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Abstract 

A proton polarizing system for use in scattering experiments with radioactive isotope beanls is de
scribed. Protons in a naphthalene crystal doped with pentacene are polarized in a magnetic field of 
0.3 T at 100 K by transferring a large population difference among the photo-excited triplet states 
of pentacene to the hydrogen nuclei. An Ar-ion laser, which demands minimal maintenance during 
scattering experiments, is employed to excite the pentacene molecules. A proton polarization of 37% 
is obtained. 
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1 Introduction 

Radioactive isotope (RI) beams have dramati
cally extended research in nuclear physics to in
clude nuclei that are far from the fJ-stability line. 
A lot of information on nuclear structure of un
stable nuclei should be obtained by measuring 
the scattering of an RI beam from a polarized 
proton target. The present study is aimed at tak
ing the first step towards t.his direction by con
structing a polarized target that can be used in 
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RI beam experiments. 

In the RI beam experiments, a high-density tar
get is necessary for sufficient luminosity since the 
intensity of the RI beams is typically as low as 
<106 particles/s [1]. In this respect, a solid tar
get, rather than a gas target, is desirable. The 
nucleus of hydrogen atom in a solid material can 
be a polarized proton target. Protons in solid ma
terial are typically polarized in a magnetic field 
of 2 T or higher and at a sub-Kelvin tempera
ture by utilizing highly polarized electrons un
der these conditions [2,3]. Although these condi
tions provide proton polarizations of more than 
80%, the detection of low energy recoiled pro
tons, typically 10 MeV, is severely limited. The 
strong magnetic field prevents the recoiled pro
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tons from reaching a detector. 

One candidate for a target applicable to the 
RI beam experiments is a "frozen spin" tar
get, which can operate in a reduced magnetic 
field around 0.3 T after polarizing protons [2,3]. 
Another candidate is a target that uses a crys
tal of aromatic molecules such as naphthalene 
doped with pentacene. We adopted the latter 
for P-RI scattering experiments. Protons in the 
crystal can be polarized under a low magnetic 
field and at a high temperature by combining 
methods called "microwave-ind uced optical nu
clear polarization" (~lIONP) and "integrated 
solid effect" (ISE) [4]. In the rvlIONP, pentacene 
molecules are optically pumped to the photo
excited triplet state. In the triplet state, a large 
population difference of 73% among the Zeeman 
sublevels spontaneously appears [5,6]. The pop
ulation difference does not depend on the mag
netic field strength or the temperature. Protons 
are polarized even at 0.3 T and 100 K by trans
ferring the population difference to the protons 
using the cross-relaxation between electrons and 
protons, which was originally called ISE [4,7]. 

Several groups have applied this novel technique 
to polarize protons (4,8,9J. Pentacene molecules 
have been excited with a nitrogen laser [4,8J 
and recently with a flashlamp-pumped dye laser 
[9,10]. The optimal wavelength to excite pen
tacene is around 600 nm and the dye laser can 
be tuned to that wavelength, but it is not suited 
for p:.RI scattering experiments due to the short 
lifetime of the dye [11]. The procedure to change 
the dye interrupts the measurement and the po
larizing process for a few hours every day. ~1ore
over, the flashlamp-pumped dye laser is commer
cially unavailable recently. Therefore, we decided 
to use another type of laser, an Ar-ion laser, 
which demands less maintenance during the ex
periment. 

To establish a polarized target that can be ap
plied to the experiments with RI beams, we stud
ied the effectiveness of an Ar-ion laser as a light 
source for the optical excitation with a newly 
constructed proton polarizing system. In this pa

per, we describe the design and operation of the 
proton polarizing system and the results of the 
proton polarization using the Ar-ion laser. In 
Section 2, principles of a proton polarizing sys
tem are briefly presented. Section 3 deals with 
the procedure for refining and crystallizing the 
target material. The proton polarizing system is 
described in Section 4. In Section 5, the laser 
system and its operation are given. The opti
mization of the experimental conditions such as 
the direction of the long molecular axis, mag
netic field strength, and microwave power are 
explained in Section 6. Then the results of pro
ton polarization and relaxation are presented in 
Section 7 and the Summary follows. 

2 	 Principle of the proton polarizing 
system 

Protons in a naphthalene crystal doped with 
pentacene are polarized by repeating a three-step 
process: optical excitation, polarization transfer, 
and polarization diffusion. Below is a brief de
scription of the optical excitation and the polar
ization transfer. 

