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Abstract

We have carried out the experiment of proton polarization in single crystals of naph-
thalene and p-terphenyl doped with pentacene using a dye-laser. The experiment has
been made in the magnetic field of 3kGauss at room temperature and liquid nitrogen
temperature.

The pentacene molecules were excited to the lowest triplet state through singlet
excited states with the laser, then the microwave was irradiated during the lifetime
of the triplet state and simultaneously the external field was swept for transferring
the population difference of electrons between two Zeeman sublevels to the proton
polarization by means of the integrated solid effect. It has been confirmed that the
‘electron polarization’ defined for the two Zeeman sublevels [0 > and | — 1 > on the
triplet state is about 70% and that integrated solid effect has worked efficiently.

It has been found that the relaxation rate of protons in the naphthalene crystal
increases with laser power significantly at room temperature, whereas it is low but
increases slightly with laser power even in liquid nitrogen. The laser power dependence
of the relaxation rate during the irradiation of the Ny-laser(A = 337nm) is larger than
that with the dye-laser(A = 595nm). From these results, we have concluded that it is
preferable to irradiate the pulsed dye-laser on the crystal immersed in liquid nitrogen
for our purpose.

We obtained the proton polarization of 30% in naphthalene doped with pen-
tacene(0.001mol%) using the pulsed dye-laser with the wavelength of 600nm, the av-
erage power of 350mW and the repetition rate of 50Hz at liquid nitrogen temperature.
The maximum polarization obtained at room temperature was 0.12%. We obtained
the proton polarization of 1.3% and 19% in the single crystal of p-terphenyl doped
with 0.1mol% pentacene at room temperature and at liquid nitrogen temperature
respectively. The polarization of protons was confirmed by the neutron transmis-
sion method. The results were consistent with that measured by means of the NMR
method.

We have concluded that the proton polarization by the integrated solid effect on
the photoexcited triplet state at high temperature is applicable to the polarized target
and the spin filter, since such a target is strong for heating and radiation damage and
can be used for very low energy particles as well.
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Chapter 1

Introduction

1.1 Polarized proton targets for particle and nu-
clear physics

The polarized proton target is useful for particle and nuclear physics. For study-
ing the spin structure of nucleon and fundamental symmetries, measurements of spin
correlation parameters in nucleon-nucleon, meson-nucleon and lepton-nucleon scatter-
ings have been made using polarized proton targets. The polarized targets have also
been used as slow-neutron polarizers in which the spin directions of the transmitted

neutrons have been selected.

The proton polarization according to the Boltzmann distribution in thermal equi-
librium is 0.5% in the magnetic field of 25kGauss at the temperature of 0.5K. In order
to obtain higher polarization, the method of dynamic nuclear polarization(DNP), us-
ing the “solid effect”[1, 2, 3, 4], has been applied, in which the high polarization of
the electron in paramagnetic impurities has been transferred to the proton spin by
means of microwave irradiation. Since the magnetic moment of the electron is 658

times as large as that of the proton, the thermal polarization of the free electron is

99.8% in 25kGauss at 0.5K.

As target materials, ethylene glycol[5, 6, 7], butanol[8, 9, 10], propanediol[11], and
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NH;3[12, 13, 14] have been usually used, since the protons in these materials can be
polarized more than 90% in 25kGauss at 0.5K. These materials have an advantage
over other materials because of the high density of proton. In addition, they are

relatively strong for radiation damage.

In order to polarize protons in these target materials by DNP, the magnetic field
higher than 25kGauss with the field homogeneity of 107* and the temperature below
1K are needed. These conditions give rise to the following problems in scattering

experiments.

o The magnetic field of 25kGauss is too high for low momentum particles.

e In order to realize the field homogeneity of 10™* over the target size, a large
magnet is necessary. The angular acceptance of such a magnet for incident and

scattered particles are limited seriously.

e Complicated cryogenic systems are required to keep the temperature lower than

1K.

e High beam intensity gives the depolarization of protons. The depolarization is

caused by heating and radiation damage due to the beam particles.

Since the relaxation time of the proton spin in organic material is quite long
at the temperature lower than 0.1K, the proton polarization can be kept for long
time in rather low magnetic field without microwave irradiation after the protons are
polarized dynamically in higher field. Such a polarized target, called the spin frozen
target, is used for many experiments in several institutions in Japan[l5, 16, 17, 18],

Europe[19, 20, 21] and recently in USA[L7, 18, 22].

The spin frozen target allows us to reduce the strength of the magnetic field

during the scattering experiment. Furthermore, the field homogeneity of 10™* is not



CHAPTER 1. INTRODUCTION 3

required for holding the proton polarization. Therefore, large angular acceptance
can be provided for incident and scattered particles. However, the spin frozen target
needs a dilution refrigerator with high cooling power to keep the temperature of the
target below 0.1K. In addition, the temperature increase due to the beam irradiation
is serious, since the relaxation time of protons is quite sensitive to the temperature.
The radiation damage due to the beam irradiation also leads to the depolarization,
since free electrons produced by ionization remain in the crystal for long time without

recombination and give rise to the short relaxation time.

Another application of the polarized proton target to particle and nuclear physics
is to use as the polarized proton filter with which the slow neutron beam can be polar-
ized, because the proton-neutron scattering cross section has a strong spin dependence
below 10MeV. It was shown at Dubna and KEK that the polarized proton target is
useful as the neutron polarizer in the epithermal energy region[23, 24]. In the early
1980’s, the polarized proton filter was built using ethylene glycol and was installed in
an epithermal neutron beam line in KEK[24, 25]. The neutron in the energy region
of 1eV has been polarized up to 72% with the proton filter in 25kGauss at 0.5K.
A polarized proton filter using ammonia has been constructed in Los Alamos lately.
The neutron polarization of about 70% was obtained with the filter in 50kGauss at
1K[26, 27]. In experiments using such polarized filters, the experimental conditions

are limited because of the cryogenic system and the high field magnet.

A new method to polarize protons in a low magnetic field without the cryogenic

technique has been desired for long time in order to solve above problems.
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1.2 Dynamic nuclear polarization on the photoex-
cited triplet state of aromatic molecules

Triplet states of aromatic molecules excited with light have been investigated for
long time[28]. One of the remarkable features of the photoexcited triplet state is the
fact that there are population differences among the three Zeeman sublevels of the
triplet states[29]. It is caused by the selection rule of the transition from the singlet
excited state to the triplet state. Such population differences are almost independent

of the strength of the external magnetic field and the temperature.

In 1982, the first experiment of transferring the population differences on the
photoexcited triplet states to the proton spin was reported by Kesteren et al.[30]. A
single crystal of fluorene doped with phenanthrene was used as a sample for polarizing
protons in 3kGauss at 1.2K. The proton polarization was about 3%, which corresponds
to the enhancement of 90 compared to the Boltzmann equilibrium polarization. In this
case, the proton polarization was obtained by the solid effect, which is not efficient in
such a low magnetic field. Lately, in 1985, it was also reported by Kesteren et al. that
the polarization of about 42% was obtained in the same kind of crystal in 27kGauss
at 1.4K[31]. It was shown that the solid effect is effective also on photoexcited triplet

states in a high magnetic field.

A new method for polarization transfer called “Integrated Solid Effect”(ISE) which
is effective in low magnetic field, was proposed by Henstra et al. in 1988[32]. In the
integrated solid effect the magnetic field is swept during microwave irradiation. In
1990, the first experiment of polarizing proton in a low magnetic field(3kGauss) at
room temperature was carried out by means of this method[33]. A single crystal
of naphthalene doped with pentacene was used as a sample for polarizing protons.

The integrated solid effect was applied to the photoexcited triplet state of pentacene
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molecule. The achieved proton polarization of 0.5% corresponds to the enhancement
of 5500 compared to the Boltzmann equilibrium polarization. Although this enhance-
ment is surprisingly high in such a low magnetic field and at high temperature, it is

still too small for applying to the polarized proton target.

1.3 Dynamic nuclear polarization in low magnetic
field at high temperature

In this dissertation we describe our recent experimental results on polarizing pro-
tons by means of the dynamic polarization on the photoexcited triplet state in the
magnetic field below 10kGauss at the temperature higher than 77K and the possibil-
ity of its application to the polarized proton target. The goal of the experiment is the
achievement of the high polarization of proton available for scattering experiments
without cryogenic technique. Two kinds of aromatic single crystals, naphthalene
doped with pentacene and p-terphenyl doped with pentacene are used, since pen-
tacene is easily doped in single crystals of naphthalene and of p-terphenyl. Electrons
in a pentacene molecule are diamagnetic in the ground state. They are excited to
a higher singlet state with a laser beam. And then the spin-orbit interaction causes
the transition from singlet excited states to the intermediate triplet state, where the

integrated solid effect is applied for polarizing protons.

A series of experiments have been performed in 3kGauss at room temperature and
at liquid nitrogen temperature. In particular, the polarization of 30% in naphthalene
has been obtained in 3kGauss at liquid nitrogen temperature. The proton polarization

was measured not only by the NMR method but also by the neutron transmission.

It has been found that these materials are applicable to the polarized target and

to the polarized proton filter of the slow neutron beam. These targets are expected
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to be strong against beam heating and radiation damage due to high beam intensity.

In Chapter 2, an overview of the dynamic polarization of protons is introduced.
The principle of DNP with the pentacene molecule is also presented. Then, the
experimental procedure and apparatus are described in Chapter 3. In Chapter 4, the
experimental results and discussion are presented. The possibility of the application

to polarized targets is discussed in Chapter 5. We give the conclusion in Chapter 6.



Chapter 2

Dynamic Polarization of Protons

2.1 Dynamic nuclear polarization by solid effect

The interaction between the spin and magnetic field is known as the Zeeman
interaction. In the case of nuclei, which have the magnetic moment of g = A1, in

the external field Hy along the z-axis, the Zeeman Hamiltonian H is expressed as
H=—p-Hy = —~hl.H,, (2.1)

where v is the gyromagnetic ratio, and I, is the z-component of the nuclear spin.

