevels |+1æ, |0æ, and |�1æ
are 12, 76, and 12%, respectively [18]. The population
difference of the electrons on T0 is transferred to protons
in pentacene and p-terphenyl by means of the ISE, in
which the external field is swept in irradiation with
microwaves simultaneously. Pentacene decays from T0

into the ground state with the decay constant of about
20 ls [19]. Since the electron spin–lattice relaxation time
is longer than the decay time of T0, it is expected that the
influence of the electron spin relaxation to the proton
spin is small. It is noticed that the population difference
on the triplet state depends on the direction of the mag-
netic field. The field is needed to be aligned parallel to
the long molecular axis of pentacene for the occurrence
of such population difference.

The maximum proton polarization is determined by
the balance between the buildup rate and the relaxation
rate of the polarization. In general, the time evolution of
the polarization is given as the phenomenological
formula

dP p

dt
¼ AðP e � P pÞ � CðP p � P pthÞ; ð1Þ

where Pp is the proton polarization, Pe the electron
polarization, and Ppth the proton polarization in ther-
mal equilibrium. A is the buildup rate of the polariza-



Fig. 1. Absorption spectrum in a single crystal of p-terphenyl doped
with pentacene at room temperature: the thickness of the crystal was
2.2 mm. The spectrum was obtained with the spectrophotometer
(Shimadzu, MPS-2000).
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tion, and C the relaxation rate. This formula means that
the proton polarization approaches the electron polari-
zation Pe with the buildup rate A, whereas it has a
tendency to decay spontaneously to the thermal polari-
zation Ppth with the relaxation rate C. The following
relations are derived from Eq. (1).

P p ¼ Pp0ð1� expð�ðAþ CÞtÞÞ; ð2Þ
where

Pp0 ¼
A

Aþ C
P e. ð3Þ

Here Ppth is neglected, since Ppth is quite small, that is
10�6 at room temperature in 3 kG. In order to obtain
high proton polarization, the buildup rate should be
large and the relaxation rate should be small.

The buildup rate can be written as

A / CaðkÞE
S
beR; ð4Þ

where a (k) is the optical absorption coefficient of penta-
cene at the wavelength of k, R the repetition rate, and e
the transfer rate of polarization from an electron to a
proton for every sequence. C is the concentration of
pentacene, b the transition rate from the first excited sin-
glet state to the lowest triplet state, E the energy of the
laser pulse, and S the area of the laser beam on the crys-
tal. Methods for an increase of the buildup rate include
an increase of the pulse energy of the laser beam and the
concentration of pentacene and an use of the laser opti-
mized for the wavelength.
3. Experiment

3.1. Sample

A pure p-terphenyl crystal has a feature of changing
the crystal structure at 193 K. The molecular rotation
is most active at this temperature, so that the relaxation
rate of protons becomes maximum at 193 K [17,21,20].
The relaxation time at room temperature is longer than
that at 193 K and about 8 min in 46 kG [17]. The crystal,
whose space group is P21/a at higher temperature than
193 K, has site A and site B. In the pentacene-doped
crystals, one p-terphenyl molecule on site A or site B
is replaced with one pentacene molecule. In order to pre-
pare pentacene-doped crystals we made a crystal growth
by the typical Bridgeman technique after the p-terphenyl
were purified by recrystallization and zone melting.

Typical concentration of pentacene in p-terphenyl
crystals is 0.1 mol%, whereas it is 0.01 mol% in naphtha-
lene crystals. The relaxation time of protons in the p-ter-
phenyl crystal is shorter than that in the naphthalene
crystal [12,14]. However, in higher temperature region
than 193 K, it does not become shortening even if the
temperature rises [17]. Therefore, it is expected that high
polarization is obtained at room temperature if a power-
ful laser beam is used as a pumping beam.

Typical absorption spectrum of a sample is shown in
Fig. 1. A large absorption of ultraviolet rays by p-ter-
phenyl molecules does not allow the excitation of only
pentacene molecules. The wavelength for the most effi-
cient excitation was found to be 590 nm at room temper-
ature. At 77 K, a width of the dips in absorption is
narrower than that at room temperature and the dip po-
sition can be generally shifted. The absorption curve of
the crystals at 77 K showed that the shift was negligibly
small. The laser whose wavelength is approximately
590 nm is most suitable for exciting pentacene molecules
at 77 K and at room temperature.

3.2. Experimental apparatus

3.2.1. Pulsed laser

A pulsed laser is advantageous over a CW laser be-
cause pumping by the CW laser reduces the population
difference between the Zeeman sublevels on the lowest
triplet state. The populations of the Zeeman sublevels
|+1æ, |0æ, and |�1æ in excitation of pentacene by the
CW laser are calculated to be 30.6, 38.8, and 30.6,
respectively. For an increase of the population on T0,
the pulse width longer than the decay time of S1 to the
ground state (�20 ns) and shorter than the decay time
of T0 (�20ls) is preferable, where the S1 is the first ex-
cited single state of pentacene [14]. In this experiment,
we used the pulsed dye-laser with the pulse width of
about 800 ns (Cynosure, Model LFDL-3) as well as in
the experiments of naphthalene crystals. The maximum
energy per one pulse is 10 mJ and the maximum repeti-
tion rate is 50 Hz. The wavelength is valuable from 590
to 605 nm.