2.1 Optical excitation 

Singlet states Triplet states 
• 	 ms• • {12%}• +1••S1 ........T.:...;-/ 

0
~76%l 

\ (12%) -1 

So 

Fig. 1. Excitation scheme of a pentacene molecule. Pentacene 
molecules are excited in higher singlet states by irradiating 
with a laser and a part of the pentacene molecules decay to 
the lowest triplet state and a large population difference is 
spontaneously produced. The initial populations of the sub
levels just after initiating excitation are shown in parenthe
ses. The population difference is transferred to protons by a 
cross-relaxation method. 
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The first step in polarizing protons is to produce 
a population difference among the magnetic sub
levels in the photo-excited triplet state of the 
pentacene molecules using a pulsed laser beam. 
Figure 1 shows the excitation scheme of pen
tacene molecules. Pentacene molecules are ex
cited by laser irradiation to higher singlet states 
and decay to the first excited singlet state, SI, in 
several picoseconds. Most of pentacene molecules 
in the SI state decay to the ground state, So, 
but a small fraction of them decay into the low
est triplet state, T l . The transition from SI to 
T 1, the so-called intersystem crossing (ISC), oc
curs due to spin-orbit coupling, which mixes the 
singlet and triplet states. The branching ratio 
from SI to T 1, the so-called ISC yield, is as small 
as a few % at approximately 2 K [12,13]. The 
ISC yield should increase as the temperature in
creases, but is still much smaller than unity at 
100 K. In a magnetic field, a population differ
ence spontaneously appears among the Zeeman 
sublevels of the T 1 state. The maximum degree 
of the population difference appears when the 
external magnetic field is applied parallel to the 
long molecular axis of pentacene [5,6]. In this 
case, the populations of sublevels are 12%,76%, 
and 12% for ms=-l, 0, and +1, respectively. 
The population difference between the ms=-l 
and 0 sublevels is 73%. Pentacene molecules in 
the sublevels of the T 1 state decay back to the So 
state. The lifetime of the ms=O sublevel is 26 J.ls, 
while that of the ms=-l sublevel has a longer 
lifetime, 83 J.ls [14]. 

2.2 Polarization transfer 

Before pentacene in the T 1 state decays back to 
the So state, the population difference is trans
ferred to protons by means of cross-relaxation. In 
the cross-relaxation technique, a magnetic field 
is adiabatically swept over the region of relevant 
ESR lines in the T 1 state in the presence of the 
pulsed microwave irradiation. The effective Lar
mor frequency, Weff, in a coordinate system ro

tating with a frequency of W can be written as 

(1) 

where Ws is the Larmor frequency of electrons 
and WR is the Rabi frequency. The Rabi fre
quency, WR ,sH!, is a product of the gyro
magnetic ratio, IS, and the amplitude of the os
cillating magnetic field, HI, created by the mi
crowave. When the resonance condition is satis
fied, W = W s , Weff depends only on HI. Thus, ad
justing HI can tune Weff to the Larmor frequency 
of protons, WI. Here the polarization transfer 
from the electrons to protons occurs due to the 
dipolar interaction between them. This is the 
Hartmann-Hahn condition for cross-relaxation. 
In addition, by sweeping the magnetic field over 
the ESR line, all of the "spin packets" in the 
line constructively contribute to the polarization 
transfer [7]. Through this technique, the popu
lation difference can efficiently be transferred to 
protons even in a low magnetic field where the 
conventional DNP method does not work well 
due to an unresolved ESR line [3]. 

3 Fabrication of target crystal 

A crystal of naphthalene doped with 0.01 mol% 
pentacene is the target nlaterial. The crystal is 
fabricated by a vertical Bridgman method after 
refining the naphthalene powder. 

3.1 Refinement 

Paramagnetic impurities contained in a crystal 
cause the relaxation of proton spins [15]. Com
mercially available naphthalene powder contains 
approximately 1% impurities, which is about 100 
times greater than the pentacene concentration, 
0.01 mol%. Since the small relaxation rate of pro
ton spins is indispensable for obtaining a higher 
proton polarization, the powder is refined by the 
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zone-melting method to reduce impurities to a 
level less than the pentacene concentration. 
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Fig. 2. Schematic drawing of the zone-melting apparatus. The 
starting position of the zone-melting process is indicated by 
"a". A stepping motor, a gearbox, pulley wheels, and a wire 
are used to pull up the glass tube. 