Since protons have the spin of 1/2, there are two Zeeman levels, m = +1/2 and
m = —1/2 as shown in Figure 2.1. We define the polarization as
N, — N_
P=——— 2.2

where N, and N_ correspond to the populations on the energy levels of m=41/2 and

m=—1/2 respectively.

In the case of the ensemble of protons in thermal equilibrium, the populations on

the both levels obey the Boltzmann distribution. They are expressed as

hH,
N‘|‘ = anp(+72kTO)7

hH,
N_ = aexp(—ékTO).
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Here, T is the temperature, and k is the Boltzmann constant, and « is a constant.

The degree of the polarization in thermal equilibrium can be expressed as

VhHo)
2T

P = tanh( (2.3)

Since /27 = 4.2MHz/kGauss for the proton, the proton polarization P, is given as

1 1
L1 O0ODO Ly,

h’YHo

0000800
|+ <> — L o

Figure 2.1: Zeeman levels of the free proton in the magnetic field of Hy along the
7-axis

Ho

H,
P, = tanh(1.008><10_4?0)z10_4 -

(2.4)

where Hy and T are given in kGauss and K respectively. Here, 107*Hy/T < 1 is

assumed.

In the magnetic field of 25kGauss at the temperature of 0.5K, the polarization is
about 0.5%. For obtaining 10% polarization, 100kGauss and 0.1K are required. In
the case of electron, v/27 = 2.8 x10°MHz/kGauss is given. The electron polarization
P. can be expressed as

H
P. = tanh(0.06770). (2.5)

The polarization of electrons is 93% in 25kGauss at 1K in thermal equilibrium.
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In the ordinary dynamic nuclear polarization, protons are polarized by transfer-
ring the electron polarization to protons. The polarization transfer is performed by
irradiation of microwaves. It is caused by the dipole-dipole interaction between a pro-
ton and an electron. It is called the “solid effect”, of which mechanism is understood

as follows.

The spin Hamiltonian of a pair of a proton and an electron is given as

Ho = Hs + H; + Hsi, (2.6)

where Hg and H; are Zeeman terms which express the interaction of the magnetic
field H with the electron and proton spins respectively. H gy represents the spin-spin
interaction of the electron and proton. This interaction is treated as a perturbation
of Hs + H;. Since it is the interaction between magnetic moments of the electron

and proton, Hgy is given by the dipole-dipole formula

(2.7)

7

S-I 3(8- TI.
HSI:%W( EESICL | m)'

Here, ~5 is the gyromagnetic ratio of electron, S is the spin of electron. ~; is the gy-
romagnetic ratio of proton, I is the spin of proton. = represents the relative position
vector between an electron and a proton, and is expressed by the spherical coordi-
nates, r,6,¢. According to the perturbation theory of first order, four perturbed
states made by the dipole-dipole interaction are shown in Figure 2.2. Here, |mg, m; )
is the notation showing the z-components of electron spin mg and proton spin mj.
wg and wj are the Larmor frequencies of electron and proton respectively. We de-
fine ¢ as —3/4-vsyrh/r*1/wrsinf cosfe™, ¢* as the complex conjugate of ¢. Since
ws > wy is fulfilled, the terms including 1/wg can be neglected. The transitions of
|+1/2,—1/2 ) < |=1/2,—1/2 ) and |+1/2,41/2) < |=1/2,41/2 ) are allowed,

whereas the transitions of |+1/2,—1/2) « |—1/2,41/2 ) and |[+1/2,+1/2) «
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|—1/2,—1/2 ) are forbidden without the dipole-dipole interaction. However, the for-
bidden transitions are allowed slightly, since the dipole-dipole interaction account for

a small transition probability between the different spin states. The ratio between

lay=l+= -2 yrql+s +2)

AA
2 2 2 2
1h(DI‘ |b>=|+l,+i>—q*|+l,—i
2 2 2 2

hos| | h(wsto) | h(ows-o)

1 1 1 1

\/ A = | — _—\_ Jp— -
| cy=| > 2) ql > ,+2>

1 1 1 1

Figure 2.2: Zeeman levels of an electron - proton pair including the hyperfine inter-
action

the allowed transition W, and the forbidden transition Wy is

Wy
W,

2707 1
975 n —sin? 0 cos® h (2.8)

4 r6 wr?

=1lq)* =

We consider an ensemble of electron spins coupled with proton spins and assume
that the electrons are polarized according to the Boltzmann distribution. The transi-
tion by irradiation of microwaves whose frequencies are wg +wy makes the population
of |a > to be equal to |d >(See Figure 2.2). Since the spin-lattice relaxation time of
the electron spin Ty, is much shorter than the relaxation time of proton spin Ty, the
transition from |a > to |¢ > occurs spontaneously within Ty,. Then the transition
between |a > and |d > continues by microwave irradiation. As the result, the pop-
ulation on |¢ > becomes much larger than that on |d >. Irradiation of microwaves

whose frequencies are w = wg — wy gives the transition between |b > and |¢ >. In
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this case, protons are polarized to the opposite direction to the proton polarization

obtained by irradiation of microwaves with w = wg + wy.

ESR

\

Po

ey

Figure 2.3: Schematic view of the ESR spectrum and the frequency dependence of
the proton polarization P, in applying the high magnetic field. (See the text.)

The high magnetic field is of importance for the solid effect. There are three
transitions, w = ws — Wy, W = ws, w = ws + wy which correspond to three peaks in
the electron spin resonance(ESR) spectrum. If the linewidth Awg is narrower than
wy, the ESR spectrum is expected to the shape as shown schematically in Figure
2.3. Under the condition Aws < wy, the electron polarization can be transferred to
protons efficiently at w = wg — wy or w = wg + wy. Since the typical value of Awg is
about 50MHz[3], the solid effect is effective at Hy ~ 25 kGauss which gives w; ~ 105

MHz.
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Figure 2.4: Schematic view of the ESR spectrum and the frequency dependence of
the proton polarization P, in the case of Awg > wy. The parts shown by dotted lines
are the ESR spectrum of the i-th spin packet, whereas the parts shown by dashed
lines are that of the j-th spin packet. (See the text.)

In low magnetic field Awg is wider than w;. In this case the ESR linewidth is
assumed to be inhomogeneously broadened. It is the composition of spin ensembles
which are homogeneously broadened as shown in Figure 2.4. They are called the
spin packets. The i-th spin packet has the central resonance frequency of wg' and
the homogeneous broadening of Awsi, in which Awg® < wy is fulfilled. When the
microwaves with the frequency w(= wj + wy) are irradiated, the protons in the i-th
spin packet are polarized in the —z direction, whereas the protons in the j-th spin
packet, in which wg’ = w4+ wjy, are polarized in the 4z direction. The contribution of

both spin packets to the proton polarization are canceled out each other. If we define
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h(w) as the magnitude of ESR line composed of narrow spin packets, the proton

polarization P, is proportional to the difference of h(w —wy) and h(w + wy) as

dh
P, x h(w—wr) — h(w+w) = —2w; d(w), if Awg > wr. (2.9)
w

The microwave-frequency dependence of proton polarization is shown as the differen-
tial of the ESR spectrum(Figure 2.4). It is called the “differential solid effect”. The
cancelation among many spin packets gives rise to the inefficiency of the solid effect.
For the efficient polarization transfer, the condition that Awg is narrower than wj is

required. It is fulfilled in high magnetic field.

2.2 Integrated solid effect

The integrated solid effect(ISE) is the method to polarize the proton efficiently
by sweeping the frequency of microwaves in low magnetic field[32, 33]. In this case
it is possible to transfer the polarization of electrons to protons efficiently, since the

contributions of all the spin packets to the proton polarization are not canceled.

A spin packet in an ESR spectrum in an external magnetic field along the z-axis is
considered. In applying the oscillating magnetic field 2H, e, coswt along the x-axis,

which is perpendicular to the z-axis, an electron spin Hamiltonian H g is given as
Hgs =~sHyS. + 2vsH1S, coswt, (2.10)

where Hy is the static external field. S, and S, show the z-component and the x-
component of the electron spin vector, respectively. In the rotating frame «’,vy/, 2’

with the frequency of w around z-axis, the Hamiltonian is expressed as
H,,; = (ws —w)S. + wpSar, (2.11)

where wg is the Rabi frequency, wgr = vysH;. It represents the Zeeman interaction

of the spin with the effective field which is oriented to the direction determined by
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the two components wpg, and wg — w as shown in Figure 2.5. The effective Larmor

frequency w.yss in this effective field is given by

Weff = \/(ws — w)2 + sz. (212)

The effective field is expressed as H.rs = wess/7vs. The polarization transfer from the

0Ws—0

’

MR X

Figure 2.5: Effective field of the electron spin in the rotating frame

electron to the proton becomes most efficient in the case that the effective frequency

wess is equal to the Larmor frequency of proton w;[33, 40].

We consider that the external magnetic field Hy, or the frequency of irradiated
microwave is swept through the resonance. When the external magnetic field changes
adiabatically as shown in Figure 2.6(a), the direction of the electron spin vector
changes following H.;; and finally it is reversed. The sweeping time is limited by the
electron spin relaxation time. It is called the adiabatic fast passage. Here, at the
points A and B where the condition w.s; = wy is fulfilled, the polarization transfer
occurs(Figure2.6(b)). It is noticed that there is no cancelation of the polarization
transfer at the points A and B, since the direction of an electron spin vector is always

parallel to the effective field. If the external magnetic field is swept through the
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resonances of all the spin packets over the linewidth of ESR spectrum, all the spin

packets make the contribution to the polarization transfer as shown in Figure 2.7.

(a) adiabatic fast passage (b) integrated solid effect

Figure 2.6: Adiabatic fast passage and integrated solid effect in the rotating frame.
(See the text.)