Fig. 2. Laser power dependence of the relaxation rate of protons in a
crystal of p-terphenyl doped with 0.1 mol% pentacene in 3 kG at room
temperature with the pulsed dye-laser of 590 nm. The measurement of
the relaxation rate was performed after polarizing protons by the
DNP. The data were fitted to the linear function shown by the solid
line.
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3.2.2. ESR system

The experimental apparatus is the same as in the
experiments with naphthalene crystals [13]. A synthe-
sized sweep generator was used as a microwave source.
The output power was 63 mW and the frequency was
tuned to the resonance frequency of the cavity, which
was 9.3 GHz without a sample, but slightly shifted in
presence of the sample. By monitoring the ESR signals,
the direction of pentacene molecule could be adjusted.
The way for the adjustment is similar to in the naphtha-
lene experiments [13]. Typical linewidth of the ESR
spectrum is about 30 G.

3.2.3. ISE system
The ISE system is also same as in the naphthalene

experiments. The CW microwaves were pulsed with a
diode switch and the pulse width was longer than
10 ls. They were amplified by a TWT power amplifier
with the gain of 39.4 dB. A typical power of the pulsed
microwaves was about 30 mW.

The magnetic field was swept with the internal coil in
the cavity. The maximum drive current for the field
sweep was chosen to be ±25 A, which corresponded to
±21 G. The time width of the field sweep was about
10 ls. The ISE system and the laser system were syn-
chronized with the trigger pulse.

3.2.4. NMR system

We measured the proton polarization with a conven-
tional pulsed NMR system, which could detect a signal
of the free induction decay (FID). The frequency of the
RF pulse was 12.95 MHz and the power of RF pulses
was adjusted with attenuators and the RF power ampli-
fier. The pulse width of the 90� pulse was 1.8 ls.

The amplitude of FID just after applying the 90�
pulse (t = 0) corresponds to the area of NMR spectrum,
which is proportional to the proton polarization. In or-
der to obtain the absolute value of the polarization, we
detected the FID signal in thermal equilibrium. The
comparison of the enhanced signal with that in the ther-
mal equilibrium could be done without complicated
shape analysis, since the shape of both the FID signals
were similar even the sizes were so much different.

The relaxation time of the protons T1p is measured by
following two methods. One is to obtain the decay time
of the polarization from the decay curve measured by
using the weak RF pulse after the DNP. The other
one is to measure the recovery time of the polarization
from zero to the thermal value by using the 90� pulse.
The second one could be applied without performing
the DNP.

We also checked the linearity of the receiver. The
dynamical range for the measurement of FID signals
is about 104. The signal enhancement higher than 104

could be detected by using the 90� pulse and the weak
RF pulse.
4. Experimental results

4.1. Experiments with NMR

In single crystals of pure p-terphenyl, the relaxation
time of proton spins at room temperature does not be-
come short, even if the temperature rises around room
temperature. Therefore, it is expected that the increase
in temperature by the optical absorption of high power
laser beam does not induce a strong relaxation to proton
spins. In the experiments with p-terphenyl crystals, we
achieved the polarization of 1.3% at room temperature
with the dye-laser of 590 nm, 150 mW, and 50 Hz after
only 1 h. This polarization corresponds to the enhance-
ment of 13,000, which is 10 times as high as the one in
naphthalene crystal with the dye-laser of 595 nm and
100 mW [14]. The relaxation time of protons in presence
of the dye-laser of 150 mW, 590 nm, and 50 Hz was
7.6 min, which was similar to the one in naphthalene
crystal by using the same laser of 100 mW and
595 nm. The improvement is ascribed to the fact that
the p-terphenyl crystals can be doped with pentacene
of 10 times higher concentration than that in naphtha-
lene crystals.

However, we could not obtain higher polarization by
irradiation with the laser power higher than 150 mW,
because the relaxation time was shortened with such la-
ser power. Fig. 2 shows a plot of the relaxation rates ob-
tained from the measured decay curve at room
temperature as a function of the laser power. They have
a tendency to increase with higher laser power. This is in
disagreement with the expectation.