The zone-melting apparatus, shown in Fig. 2, 
contains a glass tube (16 mm in diameter, 
2400 mm long) equipped with 16 molten zones 
at 80 mm intervals. The molten zones are heated 
by 7 turns of Nichrome wires wound around 
the glass tube. Three additional heaters are 
equipped at the lowest portion of the glass tube. 
To monitor the temperature, a platinum resis
tance thermo-sensor is placed inside the addi
tional heaters. The temperature is maintained 
at 360 K, which is 7 K higher than the melting 
point of naphthalene. The glass tube is tilted 
approximately 45 degrees to prevent bubbles 
fronl forming at a boundary layer between the 
liquid and solid phases. 

A glass ampoule containing naphthalene powder 
is pulled at a rate of 10 mm/h through the glass 
tube. In the molten zones, the impurities are sep
arated from naphthalene due to the segregation 
effect and are concentrated in the lower part of 
the ampoule. The procedure is repeated more 
than three times so that the naphthalene pow
der passes more than 40 molten zones. After this 
process, the refined naphthalene is removed from 
the ampoule and mixed with pentacene powder 
with a mole ratio of 1:0.0001. The mixed powder 
is then enclosed in a glass ampoule for crystal

lization. 

3.2 Crystallization 

The material is crystallized using the verti
cal Bridgman method. In this method, two 

Fig. 3. A schematic view of the apparatus for the Bridgman 
method. Silicon oil is used to produce the zone above the 
melting temperature of naphthalene, while glycerin produces 
the zone below it. The travel mechanism is essentially the 
same as the refinement apparatus. 

temperature-zones are prepared: one above and 
the other below the melting temperature of 
naphthalene, 353 K. The mixed powder in the 
ampoule is moved downward from the zone 
above the melting point to the zone below it. 
Crystallization occurs as the temperature of the 
mixed powder slowly decreases between the two 
zones. 

To create an appropriate temperature gradient, 
we used silicon oil and glycerin for high and 
low temperature zones, respectively, as shown 
in Fig. 3. A glass vessel, which contains silicon 
oil and glycerin, is used as a "furnace" to grow 
the crystal. A heater that consists of 30 turns 
of Nichrome wire is wound at the upper por
tion of the vessel, and heats up the silicon oil to 
a temperature of 379 K. A platinum resistance 
thermo-sensor monitored and a thermostat con
trolled the temperature of the silicon oil. Fig
ure 4 shows the measured temperature distribu
tion around the boundary between the silicon 
oil and the glycerin. In this figure, the boundary 
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is the origin of the position in the glass vesseL crystal is mounted in a TEoll cylindrical cavity 

A temperature gradient of 1.4 K/mm is formed placed in the C-type magnet. 

around the position where the temperature cor

responds to the melting point of naphthalene. 
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Fig. 4. Temperature distribution around the boundary be
tween the silicon oil and glycerin. The boundary is the origin 
of the position in the glass vessel. 

The glass ampoule that contains the mixed pow
der has an inner diameter of 18 mm and a length 
of 150 mm. The glass ampoule is initially placed 
in the high-temperature zone. After the powder 
is molten, the glass ampoule is lowered at a rate 
of 1 mm/h. Near the boundary between the sili
con oil and the glycerin, crystallization continu
ouslyoccurs upward from the bottom of the glass 
ampoule. A sample piece used in a polarization 
experiment is cut from the fabricated crystaL 

To confirm the quality of the refinement and the 
crystallization, the relaxation time of proton po
larization is a good indicator. The results are de
scribed in Section 7. 

4 Proton polarizing system 

The proton polarizing system, shown in Fig. 5, 
consists of a C-type magnet that produces an 
external magnetic field, an Ar-ion laser for opti 
cal excitation, a microwave system for polariza
tion transfer, and an NMR system that measures 
proton polarization. Each system is described 
in the following subsections, except the Ar-ion 
laser, which is described in Section 5. The target 
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4.1 Magnet 

The C-type magnet has a pole dianleter of 
120 mm. The gap between the poles is 60 n1m. 
At the center of the return yoke, a hole with 
40 mm diameter is bored for the path of a 
laser beam. The magnet produces a maximum 
magnetic field of 0.4 T. A field non-uniformity 
measured with an N11R teslameter at 0.3 T is 
smaller than 3.5 x 10-4 over a spherical volume 
of 20 mm diameter. The non-uniformity of the 
external field is sufficiently smaller than the in
ternal field of a naphthalene crystal. Note that 
the naphthalene crystal has an internal field of 
approximately 2 mT, which is a fraction, 7x 
10-3, of the external field, 0.3 T. 