The adiabatic condition for reversal of the electron polarization vector is
dé
‘% < CURQ 55(4)5 — Ww. (213)

In the case of sweeping the external field, the adiabatic condition is

dé wg dH, 5
bl I oo i ) 2.14
‘dt at| = | | SR (2.14)
Thus
dHO CUR2
— —_— 2.15

In the case of sweeping the microwave frequency, the adiabatic condition is

d
‘d—“‘; < wi?. (2.16)
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In addition, the condition

WR S wr (217)

is also required. The polarization can be transferred from the electron to the proton
in rather low magnetic field (< 10kGauss) by means of the integrated solid effect

under these conditions.

ESR i -th spin packet

Figure 2.7: A schematic view of the integrated solid effect within the linewidth of
the ESR-spectrum. ’a’ corresponds to the point A of the j-th spin packet in Figure
2.6(b), 'b” to the point B of the j-th spin packet and the point A of the i-th spin
packet. ’¢’ corresponds to the point B of the i-th spin packet. The frequency of the
microwave is swept as shown by the arrow.

The first experiment by means of the integrated solid effect was carried out by
Henstra, et al.[32]. They polarized **Si nucleus in the single crystal of silicon doped
with boron in 2.64kGauss at 1.2K. It was reported that the polarization by the inte-

grated solid effect is 21 times as high as that by the differential solid effect.
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2.3 Triplet state of the aromatic molecule

The thermal electron polarization in low magnetic field at high temperature is too
small to be applied to the dynamic polarization of protons. However, the population
differences on the triplet state of aromatic molecules are applicable to the dynamical

proton polarization[31, 34].

An example of the energy levels of aromatic molecules are shown schematically
in Figure 2.8. The spin state of the ground state of such a molecule is singlet.
The electron is spontaneously aligned on the lowest triplet state Ty. However, the
probability of the direct excitation from the ground state 5S¢ to T is extremely small.

On the other hand, the molecule can be excited to higher singlet states by optical

& ‘ . ‘ 0
internal conversion
= - : T2
1071~ 10 Msec i
. |
S —— |
L intersystem ; T1
¢ ¢ L crossing internal conversion
St e 10711 10 sec,

‘ i 10°~ 10 8§e£ ;
fluorescence | = To
10"~ 10 %c. | phosphorescence .-~

| 1 10~ 10 3sec. intersystem
laser excitation |nt1eg1§I (i%rl\;ersu on 7 crossing
~ SEC. . _
; - 10 ~ 10 °sec.
| R
S v .
. B —
S0 - ground state radiative process
S @ singlet state o
T+ - triplet state non-radiative process

Figure 2.8: Typical energy levels of an aromatic molecule
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pumping. It decays to the first excited singlet state Sy very fast, typically within
1071 ~107! sec. due to the internal conversion, which is non-radiative transition
between the same spin states. There are two possibilities of the transitions from the
S1 state, that is the decay to the ground state and the transition to the Ty state
due to the intersystem crossing. The intersystem crossing is a non-radiative process
between different spin states caused by the spin-orbit interaction. There is a radiative
decay process from the Ty to the ground state, which is called the phosphorescence.
Non-radiative decay due to intersystem crossing exists also. Radiative decay from the
S1 state to the ground state is known as the fluorescence, and non-radiative decay is
due to the internal conversion. In addition, there is also the triplet-triplet transition
from Ty to higher excited triplet states by the absorption of photons. They decay to

Ty rapidly. The typical decay constants are also shown in Figure 2.8.

The transitions between the first excited singlet state and the sublevels of the
triplet state are selective because the spin-orbit interaction causes the mixing only
between the states with the same total symmetry[29, 35, 36]. Thus the alignment
exists on the Zeeman sublevels of Ty. This population difference is almost independent
of the temperature and the strength of the external field, but it depends on the
direction of the external field. Therefore, single molecular crystal is indispensable as

material for polarizing protons.

In order to obtain the high proton polarization in a low magnetic field at high
temperature, the integrated solid effect is applied to the Ty state within its lifetime.
It the relaxation time of the electrons on Ty is longer than the lifetime of the T,
state, the relaxation among the Zeeman sublevels does not cause the relaxation of
the proton spin substantially. The proton spin is kept polarized on the ground state

for long time, since the state is diamagnetic.
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2.4 Dynamic nuclear polarization on the photoex-
cited triplet state

2.4.1 Dynamic polarization of protons in the molecular crys-
tal doped with pentacene molecule

The pentacene molecule CyyHyy has a large population differences between the

Zeeman sublevels of the triplet states. The populations of the Zeeman sublevels

z

Figure 2.9: Molecular structure of the pentacene

|+ 1>,1]0>and | =1 > are 12, 76 and 12% respectively, when the external field is

applied along the x-axis as shown in Figure 2.9[37].

It is known that naphthalene and p-terphenyl are suitable molecules for growing
to single crystals doped with pentacene. A single crystal of naphthalene doped with
pentacene is considered. The level diagram of the pentacene molecule is shown in
Figure 2.10. In order to polarize the proton in the crystal dynamically, a pulsed laser
beam is applied to the crystal, in which pentacene is excited to one of higher singlet
states and then it decays into the lowest triplet state Ty. During the period when
pentacene remains on the Ty state, microwaves are irradiated while the external field

is swept simultaneously for pursuing the dynamic proton polarization by means of
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the integrated solid effect. Pentacene decays from the triplet state Ty into the ground
state with the decay constant of about 20usec.[38]. As the excitation of the pentacene

and the sequential ISE are repeated, the proton polarization increases. Since the

—_— Ms M
S'_K_T_ L|+l+l>

o 2 12%
—‘_1— . |+1 —7>

L intersystem

‘ Crossi ng microwave irradiation

Qo0 | 045>
JHXL 76%
| 0.- 3

non-radiative process

radiative process

ground state

laser excitation

Figure 2.10: Energy levels of pentacene: The values on the right side represents the
population differences of each sub-levels on Ty. The state S’ is one of higher singlet
states than the state S;.

electron spin-lattice relaxation time is longer than the decay time of Ty[40], it is
expected that the influence of the electron spin relaxation to the proton spin is small.
After the electron polarization is transferred to a proton in a pentacene molecule or
to a proton in a naphthalene molecule near a pentacene by integrated solid effect,
the polarization is diffused by the spin-spin interaction between proton spins. As the

result, most of the protons in the naphthalene molecules are also polarized.
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2.4.2 Buildup and relaxation of the polarization

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

dpP
d—tp :A(PB_PP)_F(PP_Ppth)v (2-18)
where P, is the proton polarization, P, the electron polarization, and P, the proton
polarization in thermal equilibrium. A is the buildup rate of the polarization, and I’
the relaxation rate. In this formula it is shown that the proton polarization approaches
the electron polarization P, with the buildup rate A due to pumping with microwaves,

whereas it has a tendency to decay spontaneously to the thermal polarization P,

with the relaxation rate I'. The following relations are derived from Equation (2.18).

P, = Po(l — exp(—(4 + T)1), (2.19)
where
A
Pyo = r_l_rpe- (2.20)

Here P,y is neglected, since Py, is quite small, that is 107 at room temperature
in 3kGauss. For obtaining the high proton polarization, the buildup rate should be

large, and the relaxation rate should be small. The buildup rate can be written as
E
A x Coz()\)gﬂeﬂ’, (2.21)

where «(A) is the absorption coefficient of the laser power in pentacene (A is the
wavelength of the laser. ), R the repetition rate, ¢ the transfer rate of polarization
from an electron to a proton for every sequence. C' is the density of pentacene, 5 the
transition rate from the first excited singlet state to the lowest triplet state, £ the

energy of the laser pulse, S the area of the laser beam on the crystal.
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In the ISE method pentacene molecule on the lowest triplet state decays into the
ground state during the sweep of the magnetic field. Therefore, the values of P. and
A which depend on the number of electrons decrease during this period. Equation

(2.18) is rewritten approximately as the formula

dp,

—L = A(P.= B) = T(P, = Pu), (2.22)

where P, and A are the average values of P. and A respectively. P. and A are

expressed as

_ 1

= — [ P(t)dt, 2.23
A7 Ju, Felt) (2.23)

. 1

A = — | AWdt 2.24
A Ja A0 (2.24)

respectively, where At is the sweeping time. The value of P, is obtained by the

waveform analysis of the ESR signals.



Chapter 3

Experimental Procedure and
Apparatus

3.1 Overview of experimental procedure

Protons in naphthalene and p-terphenyl doped with pentacene are polarized by

repeating the following three steps.

1. Pentacene molecules are excited to the lowest triplet state through singlet ex-

cited states by means of laser excitation.

2. The population difference between two electron Zeeman sublevels on the lowest
triplet state is transferred to the proton polarization by means of the integrated

solid effect within the lifetime of the triplet state.

3. The transition from the triplet state of pentacene molecules to the diamagnetic

ground state occurs spontaneously.

The polarization of protons is measured by the nuclear magnetic resonance ( NMR )

after performing the dynamic polarization.

The experimental setup was composed of pulsed laser systems, a magnet, a mi-

crowave system for the ISE and ESR detection, and a pulsed NMR system for mea-

23
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suring the proton polarization.

In order to excite pentacene to the electronic levels, we used a high power dye-
laser with the pulse width of about 800nsec. A pulsed Nj-laser with the wavelength

of 337nm was also used for studying the properties of the triplet states.
The magnetic field for the ESR and the NMR was about 3kGauss.

The microwave system was used for the dynamic polarization by means of the
ISE and for a CW ESR-spectrometer with the resonance frequency of about 9.3GHz.
During the irradiation of the microwave power the external magnetic field was swept
using an internal coil in a cylindrical cavity (TE011-mode, ) ~ 6000). The cavity was
mounted at the central position between two pole pieces. In this cavity, the sample
whose size was about 3mmx5mm x2mm was placed. The CW ESR spectrometer was
used for detection of the population difference between the electron Zeeman sublevels
of the lowest triplet state of pentacene molecules. By monitoring a linewidth and a
magnitude of ESR spectrum, the long molecular axis of pentacene( x-axis as shown in
Figure 2.9 ) in the sample was aligned parallel to the the external field. The sweeping
range of the magnetic field for performing the ISE was determined by the linewidth

of the ESR spectrum.