We studied the relation between the relaxation rate
and the temperature in two different conditions. In
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Fig. 3, the relaxation rates in thermal equilibrium with-
out performing the DNP are shown with the marks of
solid circles. These values were given as the recovery
time from zero to the thermal value. In the same figure,
the relaxation rates in the identical sample, but after
polarizing protons by the DNP, are also plotted with
the marks of open squares. These values were obtained
from the decay curve of polarization after polarizing to
0.1%. Both measurements covered temperature region
higher than 300 K. Fig. 3 shows that the relaxation
rates without performing the DNP around room tem-
perature do not enlarge with an increase in tempera-
ture. This result is consistent with our expectation.
However, the relaxation rates after the DNP tend to
increase significantly as the temperature is rising in
the temperature region higher than 300 K. This behav-
ior is different from the expectation and a main reason
why the irradiation with higher laser power does not
lead to higher polarization at room temperature. In
the temperature region from 200 to 300 K, the relaxa-
tion rates after the DNP decrease at higher tempera-
ture, which are the same behavior as ones without
the DNP.

To improve the polarization, therefore, cooling the
sample down to temperature less than 193 K is effective.
1/T1 in a pure crystal is about 1/30 m�1 at 77 K [17]. The
polarization at 77 K in the crystal doped with 0.1 mol%
pentacene reached about 18% after 2 h irradiation with
the pulsed dye-laser of 590 nm, 500 mW, and 50 Hz.
The relaxation time measured by the NMR was 33 m.
With higher power laser, the improvement of the polar-
ization at 77 K is promising, because the relaxation rate
was not changed in presence of the irradiation with the
current laser.
Fig. 3. Temperature dependence of the relaxation rate of protons in
the crystal of p-terphenyl doped with pentacene in 3 kG. The solid
circles show the experimental results for polarized protons after getting
the polarization of about 0.1% by the DNP. The open squares show
the results in thermal equilibrium without the DNP.
It is interesting to consider the unexpected behavior
of the relaxation rates. There is a possibility that the
temperature dependence of the relaxation rates in penta-
cene molecules is different from the one in p-terphenyl
molecules. In the low temperature region, the tempera-
ture dependence of pure p-terphenyl crystals might be
dominant, whereas in the high temperature region, it
seems that the dependence in pentacene molecules is
dominant, if we assume that the observed signals are
mainly from pentacene�s protons after the DNP.

4.2. Measurements by neutron transmission

The proton polarizations at 77 K were measured by
the neutron transmission in the crystal. The values can
be compared to the ones obtained by the NMR
measurement.

In low energy neutron–proton scattering, the scatter-
ing cross-section for the neutron whose spin is parallel
to the proton spin rpara is 10 times as large as the one
whose spin is anti-parallel to the proton spin rantipara.
The polarization of protons can be determined from
the neutron transmission in the polarized crystal
[16,22,23].

We carried out the experiments in the cold neutron
beam line SAN at KEK-KENS. The energy of the neu-
tron was 1–3 meV and the beam intensity was 2 · 104/
cm2/s. The beam was collimated to be 0.6 cm · 0.3 cm
at the filter with two collimators made of cadmium.
The crystals were 0.8 cm high, 0.5 cm wide, and 0.3 cm
in thickness. They were put in a quartz-glass dewar
which was filled with liquid nitrogen.

First, the protons in the p-terphenyl crystal immersed
in liquid nitrogen were polarized with the pulsed dye-la-
Fig. 4. Proton polarization in p-terphenyl in 3 kG at 77 K as a
function of time measured by the neutron transmission method. The
solid line shows the curve fitted to an exponential function. The proton
polarization and the relaxation time were 18.9 ± 1.2% and
30.0 ± 5.5 m, respectively.
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ser of 500 mW. After irradiation with the laser beam and
microwaves for about 2 h, we measured the decay curve
of the neutron transmission without presence of the
microwaves and the laser beam. In order to obtain the
proton polarization, the transmission of the unpolarized
neutron through the unpolarized target is necessary. It
was obtained through the extrapolation of the decay
curve on the transmission of unpolarized neutrons.
The relaxation time of protons was measured in the field
of 3 kG. The proton polarization as a function of time is
shown in Fig. 4. From this curve, the initial polarization
was determined to be 18.9 ± 1.2% and the relaxation
time of 30.0 ± 5.5 m was obtained. The values are con-
sistent with ones by the NMR.
5. Conclusion

We have carried out the experiments to polarize pro-
tons in single crystals of p-terphenyl doped with
0.1 mol% pentacene by using the pulsed dye-laser. The
experiments were performed in the magnetic field of
3 kG at room temperature or at 77 K.

Although the laser power dependence of the relaxa-
tion rates in the crystal is not so strong as that in naph-
thalene crystal at room temperature, the laser beam has
to be optimized for the power. We obtained the proton
polarization of 1.3% at room temperature with the
pulsed dye-laser of 590 nm, 150 mW, and 50 Hz.
The polarization of 18% was obtained at 77 K with
the dye-laser of 590 nm, 500 mW, and 50 Hz.

The proton polarization obtained at 77 K was also
measured by the neutron transmission using neutrons
with the energy of 1–3 meV. The polarization and the
relaxation time are consistent with those by the NMR
measurements.

To obtain higher proton polarization, the optimiza-
tion of the pentacene concentration and the power of
the dye-laser is necessary at room temperature, whereas
a more powerful laser is useful at 77 K.
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