4.2 Microwave cavity 

A TEoll cylindrical microwave cavity, in which 
a target sample is mounted, is used to produce 
an oscillating field for the polarization transfer. 
The resonance frequency of the cavity is 9.1 GHz. 
The loaded Qof the cavity is approximately 4000 
at room temperature. The cavity facilitates the 
magnetic field sweep for the polarization transfer 
and the laser irradiation for optical excitation. 
Figure 6(a) and (b) show cross- and longitudinal
sectional views of the cavity, respectively. 

A set of field modulation coils is used for the 
magnetic field sweep. The coils are configured in 
a six-loop arrangement and are made of twelve 
Cu rods that are 1.5 mm in diameter. The coils 
are installed in the cavity parallel to the cylin
der axis of the cavity, as shown in Fig. 6. This 
coil configuration enables laser irradiation to the 
target sample without losing the Q of the cav
ity. The magnetic field sweep is achieved by ap
plying a triangular current, which is supplied by 



Laser system 
(Optical pumping) 

Field sweep 
--C~:B--_

Voltage-to-(."Urn:nt Fu ti 
. DC on generator 

Ar-ion laser 

NMRsystem 
(12.8 MHz) 

(Polarization measurement) 

Fig. 5. A schematic view of the proton polarizing system. The system consists of a magnet, a laser for optical excitation, a 
microwave system for polarization transfer, and an NMR system for polarization measurements. 

(a) 

Fig. 6. Cross-sectional (a) and longitudinal-sectional (b) views of the cylindrical cavity. The resonance frequency and loaded Q 
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are 9.1 GHz and 4000, respectively. 

a high-power operational amplifier, to the field 
modulation coils (see Fig. 17). 

The cavity has an optical window for the laser 
irradiation. A 20 mm diameter lens is used as the 
optical window to focus the laser beam on the 
target sample. The position of the lens can be 
adjusted to produce an appropriate spot size of 
the laser beam on the target sample. To prevent 
water condensation when the target sample is 
maintained at a low temperature, dry nitrogen 
gas is blown on the lens. 

The target sample in the cavity is cooled to a de
sired temperature between 77 K and room tem
perature, depending on the purpose of experi
ment. A sample tube in which the target sample 
is mounted is inserted into a double walled and 

vacuum insulated quartz tube. The target sam
ple is cooled by cold nitrogen gas introduced in
side the quartz tube (see Fig. 6). The tempera
ture of the target sample, which is controlled by 
adjusting the flow rate of the cold nitrogen gas, 
is measured with a CA thermocouple. 

4.3 Microwave circuit 

Figure 7 shows a schematic diagram of the mi
crowave system used for the polarization trans
fer. The microwaves are generated by a Gunn 
oscillator with a varactor modulator. The max
imum output power is 80 mW. Microwaves are 
then pulsed and amplified by a solid-state ampli
fier, whose maximum output power is 20 W. The 



typical operating power is around 2 W, determi
nation of which is described in Section 6. The 
pulsed microwave is split into arms 2 and 3 of a 
magic-T. Arm 3 is connected to a phase shifter 
with a terminator. Microwaves from arm 2 reach 
the cavity through a directional coupler. The 
transmitted power to the cavity is monitored by 
a power meter attached to the directional cou
pler. A coupling iris adjusts the coupling between 
the cavity and the waveguides. The reflected mi
crowaves from the cavity are detected by a crys
tal detector attached to arm 4 of the magic-T. 
The detected signal is used for several purposes: 
to adjust the coupling iris, to tune the microwave 
frequency to match the resonant frequency of the 
cavity, and to observe a time-resolved ESR sig
nal of the lowest triplet state of pentacene. 

Fig. 7. Block diagram of the microwave circuit. 

4.4 NMR system 

The proton polarization is measured with a 
pulsed N11R spectrometer, which is schemati
cally shown in Fig. 8. The frequency of N]VIR 
is 12.8 11Hz at a magnetic field of 0.3 T. A 
continuous-wave RF signal generated by a syn
thesizer is formed into an RF pulse and is am
plified by a power amplifier with a maximum 
output power of 500 W. After passing through 
a crossed diode and a tuner, the amplified RF 
signal is transmitted to a 8-turn NMR coil. The 
Q of the NMR coil is set to 15 in order to reduce 

the dead-time of the detection system due to a 
strong RF pulse. 