For the measurement of the proton polarization the pulsed NMR technique was
utilized in which the free induction decay (FID) signals of protons were detected.
We applied RF pulses with the frequencies of about 12.95MHz and the widths of
about 1.8usec for detecting the FID signals of protons in thermal equilibrium and
also after the dynamic polarization in order to obtain the enhancement factor. The
NMR coil was inserted in the cavity only when the FID signal was measured. When
the experiment was carried out at liquid nitrogen temperature, the sample was placed

in a dewar.
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Before mounting the sample in the apparatus, the absorption spectra of light in
naphthalene and p-terphenyl doped with pentacene were measured to determine the
best wavelength of the pulsed laser for the excitation of pentacene. The crystals with
good quality were selected by the measurement of the line shapes observed with the

ESR detection system.

In order to obtain the buildup and the relaxation curves of the proton polarization
as a function of time, the weak RF pulse, by which the polarization was not disturbed
significantly, was applied. The relaxation time was also obtained by measuring the
recovery time of the polarization from zero to the value according to the Boltzmann

distribution by using the 90° RF pulse.

3.2 Sample

The properties of single crystals of naphthalene CqHg and p-terphenyl CgH 4

are presented in Table 3.1. Figure 3.1 shows the structures of both molecules. Af-

L O~
F

(a) naphthalene (b) p-terphenyl

Figure 3.1: Structures of the molecules of naphthalene and p-terphenyl

ter these molecules were purified by recrystalizaiton and zone melting, they grew to
single crystals by the Bridgeman technique. In these molecules, the direction of crys-
tal growth is on the b-axis shown in Figure 3.2 and Figure 3.3. Since the melting
point of naphthalene and p-terphenyl are 80.55°C and 214°C respectively, it is not
so difficult to obtain the single crystal growing in a glass tube. The crystal struc-

tures of naphthalene[41] and p-terphenyl[42] are shown in Figure 3.2 and Figure 3.3
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respectively.
molecule naphthalene p-terphenyl
molecular formula CioHg CigHiy
molecular weight 128.2 g/mol 230.3 g/mol
density 1.16 g/cm™ 1.24 g/em™
crystal structure monoclinic | monoclinic(T>193K)*
space group P2, /a P2i/a
a 8.2 A 8.1 A
b 6.0 A 5.6 A
c 8.7 A 13.6 A
o 90.0° 90.0°
V] 123.0° 92.1°
~ 90.0° 90.0°
cleavage plane ab ab
number of unit cell 2 2
Reference [41] [42]
relaxation time of proton 40min. 8Smin.
(at room temperature) (Ref. [33]) (Ref. [44, 45, 46])

Table 3.1: Properties of the molecules of naphthalene and p-terphenyl. *The crystal
structure of p-terphenyl is triclinic(P1) at the temperature lower than 193K(Ref.
[43]).
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In naphthalene crystal, whose space group is P2;/a, there are site A and site B.
Two naphthalene molecules on site A or site B can be replaced with one pentacene
molecule. The pentacene molecules on site A and site B are magnetically equivalent

in the case that the external field is applied along the molecular x-axis[38]. It must

Figure 3.2: The crystal structure of naphthalene: The crystal is monoclinic and the
space group is P2;/a. The thin lines show the molecules on site A, and the thick
lines show the molecules on site B. The x-axis is not parallel to the c-axis in the unit
cell.

be noticed that the direction of the x-axis in pentacene is not parallel to the c-axis of
a unit cell. The angle between the a-axis and the x-axis of pentacene is 113°, which

is different from the angle 5 between the a-axis and the c-axis given in Figure 3.2[38].

The crystal structure of p-terphenyl crystal at the temperature higher than 193K
is shown in Figure 3.3. The structure changes at 193K. In the crystal, whose space
group is P2;/a, there are site A and site B similar as naphthalene crystal. One

p-terphenyl molecule on site A or site B is replaced with one pentacene molecule.
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Figure 3.3: The crystal structure of p-terphenyl(T>193K): The crystal is monoclinic
and the space group is P2;/a. The thin lines show the molecules on site A and the
thick lines show the molecules on site B.

Typical concentration of pentacene in naphthalene crystal is 0.01mol%, and that
in p-terphenyl crystal is 0.1mol%. The p-terphenyl crystal has an advantage of the
concentration of pentacene over the naphthalene crystal. However, the relaxation time
of the proton spin in the naphthalene crystal is longer than that in the p-terphenyl

crystal.

The absorption spectra in doped crystals were measured before DNP experiments.
Typical absorption spectra in naphthalene and p-terphenyl crystals are shown in
Figures 3.4 and 3.5. Since ultraviolet rays are absorbed in the host molecules at large
absorption rates, it is not advantageous to use a laser beam with short wavelength

for exciting only the pentacene molecules. The wavelength of the laser to excite the
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pentacene molecule in naphthalene crystal most efficiently was found to be 595nm.
For p-terphenyl crystal, the wavelength of 590nm was preferable. At liquid nitrogen
temperature, the widths of the lines are narrower than those at room temperature.
The dip position of the absorption curve for naphthalene crystal was found to be
shifted from 595nm to 600nm at liquid nitrogen temperature. In the case of p-

terphenyl, the shift of the dip position was negligibly small.

The dye-laser whose wavelength is approximately 600nm was found to be the
most suitable for exciting pentacene molecules in both host crystals at liquid nitrogen
temperature and room temperature. Another advantage of the dye-laser is in the fact

that the wavelength is variable.
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Figure 3.4: Absorption spectrum in a single crystal of naphthalene doped with pen-
tacene at room temperature: The thickness of the crystal was 1.8 mm. The spectrum
was obtained with the spectrophotometer(Shimadzu, MPS-2000).
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Figure 3.5: Absorption spectrum in a single crystal of p-terphenyl doped with pen-
tacene at room temperature: The thickness of the crystal was 2.2 mm. The spectrum
was obtained with the same equipment as the one in the case of naphthalene.
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3.3 Experimental apparatus and their performance

3.3.1 Pulsed laser system

The pulsed laser is advantageous over the CW laser for polarizing protons in
pentacene molecules efficiently, since the excitation of pentacene by the CW laser
reduces the population difference between the Zeeman sublevels on the lowest triplet
state. The populations of the Zeeman sublevels |[+1 >, |0 > and | —1 > in excitation
of the CW laser, are calculated to be 30.6%, 38.8% and 30.6% respectively. Since the
transition time from 5; to Ty is about 1pusec. which is longer than the transition time
of S1 to the ground state So(~ 20nsec.)[39], the pulse width of the laser beam longer
than the transition time to the ground state is preferable. Using such a laser beam, the
excitation of pentacene can be repeated during one pulse. As a result, the population
on Ty including all the Zeeman sublevels is accumulated, if the energy of the laser
pulse is sufficiently high. However, the pulse width should be less than 20usec. because
the decay time of Ty to the ground state Sg is about 20pusec. In excitation by the laser
beam with the short pulse width, the population has the tendency to be saturated
as the pulse energy of the laser beam increases. In this experiment, we used a pulsed

dye-laser with a pulse width of about 800nsec. (Cynosure, model LEDL-3).

For studying the effect of the light absorption to excite from the lowest triplet
state to higher triplet states, a pulsed Nj-laser(Lumonics Excimer laser, Series TE-
860-4) was used. This laser could produce ultraviolet rays with the wavelength of
337nm. In the case of naphthalene, the total absorption rate of the Ny-laser is lower
than that of the dye-laser, but the absorption rate on the triplet state is larger than

the absorption rate of the dye-laser[47].
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The specifications of the lasers are presented in Table 3.2.

dye-laser Ny-laser
wavelength 590nm~605nm 337Tnm
max. energy per pulse 10mJ 2mJ
max. repetition rate 50Hz T0Hz
max. average power 500mW 150mW
pulse duration 800nsec. 4nsec.
beam size Amme 10mm x20mm

32

Table 3.2: The specifications of the dye-laser and the Ny-laser

3.3.2 ESR system

Figure 3.6 shows the block diagram of the CW ESR system and ISE system.
The solid lines in this diagram show the paths of the CW microwaves and the trigger
pulses to the laser and to the oscilloscope for the ESR measurement. The dotted lines
show the flows of the microwave pulse and the trigger pulse for the ISE. The double

solid lines represent the waveguide.

ESR signals were observed as the decay of the population difference between two
Zeeman sublevels as a function of time after irradiation of the pulsed laser beam.
When the microwave power was filled in the cavity, the signal could be seen on a

oscilloscope after a certain time from the trigger of the laser as shown in Figure 3.7.
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Figure 3.6: Block diagram of ESR system and ISE system: The solid lines show the
paths of the CW microwaves and the trigger pulses to the laser and to the oscilloscope
for the ESR measurement. The dotted lines show the flow of the microwave pulse
and the trigger pulses for the ISE. The double solid lines represent the waveguide.
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A synthesized sweep generator was used as the microwave source. The output
power was 63mW and the frequency was tuned to the resonance frequency of the
cavity. The resonance frequency was 9.3GHz without a sample in the cavity, but

shifted slightly when the sample was mounted. Microwaves which were produced in

Amplitude ( 50mV/div. )

Time ( 20usec./div.)

Figure 3.7: ESR signal shown in a oscilloscope

the microwave source passed through an isolator and an attenuator and then were
split with a magic T. Outgoing microwaves from the magic T passed through a stub-
tuner and then a directional-coupler. Finally, they reached the cylindrical cavity. The
stub-tuner was used for impedance matching. Small part of the microwave power was
extracted from the directional coupler to monitor the microwave power. Reflected
microwaves from the cavity came back to the magic T, and were detected with a

crystal diode.
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DPPH(diphenylpicrylhiydrazyl) was used as a standard sample in order to tune

the ESR system. After the direction of the x-axis of pentacene molecule was aligned
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Figure 3.8: The ESR amplitude as a function of the magnetic field. The solid line is
the curve fitted with the differentiated Gaussian function. The central magnetic field
was 3.082kGauss.

parallel to the direction of the external field by monitoring the ESR signal, an ESR
spectrum were obtained by changing the external magnetic field. Figure 3.8 shows the
amplitudes of ESR signals as a function of the magnetic field. The solid line represents
a curve fitted with the differentiated Gaussian function. Before performing the ISE,

the external field was adjusted to the central value of the curve.

3.3.3 ISE system

The ISE system consisted of an internal coil in the cavity and a controller of
irradiation of pulsed microwaves. Dotted lines in Figure 3.6 show the flows of the
microwave pulse and the trigger pulses. The CW microwaves were pulsed with a

diode switch. The pulse width was longer than 10usec. Then they were amplified
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by a TWT power amplifier with the gain of 39.4dB. A typical power of the pulsed

microwaves was about 30mW.

The magnetic field was swept with the internal coil in the cavity. The sweeping
current was made by amplifying the triangular wave produced in a function generator
with a high power operational amplifier APEX-PA05. The maximum output current

lus

"
e S—
[

laser trigger H
(TTL logic) !

field sweep
(‘triangular waveform)

10us o — 21Gauss

microwave pulse
(TTL logic)

Figure 3.9: Time sequence of the pulses for the ISE

of the amplifier is £30A and the slew rate is 100V /usec. In fact, the sweep current
was set to £25A, which corresponded to +£21Gauss. It was sufficient for performing
the ISE. These apparatus and the laser system were synchronized with the trigger
pulse. The width of field sweep was about 10usec. The time sequence is shown in

Figure 3.9.
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3.3.4 NMR system

After the dynamic nuclear polarization was performed by means of the ISE, the
proton polarization was measured with a pulsed NMR system, in which the response
of the magnetism was observed. The block diagram of the pulse NMR system is

shown in Figure 3.10.

RF generator .
f =12.95MHz Transmitter

power divider

trigger

pulse generator

‘ blanking trigger

trigger
-—

NMR-coil

RF Amplifier-2
band pass filter

‘doublebalanced mixer ‘J\—

low passfilter 5, pass filter
f<1IMHz

degital
oscilloscope | trigger

band pass filter
band width ~ IMHz

Figure 3.10: Block diagram of the NMR system

The NMR system was composed of a transmitter, a probe, and a receiver. The
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RF pulse was created in a CW RF-generator and a RF switch. The RF pulse of 3mW
was amplified with a high power amplifier which had a gain of 57dB. The maximum
output power was H500W. The output of the high power amplifier was blocked by the
“blanking” pulse when the receiver was active, since it gave rise to the noise in the

receiver. The frequency of the RF pulse was 12.95MHz, and the power was adjusted

1
RF pulse : /@4 /CHB/ to preamplifier

NMR-coil

Figure 3.11: NMR probe circuit. C1~C3 are the capacitors.

TTL blanking

. 12us
90° pulse H

At= 1.8us

) ——————— ON
receiver ' lO},LS /\<

~ lms OFF

Figure 3.12: Time sequence of the pulses in the NMR system

with attenuators inserted just before the RF power amplifier. The pulse width of
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the 90° pulse for the free induction decay was adjusted to be 1.8usec. The 90°pulse
was transmitted to the NMR probe circuit through an antenna tuner for impedance
matching. Figure 3.11 shows the circuit for the NMR probe. After the 90° pulse was
applied to the sample with a parallel L.C resonant circuit, the FID signals were picked
up with the same LC circuit. The receiver circuit was switched on 10usec after the
90° pulse started in order to eliminate the disturbance of the signal by the 90° pulse.
The time sequence among the operation of the receiver, the applying RF pulse and
the blanking pulse is shown in Figure 3.12. The signal of 12.95MHz including the
FID was extracted through the amplifiers and band-pass filters. The FID signal was
detected as a phase sensitive signal with a double balanced mixer and observed on a

digital oscilloscope.

>
© 504
>
€
5 o
(D]
S
2 50
ol
£
<

0 50 100
Time ( 10usec. / div.)

Figure 3.13: A FID signal on the oscilloscope

A typical FID signal observed with this system is shown in Figure 3.13. Since
the external field was different slightly from the resonance field for the proton spin,

a beat between the Larmor frequency and the applied RF frequency was observed in
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the picture. 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
order to obtain the absolute value of the polarization, we detected the FID signal in
the thermal equilibrium. The comparison of the enhanced signal with the signal in
the thermal equilibrium could be done without complicated shape analysis, since the

shape of the both FID signals were similar even the sizes were so much different.

Figure 3.14 shows the linearity of the output voltage detected with the receiver
versus input RF voltage. The RF power was supplied to an auxiliary coil near the
NMR pickup coil. The horizontal axis represents the voltage of RF applied to the

auxiliary coil. The vertical axis shows the output voltage observed with the receiver

10°
10° ¢

10°

Output voltage (mV)

10° ¢

0.1 1 10 100 1000

Input RF voltage (mV)

Figure 3.14: Linearity test of NMR coil. The output voltage detected with the receiver
as a function of the input RF voltage supplied to the auxiliary coil.

just before the double balanced mixer. It is shown in Figure 3.14 that the dynamic
range for the measurement of FID signals is about 10*. When the 90° pulse was

replaced by a weak RF pulse, the dynamic range of 10* could be covered. Therefore,
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the signal enhancement higher than 10* could be detected using both the 90° pulse
and the weak RF pulse. Signals measured with the weak RF pulse were calibrated by
the signals measured with the 90° pulse when the polarization of proton was about
0.1%. When the weak RF pulse is applied instead of the 90° pulse, the diminution
of the polarization due to the NMR measurement is much less, even though the

sensitivity of the NMR was smaller.

The thermal equilibrium signal was measured with the 90° pulse because the signal
was very small. The measurement was carried out in 5kGauss instead of 3kGauss,
because the S/N ratio in bkGauss was 1.6 times as high as that in 3kGauss. Since
the relaxation time of proton in naphthalene was about 2 hours in 5kGauss at room
temperature, we waited for about 10 hours before the measurement of the signal in
the thermal equilibrium. In the case of p-terphenyl, we waited for about 1 hour
since the relaxation time was about 10 minutes. When the dynamic polarization was
carried out at liquid nitrogen temperature, we kept the sample in 5kGauss at room
temperature during the waiting time, and then it was immersed in liquid nitrogen
just before the measurement of the thermal equilibrium signal, because the relaxation

time of proton spin was extremely long at liquid nitrogen temperature.

In order to obtain the buildup time of the proton polarization, we measured the
increase of the FID amplitude with the weak RF pulse during the dynamic polariza-
tion. The relaxation time Ty, of the proton polarization is measured by two methods.
One of them is to measure the decrease of the FID amplitude using the weak RF pulse
after performing the dynamic polarization. The other one is the “saturation recov-
ery method”, in which the recovery time of the polarization from zero to the value

corresponding to the Boltzmann distribution is measured using the 90° pulse.



Chapter 4

Experimental Results and
Discussion on Dynamic
Polarization

The experimental results on the polarization of protons in the naphthalene and p-
terphenyl crystals doped with pentacene are presented and discussed. The population
difference between the Zeeman sublevels on the triplet state of the pentacene molecule
which is excited with the dye-laser is transferred to the proton polarization by means
of the integrated solid effect. Then the pentacene molecules decay to the ground
state. After this cycle is repeated many times, protons in the crystal are polarized

substantially.

The experiments were carried out in the magnetic field of 3kGauss at room tem-

perature and liquid nitrogen temperature.

42
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4.1 Measurement of the population difference be-
tween the Zeeman sublevels

Waveform analysis of the ESR signal

The pentacene molecules were excited to the lowest triplet levels by means of
optical pumping through singlet excited states using a pulsed laser. We used the
pulsed dye-laser whose wavelength was adjusted to 595nm. The sample was a single
crystal of naphthalene doped with 0.01mol% pentacene. The size of the crystal was

4.9mm x3.7mmx2.6mm. We carried out the experiment at room temperature.

The electron spin in the lowest triplet state is spontaneously aligned. If the x-axis
of pentacene molecule is adjusted to be parallel to the external field, the populations of
the Zeeman sublevels [+ 1 >, [0 > and | — 1 > are 12, 76 and 12% respectively, which
are almost independent of the external magnetic field. The population differences
between the sublevels were derived from the analysis of the time evolution of the
ESR amplitude, of which picture on the oscilloscope is shown in Figure 3.7. The
time evolution of the ESR amplitude averaged over the observations for 50 times in

3kGauss at room temperature is shown in Figure 4.1.
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Figure 4.1: An ESR amplitude as a function of time for the transition between the
sublevels | =1 > and |0 > of the triplet states of the pentacene in naphthalene
crystal excited by the dye-laser. The experimental data averaged over 50 observa-
tions are shown. The energy of the laser pulse was hmJ and the wavelength was
595nm(see the text). The data are fitted to the Equation (4.1) with the parameters
k;=0.012024pusec™!, ky=0.038306usec™" and m=0.1356, which is shown as the solid

line.
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The time dependent ESR amplitude shows the evolution of the transition between
the states | — 1 > and |0 >, which corresponds to the population difference between

these levels. The waveform is fitted to the formula
£(#) = al(1 = 2m)et — me=1) 4 (11)

where ky and ky are the transition rates from the states | — 1) and |0) to the ground
state respectively. The transition rates among three Zeeman sublevels on the triplet
states are ignored in this equation, since these transition rates are much smaller than
the transition rates to the ground state. The parameter m is the population of | — 1)
at the time when irradiation of a laser pulse was started(t=0). The populations of
the sublevels, |+ 1), |0), and | — 1) at t=0 are defined as no(| + 1)), no(|0)), no(| —1)).

They satisfy the relations
no([ +1)) = no(| = 1)) = m, (4.2)
no(| 4+ 1)) +10(|0)) +no(| = 1)) = 1. (4.3)

The parameter « in Equation (4.1) is a scaling factor, and 3 is an offset. The

1
’

solid line in Figure 4.1 represents the result of fitting, in which &y = 0.012024pusec.”
ky = 0.038306 psec.™ and m = 0.1356 respectively. The decay time constants of the
states | — 1), |0) are ;m = 1/ky = 83.2usec. and 7, = 1/ky = 26.1usec. respectively.