Function 
generator Crossed diode Tuner 

Fig. 8. Block diagram of the NMR system. 

A signal induced in the N11R coil after irradiat
ing with a pulsed RF signal is amplified with a 
preamplifier that has a 30 dB gain. In order to 
reduce the noise from the power amplifier, the 
detection system is decoupled from the power 
amplifier by crossed diodes. The NMR signal is 
further amplified with a signal amplifier and is 
then passed through a bandpass filter. To accom
plish quadrature detection, two double balanced 
mixers (DB11s) are used with reference signals 
that are 90 degree out of phase with each other. 
The resulting signal is processed by a low pass 
filter and a low-frequency amplifier so that only 
the lower frequency component is recorded. 

To avoid destruction of the proton polarization in 
the polarization buildup process, the NMR mea
surement is performed using a weak RF pulse 
instead of a 90 degree pulse. The power of the 
weak pulse is adjusted so that the polarization 
destruction is less than 0.3% of proton polariza
tion. The measured N11R signals are calibrated 
by comparing them to the NMR signal measured 
at thermal equilibrium (TE). 

The NIYIR signal at TE is measured using a 90 
degree pulse since the signal is very small due to 
the small proton polarization, 3x 10-6 , at 0.3 T 
at 100 K. The difference in sensitivity between 
the weak pulse and the 90 degree pulse methods 
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is calibrated by comparing the NrvlR signals ob
tained using the two methods at several polar
izations between 0.01% and 1%. 

To ensure the validity of the calibration method, 
the NMR system must have linearity over a dy
namic range of more than 104 . The linearity of 
the NMR system is experimentally verified with 
an additional transmitter coil that is set into the 
sample tube placed at the target position. Fig
ure 9 shows the result of the measurement that 
clearly shows that the NMR system has the lin
earity over the measured range spanning 104 in 
amplitude. The range can be safely extended to 
105 by adjusting the gain of the receiver. The er
ror in the polarization due to the uncertainty of 
the linearity is 1.5%. 

0.1 

··::::·~:::::t:::::::::::~.t.·~·····:·:··~r·~::-......_.. 
··--·:~.:::~~.~~....:::·::r"::~·:~"I::~::::::· 

............__--'--__..........._---'
0.01 .........._ 

0.001 	 0.01 0.1 1 10 

Transmitted voltage [V] 

Fig. 9. Result of the linearity measurement. 

The uncertainty of measured polarization is 
dominated by the uncertainty in the amplitude 
of the TE signal. The amplitude of the TE signal 
is too small even at a 90 degree pulse to achieve 
a sufficient signal-to-noise ratio. Thus, the TE 
signals must be accumulated by repeating the 
measurements. However, a 90 degree pulse sat
urates the resonance and more than three days 
are necessary to reach TE again due to the long 
relaxation time of protons. This fact limits the 
number of repetitions for acquiring TE signals. 
Therefore, the accuracy of the polarization is 
typically as much as 10%. 

The polarization uncertainty includes errors due 
to magnetic field strength measurements and 
temperature in determining the proton polar
ization at TE. The magnetic field strength is 

measured with a Hall probe calibrated by the 
NMR frequency of protons in water. The error 
of the field strength measurement mainly comes 
from the uncertainty in the calibration constant 
and is 0.3%. The error from the temperature 
measurement is caused by the temperature fluc
tuation due to the instability of the flow rate of 
cold nitrogen gas and is estimated to be 2.5%. 

5 Laser system and operation 

For the optical excitation, an Ar-ion laser (Co
herent TSM25) with a standard power speci
fication for the wavelength ranging from 454.5 
to 528. 7 nm and the total maximum power of 
25 W in the multiline operation mode is used. 
The operation mode of the laser can easily be 
changed between the multiline and the single-line 
modes. Among the available wavelengths of an 
Ar-ion laser, the preferred wavelength for the ex
citation of pentacene is 514 nm since pentacene 
has a local absorption maximum near 514 nm 
as shown in Fig. 10. This figure shows the ab
sorption spectrum of pentacene in a naphtha
lene crystal measured with a spectrophotometer 
(StellarNet EPP2000). To achieve a pulsed laser 
beam from a cw laser beam, an optical chopper 
with two chopper blades is used. The pulse width 
can be changed by rotating one blade with re
spect to the other. 

2.5 ...----..----..----..-------, 

L045~O~-~500~--5....L5~O--600~-~650 

Wavelength [nm] 

Fig. 10. Absorption spectrum of pentacene in a naphthalene 
crystal. The spectrum is measured with a spectrophotometer 
(StellarNet EPP2000). 