Here, we define the ’electron polarization’ as

(o)) — n(] — 1))
PO = oy n(— 1)) (44)

where n(]0)) and n(| — 1)) are the populations of the levels |0) and | — 1) respectively.
In this definition, we take into account the population difference only between two
particular levels among three sublevels of the triplet state. The ’electron polarization’

at t=0 P.(0) is described by the following expression with the parameter m

Cna(0) —mo(]— 1)) 1 3m
PO = o e = 1)) ~ T=m (4.5)




CHAPTER4. EXPERIMENTAL RESULTS AND DISCUSSION 46

P.(0) was 68.6% in the case shown in Figure 4.1. The linewidth of the ESR spectrum

was about 22Gauss as shown in Figure 3.8.

The ESR amplitude is shown as a function of the laser energy in Figure 4.2, and
P.(0) as a function of the laser energy in Figure 4.3. The beam size at the position
of the sample was 8mm¢. The points in both figures which corresponded to the
same laser energy were derived from the same ESR signal. The ESR amplitude is
proportional to the number of the excited pentacene, if the angle between the x-axis
of pentacene molecule and the direction of the external field does not change. The
ESR amplitude trends to be saturated when the laser energy increases. The average

value of P.(0) was 71.1% which is close to the ideal value, that is 73%. P.(0) was

1.57“‘
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Figure 4.2: The ESR amplitude as a function of the laser energy. The size of laser
beam at the position of the sample was 8mme¢. The data were fitted to the exponential
curve shown as the solid line.

found to be independent of the laser energy.
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Figure 4.3: The ’electron polarization” P.(0) as a function of laser energy. The P.(0)
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was derived from the line shape of the ESR signal. The average value of P.(0) was

71.1%.

Figure 4.4: "Electron polarization’ as a function of time, where ky=0.012024pusec.”
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ky=0.038306usec.”" and m=0.1356 (See Equation (4.6).)
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By using parameters ki, ky and m, the ’electron polarization’ P.(?) is expressed

as
(1- Zm)e_kﬁ — me kit

P.t) = . 1.6
(*) (1 —2m)eket + me=kt (4.6)

P.(1) is shown as a function of time in Figure 4.4, where t=0 is the time when the

laser pulse is applied. The ’electron polarization” P.(t) decreases with time.

Study of triplet-triplet absorption

It was pointed out that if pentacene molecules are irradiated with a laser beam
whose wavelength is shorter than 550nm, the excitation of higher triplet states,

namely the triplet-triplet absorption(t-t absorption) process, occurs[48]. When a
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Figure 4.5: The ratio R of the ESR amplitudes in irradiation with the dye-laser and
the Nj-laser to those only with the dye-laser are plotted as a function of the energy
of the dye-laser. The energy of the Ny-laser is 2mJ.

crystal of a pentacene is irradiated with a N,-laser beam of wavelength of 337nm,

we can examine whether the triplet-triplet transition from the lowest triplet state to
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the higher triplet state occurs. There is the possibility that the population differ-
ence between the Zeeman sublevels of the lowest triplet state Ty changes by the t-t

absorption.
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Figure 4.6: The ’electron polarization” P.(0) obtained by the waveform analysis as
a function of the energy of the dye-laser. The solid circles show the results of the
dye-laser irradiation. The open squares show the results of irradiation of the Ny-laser
as well as the dye-laser. The energy of the Ny-laser is 2mJ.

In order to study the process, the crystal was irradiated with the pulsed Ny-laser
just after pentacene molecules were excited to the lowest triplet state by the pulsed
dye-laser irradiation. The ESR amplitudes in irradiation with both the dye-laser
and the Nj-laser were compared to those only with the dye-laser. First, the ESR
amplitude was measured as a function of the pulse energy of the dye-laser beam. The
ESR amplitude was saturated at the energy higher than 5mJ per pulse as shown in
Figure 4.2. Then the crystal was irradiated with both dye-laser and Nj-laser. As
the pulse width of the dye-laser was about 800nsec, the irradiation of Ny-laser was

delayed from the dye-laser irradiation by 1usec. The ratio R of the ESR amplitudes
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in irradiation with the dye-laser and the Ny-laser to those only with the dye-laser are
plotted as a function of the pulse energy of the dye-laser in Figure 4.5. The energy of
the Ny-laser is 2mJ. The size of the Ny-laser beam is 9mm x14mm at the position of
the sample. The ratio R was larger than unity when the pulse energy of dye-laser was
1mJ, since the absorption of dye-laser was not saturated. On the other hand, R was
almost unity when the energy of dye-laser was larger than 3mJ. Figure 4.6 shows P.(0)
obtained by the waveform analysis of ESR signals as a function of the pulse energy
of the dye-laser. It seems that P.(0) did not change much by Ny-laser irradiation.
Therefore, it is expected that the t-t absorption does not cause the change of the
population difference on the triplet state even if the t-t absorption occurs. However,

there is indirect evidence of the t-t absorption as mentioned in 4.3.

4.2 Polarization transfer

The ’electron polarization” on the lowest triplet states can be transferred to
the proton polarization by means of the integrated solid effect(ISE) as explained in
Chapter 2. In order to transfer the polarization by the ISE, the magnetic field must
be swept during the irradiation of microwaves as described in Subsection 3.3.3. The
average ’electron polarization’ P, which is defined in Equation(2.23) decreases with
the width of the field sweep At ... Since the measured decay constant of the state
|0) was about 26.1usec. as presented in Section 4.1, Atgy,ee, Was set to be 10usec.
The input power of the microwaves Prp was optimized to perform the polarization
transfer most efficiently. In this experiment, Prr were adjusted to be about 30mW,
whereas the sweep width of the magnetic field AHy was set to be 42Gauss. It was

confirmed that Equations (2.15) and (2.17) are fulfilled with these parameters.

The polarization of protons was measured by the NMR method shown in Subsec-
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tion 3.3.4. First, we tried to confirm that the integrated solid effect was really effective
at room temperature. For this purpose, the NMR signal was measured 1.5minutes
after the irradiation of the pulsed Nj-laser with 50Hz and 25mW for Sminutes. The
amplitude of the FID signal was proportional to the buildup rate, since the relaxation
time is longer than polarizing time. The DNP was carried out with a single crystal

of naphthalene doped with 0.01mol% pentacene in 3kGauss at room temperature.
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Figure 4.7: The amplitude of the FID signal as a function of the central value of the
sweeping magnetic field where Atgp is 10usec. The open squares give the amplitudes
obtained when the external field was swept from higher value to lower value during
the microwave irradiation, whereas the solid circles show those when the field was
swept in the opposite direction.

Figure 4.7 shows the FID amplitude as a function of the central value of the
sweeping magnetic field in the case that Atrr was 10usec. and the sweep duration
was 10usec. The open squares give the amplitudes obtained when the external field
was swept from higher value to lower value during the microwave irradiation, as shown
in Figure 3.9, whereas the solid circles show those when the field was swept in the

opposite direction. The sign of the polarization was reversed when the direction of
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the field sweep was reversed. From the result we can conclude that the ISE is effective

in this procedure.
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Figure 4.8: The amplitude of the FID signal as a function of the central value of the
sweeping magnetic field where Atgp is 1usec. and the sweeping time of the field was
10pusec. The open squares show the amplitudes obtained when the external field was
swept from higher value to lower value during the microwave irradiation, whereas the
solid circles show those when the field was swept in the opposite direction.

The FID amplitude versus the central field is shown in Figure 4.8, where the
pulse width of microwaves Atrr was tuned to be lusec, while the sweeping time
of the field was 10usec. In this figure it is shown that the direction of the proton
polarization is determined by the central field but not by the direction of the field
sweep. The behavior is similar to the differential solid effect. The FID amplitude
which corresponds to the proton polarization in these conditions was 107! times as
large as the one with the long pulse width of microwaves. In these conditions, the
width of the field sweep AH during the microwave irradiation was about 4.2Gauss,
whereas the Zeeman splitting of the proton spin packet in the ESR spectrum was

about 4.6Gauss.
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4.3 Relaxation process

Naphthalene crystal

The relaxation process is usually considered to be caused mainly by the fluctuating
field produced by paramagnetic impurities through the dipole-dipole interaction. In
this system, the relaxation time of the electron between the Zeeman sublevels on the
triplet state is longer than the decay time of the triplet state, where electrons on
the triplet state are regarded as paramagnetic impurities. If the relaxation time of
electrons on the triplet state is negligible, the relaxation time of protons is independent
of the laser power. Thus, it is possible to irradiate the laser beam with high power

for obtaining the high proton polarization.

However, in the case of molecular crystal, it must be considered that the slow
molecular motion as well as the paramagnetic impurities gives rise to the relaxation.
In this process, the relaxation time is quite sensitive to the temperature. Thus, it
must be taken into account that the heating due to the absorption of laser beam

results in shortening of the relaxation time of protons.

Figure 4.9 shows the experimental data on the temperature dependence of the
relaxation rate of the proton spin in a pure naphthalene crystal in 940Gauss measured
by Schuiitz and Wolf[49]. In the temperature region higher than 0°C, the relaxation
rate depends strongly on the temperature, it can be explained by the fact that the

slow molecular motion in the crystal has the dominant effect on the relaxation.
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Figure 4.9: Temperature dependence of the relaxation rate of proton in a pure naph-
thalene crystal[49]. The magnetic field is 940Gauss.

In the temperature region below 250K, the relaxation rate does not depend strongly on

the temperature, where the relaxation due to paramagnetic impurities is dominant[49].

In order to investigate the effect of heating to the relaxation rate of protons, first,
we measured the relaxation rate of protons in naphthalene doped with 0.01mol%
pentacene without irradiation of the laser beam by means of the saturation recovery
method at room temperature. The observed relaxation rate was about 1/40minute™,
which was almost the same value as the estimated one from the data obtained by
Schuiitz and Wolf[49]. In this estimation, it was assumed that the relaxation is
caused by the slow molecular motion, where the relaxation rate is proportional to
Hy? when the correlation time of fluctuation is long[49, 51]. This assumption was

consistent with our result.
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We measured also the relaxation rate during irradiation of CW dye-laser of 40mW

as a function of the wavelength of the laser. The results are shown in Figure 4.10.

The relaxation rate is the highest at the wavelength of 595nm. If the figure is com-
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Figure 4.10: The relaxation rate of protons as a function of the wavelength of the
CW dye-laser with 40mW at room temperature in 3kGauss. The measurement was

performed after polarizing protons by the DNP.

pared with Figure 3.4, we can find clearly that the relaxation rate is related to the

excitation of pentacene. Since decay from the lowest triplet state to the ground state

is non-radiative process, the crystal is heated by phonon emission. Therefore, we can

conclude that heating of the naphthalene crystal due to the excitation of pentacene

by the laser beam gives rise to shorter relaxation time at room temperature.
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Figure 4.11: The relaxation rate of the proton spin in the crystal of naphthalene doped
with pentacene as a function of the laser power in 3kGauss at room temperature
during the irradiation of the pulsed dye-laser of 595nm.

Figure 4.11 shows the laser power dependence of the relaxation rate of the proton
spin in the crystal of naphthalene doped with pentacene during the irradiation of
the pulsed dye-laser. The relaxation rate increases with the laser power. Since the
energy of the first singlet state S; corresponds to the wavelength of 600nm, pentacene
molecules are excited to Sy directly with the pulsed dye-laser. Then, phonons are
emitted in the transition between S; and Ty, and the transition between T and the

ground state.

The laser power dependence of the relaxation rate during the irradiation of the
pulsed Nj-laser with the wavelength of 337nm and the repetition rate of 50Hz is shown

in Figure 4.12.
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Figure 4.12: The relaxation rate of the proton spin in the crystal of naphthalene doped
with pentacene as a function of the laser power in 3kGauss at room temperature
during the irradiation of the pulsed Nj-laser of 337nm.

The data are fitted to the square of laser power. This behavior can be explained by
the triplet-triplet(t-t absorption) absorption process through the first excited singlet
state 51. It is similar to the two step absorption process. The probability of the t-t
absorption of the laser beam of 337nm is higher than that of 595nm[47, 48]. As shown
in Figure 4.12, the t-t absorption occurs when the power of the laser beam is higher
than 100mW. The phonon emission occurs in the transition between higher excited
singlet state and the first excited singlet state Sy as well as in the transition between
higher excited triplet state and Ty. Therefore, the relaxation time of the proton with
the Nj-laser has a tendency to be shorter than that with the dye-laser, even though

the absorption rate of the Ny-laser beam is lower than that of the dye-laser beam.

Figure 4.13 shows the relaxation rate as a function of the ESR amplitude with

the dye-laser and that with the Nj-laser. It was found that the relaxation rate with
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the Ny-laser is shorter than that with the dye-laser. The phonon emissions in the
transition between a higher singlet state and 5; as well as the transition between a
higher triplet state and Tg give rise to the large heating effect which leads to shorter
relaxation time. Since the t-t absorption is apt to occur by absorption of the light
in the ultraviolet region, the ultraviolet light is not preferable as pumping light for

pentacene molecule from the viewpoint of the heating effect.
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Figure 4.13: The relaxation rate of protons in the single crystal of naphthalene doped
with pentacene as a function of the ESR amplitude at room temperature. The solid
circles show the results with the pulsed Nj-laser of 337nm and 50Hz. The opened
squares show the results with the pulsed dye-laser of 595nm and 50Hz.

In order to minimize the heating effect, the laser power should be optimized to

obtain the high proton polarization in the experiment at room temperature.

In the pure naphthalene crystal, there is no significant temperature dependence
of the relaxation rate at the temperature lower than 250K as shown in Figure 4.9. In
this temperature region, the relaxation due to paramagnetic impurities in the crystal

seems to be dominant because it is not the complete crystal. The relaxation time
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in the crystal of naphthalene doped with pentacene without irradiation of the laser

beam is almost the same as that of the pure naphthalene crystal.

In order to study the contribution of electrons on the triplet state of pentacene to
the relaxation time of protons in the low temperature region, we measured the laser
power dependence of the relaxation rate of protons in the sample immersed in liquid

nitrogen.
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Figure 4.14: The relaxation rate of protons in a naphthalene crystal doped with
pentacene as a function of the power of the dye-laser with the wavelength of 600nm
and the repetition rate of 50Hz at liquid nitrogen temperature in 3kGauss. The
crystal size is 5.5mmx4.0mm x2.3mm.

The result is shown in Figure 4.14. The relaxation rate increases with the laser
power. The relaxation rate was 1/500 minutes™ when the power of the dye-laser was
500mW, whereas it was 1/770 minutes™! when the power was 100mW. Such increase
of the relaxation rate with power should not be caused only by heating, because the
maximum temperature increase of the crystal of 2.3mm in thickness in the liquid

nitrogen was calculated to 6.5K with the thermal conductivity of naphthalene of
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0.0118[Wem ™ K™!], even if we assume that all the pentacene molecules are excited

and that all the absorbed energy is converted to the heat.

Therefore, we must take into account the fluctuating field produced by the tran-
sition from the triplet state to the diamagnetic ground state for understanding the
increase of the relaxation rate with power. Such increase of the relaxation rate is
interpreted as the increase of the number of electrons on the triplet states. In gen-
eral, the relaxation rate due to electrons and the spin diffusion of protons is expressed
as[l, 2]

L i, (4.7)

1p

where N represents the number of electrons per unit volume and D is the spin diffusion
constant. b is called as the “scattering length”. Physically it is the distance between
an electron and a proton which has equal probability for being flipped by the electron

and by a neighboring proton. b is defined as
2%
b=0.7{—= 4.
0.7 (D) 7 (48)

T 2
o~ Sg?hES(S 41

C= _
1 + CU[QTleQ 5
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where ~g, and =7 represent the gyromagnetic ratios of the electron and the proton
respectively. T}, is the relaxation time of electron, and S is the electron spin. Equation
(4.9) is valid, if w;T}. > 1. In this case, D is the order of 107**(cm?/sec) [49, 50], and
N is the total number of pentacene per unit volume, which corresponds to 0.01mol%
if all the pentacene molecules are excited to Ty. From Figure 4.4, T}, is estimated
to be the order of 50usec. If we assume that the lifetime of the triplet state is
20psec. and that the half of pentacene molecules are excited, the 1/7, is estimated
to be 1/3400 minutes™'. If we take into account also the relaxation rate without

irradiation of the laser beam, the 1/Ty, is estimated to be 1/720 minutes™. It is
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natural to conclude that the change of ’electron polarization” on the triplet state and
the relaxation of paramagnetic impurities contribute dominantly to the relaxation
process of protons during the irradiation of the laser beam below 250K. Since the
contribution of the slow molecular motion is much larger than that of the triplet
electrons at room temperature, it is better to perform the DNP at lower temperature

than 250K.

P-terphenyl crystal

The temperature dependence of the relaxation rate of protons in the pure p-

terphenyl crystal is quite different from that of the pure naphthalene crystal. Figure
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Figure 4.15: Temperature dependence of the relaxation rate of protons in
the pure p-terphenyl crystal in 4.64kGauss[46]. The crystal structure is
monoclinic( P2, /a)/triclinic(P1) at the temperature higher /lower than 193K, respec-
tively.

4.15 shows the temperature dependence of the relaxation rate of protons in a pure p-

terphenyl crystal measured by Kouda, et al.[46]. In this crystal, the proton relaxation
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rate decreases with the temperature in higher temperature region. Therefore, the laser

power seems to have no serious effect on the relaxation rate.
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Figure 4.16: Laser power dependence of the relaxation rate of protons in a crystal of
p-terphenyl doped with 0.1mol% pentacene in 3kGauss at room temperature with the
pulsed dye-laser of 590nm. 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.

Figure 4.16 shows the experimental results on the relaxation rate of protons in
the p-terphenyl crystal doped with 0.1mol% pentacene as a function of the power of

the dye-laser with the wavelength of 590nm and the repetition rate of 50Hz at room

temperature.
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We measured the relaxation rate of protons in the p-terphenyl crystal doped with
pentacene as a function of temperature by two different methods. First, we measured
the proton relaxation rate in thermal equilibrium by the saturation recovery method.
The results are shown as the open squares in Figure 4.17. Secondly, we measured it
after the DNP. The average polarization of protons is about 0.1%. The results are

shown as the solid circles in Figure 4.17. Both measurements covered higher temper-
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Figure 4.17: Temperature dependence of the relaxation rate of protons in the crystal of
p-terphenyl doped with pentacene in 3kGauss. The solid circles show the experimental
results for highly polarized protons after the DNP. The polarization of protons is about
0.1%. The open squares show the results in thermal equilibrium without the DNP.

ature region than the measurement in Ref.[46]. The results of the measurement after
the DNP shows that the relaxation rate increases with the temperature in higher tem-
perature region. The behavior can be explained if we assume that the relaxation rate
of protons in pentacene increases with temperature. This assumption is reasonable
because the molecular motion of pentacene and that of naphthalene are similar and

the relaxation rate of protons in naphthalene increase with temperature.



CHAPTER4. EXPERIMENTAL RESULTS AND DISCUSSION 64

On the other hand, the average relaxation rate decreases with the temperature in
the temperature region from 200K to 300K. The phenomena can be interpreted by
the assumption that the protons in pentacene and those in p-terphenyl participate
equally to the relaxation in this energy region, where the relaxation rate of the protons
in pentacene is relatively low and the relaxation rate in p-terphenyl decreases with
the temperature significantly. This interpretation is consistent with the results of our

measurement in the thermal equilibrium and also the results in Ref.[46].