The pulse width is a compromise between the 

-8



population of the T 1 state and the population 
difference. The population of the T 1 state affects 
the efficiency of the polarization transfer while 
the population difference determines the upper 
limit of proton polarization. In order to under
stand how the population of the T 1 state and the 
population difference depend on the pulse width, 
we consider a simple model for calculating the 
populations Pi for the sublevels in the T 1 state 
as a function of the pulse width. Here i stands 
for the sublevels: "-" for "0" for ms=O, 
and "+" for ms=+1. 

We start with the following equation: 

(2) 

Here Pi and Ps are the sublevel populations of the 
T 1 state and the SI state, respectively, and kli 
and k2i are the transition rates for the SI ---*T 1 

and T 1 ---*So transitions, respectively. The tran
sition rate, kli' is related to the lifetime of SI 
state, T8 , and can be written as kli (YCi)/Ts, 
where Y is the ISC yield described in Section 2 
and Ci is the initial population for each sublevel 
just after beginning the excitation. The transi
tion rate, k2i' is given by k2i l/Ti, where Ti 

is the lifetime of each sublevel. In general, the 
population of the SI state, PSl depends on time 
if the number of photons is sufficient to deplete 
pentacene in the So state. However, under the 
present conditions, the photon number, 5 x 1011 , 
in a period of the lifetime of SI state, 20 ns, is 
too small compared with the pentacene number 
of 1016. In addition, the ISC yield is very small. 
Consequently, most of excited pentacene decays 
back to the So state. Thus, we can approximate 
that Ps is constant during laser irradiation. The 
populations of the sublevels Pi are then derived 
from Eq. (2) as 

Pi kkIi Ps {I exp(-k2i t)} (3) 
2i 

= 
ye· 1 
_'tTiPs {l- exp(--t)}. 

Ts Ti 
(4) 

Table 1 

Parameters used to calculate the population. 


Parameter value Ref. 

Ts 19.5 ns [16] 

TO 26 J.tS [14] 

T_ 83 J.tS [14] 

Co 0.76 [6] 

C_ 0.12 [6] 

Since Ps is assumed constant, the relative popu
lation Pi/Ps (== p~) is used in the following cal
culation. 

The sublevels related to the polarization trans
fer are the ms=O and -1 sublevels. The SUIn of 
the relative populations of the sublevels, P'r 
p~ + P'-, is calculated to estimate the population 
in the T 1 state. Figure 11 shows the result of the 
calculation. Table 11ists previously reported val

• Eo-< 50 
0

§40 
.~ 

'"3 30 
g
o.. 20 
\1) 

> 
.~ 10 

"i) 

~ 

50 100 150 200 
Time(Il.s) 

Fig. 11. Time dependence of the sum of the relative popula
tions. The sublevels related to the polarization transfer are 
IIls=O and -1 and the sum of the relative populations is 
pj. = P'-. + Pb' 

ues of lifetimes and initial populations used. The 
assumed ISC yield, Y, is 2%. The results show 
that the population of the TI state gradually in
creases during laser irradiation and accordingly 
a longer pulse width is better for increasing the 
number of pentacene molecules that contribute 
to the polarization transfer. 

To estimate the population difference be
tween the ms=O and -1 states, we calcu
late the normalized population difference, 
Pe = (p~ p'-)/(p~ + p'-). Figure 12 shows the 
calculated results. The parameters used in this 
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calculation are the same as that of p~. The re
sults show that the population difference grad
ually decreases while irradiating with the laser 
due to the shorter lifetime of ms=0 than that of 
nls=-l. Since the population difference deter
mines the upper limit of proton polarization, a 
shorter pulse width is better for a higher proton 
polarization. 

1.0~ 
(l) 
u c 0.8 
(l) 
l-; 

~ 0.6
!.i-i:a 
c 0.4 
0 

';::1 

0.2"3 
~ 

0.. 
0 
~ 0.00 50 100 150 200 

Time(lls) 

Fig. 12. Calculated population difference, Pe , as a function 
of time. The population difference between ms=O and -1 is 
defined as Pe (p~ pl-J/(p~ + p~). 

Figures 11 and 12 show that there is an optimal 
pulse width for a high proton polarization. To 
find the optiInal pulse width, a "figure of merit" 
(FOM) defined as PeP~ is calculated and the 
result is shown in Fig. 13. From this figure, the 
optimal pulse width is 80 MS. 

°0~--~50~--~100~--1~5~0---2~OO 
Time(lls) 

Fig. 13. Figure of merit, Pepy. The optimal pulse width is 
80 !-£S. 

The conclusion by the simple model should be 
modified when it is applied to an actual case due 
to the unexpected effect by laser irradiation on 
the relaxation rate of proton polarization. The 

relaxation rate increases from 0.049 to 0.12 h-1 

after laser irradiation with an integrated energy 
of 11 W·h. Although the irradiation effect on the 
relaxation rate is not well understood, it can be 
assumed that the irradiation effect increases as 
the pulse width increases. A longer pulse width 
increases the efficiency of polarization transfer, 
but also increases the relaxation rate of proton 
polarization. The increase of the relaxation rate 
will decrease the attainable proton polarization. 
Therefore, we conservatively determined a pulse 
width of 20 MS in order to keep the increase in the 
relaxation rate below 5% during the experiment. 
The irradiation effect will be investigated in nlore 
detail in the near future. 

6 	 Optimization ofexperimental condi
tion 

To attain a high proton polarization, experi
mental conditions such as the direction of the 
long molecular axis of pentacene, magnetic field 
strength, and microwave power should be opti
mized. 
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Fig. 14. Time-resolved ESR spectrum of pentacene. Angles 
shown in the figure indicate the angles of the long molecular 
axis with respect to the magnetic field. 
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To obtain a large population difference in the 
lowest triplet state, the long molecular axis of 
pentacene should be parallel to the magnetic 
field [6J. The direction of the long molecular axis 
can be adjusted by observing the double refrac
tion and by finding the cleavage surface. Coarse 
adjustment of the axis was conducted by mon
itoring the amplitude, which is proportional to 
the population difference, of the time-resolved 
ESR signal of pentacene in the Tl state. Fig
ure 14 shows the observed ESR signal obtained 
by changing the angle between the long molecu
lar axis and the magnetic field at 5 degree inter
vals. In this measurement, a Nd:YAG laser with 
a maximum energy of 100 mJ was used instead 
of an Ar-ion laser since the chopped beam of an 
Ar-ion laser, 200 /.lJ, is too weak to observe the 
ESR signal. 
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(lJ 50 o -2.5° 
~~ .0°
1-<lj 40
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.~ ~ 30 

.~ ~ 20 	
, 

\-
& 

'--' 

10 

o 	0.298 0.300 0.302 0.304 
Magnetic field [T] 

Fig. 15. The polarization rate as a function of the field 
strength for each angle. The amplitude measured after polar
izing protons for 5 minutes is used as the polarization rate. 

Fine adjustment of the axis was conducted by 
maximizing the polarization rate, dPp/dt, which 
can be estimated by observing the NMR sig
nal after polarizing protons for 5 minutes. The 
proton polarization, Pp , during the polarization 
buildup can be written as [8] 

APe 
A + r {I - exp[-(A + f)t]}, (5) 

where Pe is the average population difference in 
the T 1 state, A is the buildup rate that is pro
portional to the efficiency of polarization trans
fer from electron to proton, and f is the total re
laxation rate. For (A + f)t « 1, the polarization 

rate derived from Eq. (5) reduces to 

dPp 
dt = APe' (6) 


Thus, the polarization rate is approximately pro
portional to the population difference and the 
buildup rate as long as (A + r)t « 1. In the 
present experiment, (A + r)t is always less than 
0.04. 

Figure 15 shows an example of polarization rate 
as a function of the magnetic field strength for 
angles of -2.5,0, and +2.5 degrees between the 
long molecular axis and the magnetic field. The 
maximum polarization rate decreases by nlore 
than 20% when the angle of the long molecular 
axis is shifted by 2.5 degrees with respect to the 
magnetic field direction. Thus, the crystal orien
tation is essential for a high proton polarization. 

Optimization of the microwave power is equally 
important. The microwave power should be ad
justed to fulfill the Hartmann-Hahn condition 
for the cross-relaxation as described in Section 2. 
Figure 16 shows the dependence of the polariza
tion rate on the microwave power. The polariza
tion rate rapidly increases with the microwave 
power and reaches a maximum at 1.8 W. Above 
2 W, the Hartmann-Hahn condition can not be 
fulfilled. Weff is always higher than WI during the 
magnetic field sweep. Therefore, the polarization 
rate decreases with a microwave power. From 
Fig. 16, the microwave power was chosen to be 
1.8 W. 

I I I150 ~ 

• 
-

• -

• 
I 

2 4 6 8 
Microwave power [W] 

Fig. 16. NMR signal amplitude as a function of microwave 
power for the polarization transfer. The most appropriate 
power for polarizing protons is 1.8 W. 
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Table 2 

Parameters used in the polarizing experiment. 


l\1agnetic field 

Temperature 

Crystal size 

Laser 

Power 

Wavelength 

Pulse width 

Repetition 

0.3 T 

100 K 

34x4x3 mm

lOW 

514 nm 

20 J.LS 

1 kHz 

Experimental results 

After these optimizations, an experiment to po
larize protons was performed under the condi
tions summarized in Table 2. The Ar-ion laser 
was operated in the single-line mode. The av
erage laser power after pulsing was 200 mW. 
Just after laser irradiation, the magnetic field 
was swept from -3.5 to +3.5 mT with a rate of 
0.47 mT/ J.LS using a field modulation coil while 
simultaneously applying a microwave pulse to 
the target crystal. Figure 17 shows the time se
quenc~ of laser irradiation, field sweep, and mi
crowave irradiation. 

o~Laser trigger 

Magnetic field 
modulation 

Microwave 
trigger 

; :-------------1" 
: 7mT 

I I ~ j onh---------
I 

o 20 35 Time 01S) 

Fig. 17. Time sequence of laser irradiation, field sweep, and 
microwave irradiation. 

Figure 18 shows the result of the proton po
larization as a function of time in the buildup 
process. A proton polarization of 36.8±4.2% 
was achieved. By fitting the data, the esti
mated extrapolated lnaximum polarization is 
39.3±4.5%. The relative uncertainty in the pro
ton polarization is 11%, which is mainly due to 
the uncertainty in determining the NMR signal 
amplitude in TE. The present proton polariza

tion is comparable to that obtained with the 
dye laser of 600 nm by Hnuma et al. Theyob
tained a 32% polarization with a naphthalene 
crystal of 3x 2 x 5 mm3 [10]. Note that the maxi
mum absorption of pentacene occurs at 600 nm 
(see Fig. 10). The present investigation clearly 
demonstrates that an Ar-ion laser is a feasible 
substitute for the dye laser. 

40~--~~--~---r---r--~ ,......, 
~ 
~ 30 
s::: 
0 
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~ 20 
N 

• ...-4 
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~ 
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Fig. 18. Proton polarization as a function of time. 

We also measured the relaxation time of proton 
polarization to confirm the quality of the crystal 
fabrication. The measurements were conducted 
in 0.3 T at 100 K by observing the decrease in 
the N1tfR amplitude as a function of time using 
a weak RF pulse as shown in Fig. 19. The re
laxation time was 23.6±0.7 hours. This result is 
comparable to the relaxation time of ",20 hours 
for a pure naphthalene crystal measured at 
94 mT [15]. Although the relaxation time tends 
to be longer in a high magnetic field, the target 
crystal appears to be successfully grown consid
ering the dopant effect. The quality of crystal 
fabrication is sufficient for our application. 

8 Summary 

The design and operation of a proton polarizing 
system for the P-RI scattering experiments was 
described. A proton polarization of 36.8±4.2% 
was achieved in a magnetic field of 0.3 T at a 
temperature of 100 K. It was shown that the Ar
ion laser is a suitable light source for a high pro
ton polarization. Since an Ar-ion laser demands 
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Fig. 19. Decrease in NMR amplitude as a function of time. 
This measurement was conducted without laser irradiation. 

minimum maintenance and has a lifetime greater 
than 3000 hours, it is well suited for p-ru scatter
ing experiments that last for a week and requires 
a stable and continuous light source. 

We also presented a method for fabricating a 
target crystal. To confirm the fabrication quality, 
the relaxation time of a proton polarization was 
measured and found to be 23.6±0.7 hours, which 
is comparable to that for a pure naphthalene 
crystal. This result shows that our refinement 
and crystallization processes are appropriate for 
fabricating a target crystal. 

The present proton polarizing system was not 
optimized as a polarized proton target. Some 
equipment, including the target crystal, the 
NMR coil, and the magnetic field modulation 
coil, should be enlarged to cope with the large 
spot size of RI beams. This enlarged system has 
already been constructed based on the present 
study and was used for the first time in an ex
periment with a radioactive 6He beam [17]. The 
target system and the results of the experiment 
will be presented elsewhere. 
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