As the result, the relaxation rate has the minimum value at room temperature.
Therefore, the laser power must be adjusted to keep the temperature in the opti-
mum value. The p-terphenyl crystal has an advantage for polarizing protons at room
temperature, since we can dope pentacene in p-terphenyl with 10times higher con-

centration than that in naphthalene.
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4.4 The results of the proton polarization in naph-
thalene and p-terphenyl crystal

Naphthalene crystal

As we discussed in the previous sections, we could obtain very high polarization of
protons in the single crystal of naphthalene doped with pentacene at the temperature
below 250K in 3kGauss. We carried out the DNP of protons in the crystal at liquid
nitrogen temperature, since the easiest way to keep the temperature of the crystal

lower than 250K is to immerse it in liquid nitrogen.
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Figure 4.18: Build-up of the proton polarization with the pulsed dye-laser of 600nm,
350mW, 50Hz as a function of time in 3kGauss at liquid nitrogen temperature. A
single crystal of naphthalene doped with about 0.001mol% pentacene was used. The
build-up time of 343 minutes and the extrapolated maximum proton polarization Py*"
of 35.3% were obtained by fitting the data to Equation (2.19).

Figure 4.18 shows the result on the build-up of the polarization, where the pulsed

dye-laser with the wavelength of 600nm and the average power of 350mW was ap-
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plied. The repetition rate was 50Hz. The crystal was naphthalene doped with about
0.001mol% pentacene. The wavelength of the absorption peak was 600nm at liquid
nitrogen temperature, while it was 595nm at room temperature. The sweep width of
the field was 42Gauss, and the sweep duration was 10usec. The polarization of 30%
was obtained after the irradiation of the laser beam and microwaves for 12 hours.
The build-up time is long since the pentacene concentration in this crystal is very
low. When we use a crystal doped with 0.01mol% pentacene, the build-up time is
about one hour with the dye-laser of higher power. The result can be compared to

that with the Ny-laser[52]. The obtained polarization is substantially higher than the
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Figure 4.19: Decay curve of the proton polarization in 3kGauss at liquid nitrogen

temperature in irradiation with the pulsed dye-laser of 600nm, 250mW, and 50Hz.
The relaxation time is 909 minutes.

value reported by Henstra, et al.[33]. This is partly because the relaxation time at lig-
uid nitrogen temperature is much longer than that at room temperature. It was also
quite helpful that the crystal was irradiated with the high power laser beam without

serious shortening of the relaxation time of protons at liquid nitrogen temperature.
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Figure 4.19 shows the decay curve of the proton polarization during irradiation
of the dye-laser of 250mW and 50Hz. The number of excited pentacene molecules
was saturated with the laser power. By fitting Figure 4.18 to the Equation(2.19), we
obtained the build-up time Tj,;4 and the extrapolated maximum proton polarization
Ps® that is Tyyq = (A+T)"! = 343 minutes and P5" = 35.1%. The relaxation time
was obtained as Tj, = I'"* = 909 minutes from Figure 4.19. The ESR amplitude was
measured to obtain the average of ’electron polarization’ P, before the DNP. We found

that P. was 62.5%. Assuming that Equation (2.22) is applicable to this measurement,

P,o was calculated by using the values of A, I', and P. as

A
Po= - P =38.9%. 4.1
v = o e = 389% (4.10)

It is consistent with the experimental extrapolated value Pg”. For obtaining higher
polarization, it is important to find out more suitable crystal for the DNP. We will
be able to obtain the same amount of proton polarization at higher temperature than

liquid nitrogen temperature.

We tried to obtain high proton polarization at a temperature higher than 250K.
For this purpose the optimization of the laser power was necessary. We used the
crystal whose relaxation time was 19.5 minutes without laser beam at room temper-
ature in 3kGauss. The relaxation time was 8.0 minutes in the presence of the pulsed
dye-laser with the wavelength of 595nm, the average power of 100mW, and the rep-
etition rate of 50Hz. The conditions for the polarization transfer were the same as
in the experiment at liquid nitrogen temperature. The proton polarization of 0.12%
was obtained after 40 minutes irradiation of the laser beam and the microwaves. It
corresponds to the enhancement of 1200. In order to obtain higher polarization at
room temperature, it is considered to use other host crystals which have different

temperature dependence of the proton relaxation time.
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P-terphenyl crystal

The DNP of protons in p-terphenyl requires similar optimization procedure as in the
case of naphthalene crystal. We used the crystal doped with 0.1mol% pentacene.
The relaxation time of protons was 11.9 minutes without the laser beam at room
temperature and 7.6 minutes during the irradiation of the pulsed dye-laser of the
wavelength of 590nm, the power of 150mW and the repetition rate of 50Hz. The
polarization of 1.3% was obtained at room temperature, while the polarizing time
was 60 minutes. This polarization corresponds to the enhancement of 13,000. It is
10 times as high as the one in naphthalene crystal. It is ascribed to higher pentacene

density in p-terphenyl crystal.

In order to obtain higher polarization, the optimization of parameters and finding
the best crystal is important as in the case of naphthalene crystal. 1/7j, in pure
crystal is about 1/30 minutes™ at liquid nitrogen temperature as shown in Figure
4.15. On the other hand, 1/T}, is calculated to be 1/100 minutes™ from Equation
(4.7), (4.8) and (4.9) assuming that all of pentacene are excited. Thus it is expected
that the relaxation rate is not so large compared to 1/7j, in pure crystal. Therefore,
it is possible to obtain the high polarization with the high power laser beam at liquid
nitrogen temperature. The obtained polarization in the crystal of p-terphenyl doped
with 0.1mol% was about 19% after 120 minutes irradiation of the pulsed dye-laser
with the wavelength of 590nm, the power of 500mW and the repetition rate of 50Hz
in 3kGauss at liquid nitrogen temperature. Higher polarization will be obtained if we

prepare better crystal.
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Application to the polarized
target

5.1 Measurement of proton polarization by neu-
tron transmission

The proton polarizations in the naphthalene crystal and p-terphenyl crystal were
measured by the slow neutron transmission through the crystal. The values were

compared to the ones obtained by the NMR measurement.

In low energy neutron-proton scattering, the scattering cross section for the neu-
tron whose spin is parallel to the proton spin 0,,., is 20 times as large as the one
whose spin is anti-parallel to the proton spin uusipere. We define the polarization
cross section o, as 0, = 1/2-(Gantipara — Opara)- The large polarization cross section
for n-p scattering in the wide energy range allows us to use the polarized proton filter
as a polarizer of the neutron beam[23, 24, 25]. The detailed discussion of the neutron

polarizer is described in Section 5.2.

The total cross sections o4 of the neutrons with spin up and spin down to the

direction of the proton polarization P, of the target can be expressed as[18, 23]

op = 0g — O'Isz:FO'pPZ” (5.1)
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where, ¢ is the cross section averaged over the directions of the neutron spin and
proton spin, Ulpp2 corresponds to the term proportional to the square of the proton
polarization P,. This term is independent of the neutron spin. The transmission 7,
of the unpolarized neutron beam through the polarized proton filter of thickness ¢,

the number density of protons n, and the proton polarization P, is described as
Toot = Tunpol-exp(sznalt)-Cosh(Ppnapt), (5.2)

where, Tynpor 1s the transmittance of the unpolarized neutron through the unpolarized

proton filter. It is expressed as

Tunpor = €xp(—nogt). (5.3)

In order to know the proton polarization in the filter material, we measured ~, =

Toot/ Tunpor- The proton polarization can be derived from the equation

Py, = ( 2 1 _21 )57 (5.4)

1/2(0p/00)" (Iny2)” — o1/00 (In72)
where Y2 = Tunpot/Tempty.  Tempty s the transmission of the unpolarized neutron
through the equipment without proton. Since P,o,nt < 1 and P,*oynt < 1, the 3rd
order terms of P, in Equation (5.2) were neglected. For neutrons of about 1meV, the
ratios of o, to 0g, and that of oy to oy are independent of material[23]. ¢,/0¢~2/3,

and o1/0g~1/3 were taken for obtaining the target polarization.
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We carried out the experiment of the neutron transmission using the neutron in
the cold neutron beam line SAN at KEK-KENS. The experimental setup is shown
in Figure 5.1. The energy of the neutron was lmeV~3meV and the beam intensity
was 2x10*/cm?/sec. The beam was collimated to be 0.6cmx0.3cm at the filter with
two collimators made of cadmium. Crystals of naphthalene and p-terphenyl doped
with pentacene of 0.01mol% and 0.1mol% respectively, were used as filter materials.
The crystals were 0.8cm high, 0.5cm wide and 0.3 in thickness. They were put in a

quartz-glass dewar which was filled with liquid nitrogen.

moritor counter 0 mator-1
collimator-2

magnet
pulse source l «
*He-counter

crystal | dewar

i v ‘ Y
Ocm 1650.0 cm 1755.6 cm 1806.4 cm

Figure 5.1: The top view of the setup of neutron transmission measurement. The
energy of pulse neutron beam is 1meV to 3meV. The unpolarized neutron beam
was collimated to be 0.6cm(hight) x 0.3cm(width) at the filter with two collimators
made of Cd. The crystal size was 0.8cm(hight) x 0.5cm(width) and the thickness
was 0.3cm. The magnetic field was set to be 3kGauss and 7TGauss.
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First, the proton in the naphthalene crystal immersed in liquid nitrogen was po-
larized by the DNP using the pulsed dye-laser of 500mW. After irradiation of the laser
beam and microwaves for about two hours, we measured the neutron transmission.
In order to obtain the proton polarization in naphthalene using Equation (5.4), we
had to know the transmission of the unpolarized neutron through the unpolarized

filter T),,,,0- It was obtained by means of the extrapolation of the decay curve of “the
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Figure 5.2: Decay of the proton polarization in a naphthalene filter without laser
beam in 7Gauss at liquid nitrogen temperature measured by the neutron transmission

method. The proton polarization and Ty, were obtained to be 20.0%=+3.6% and
166 4+ 22 minutes respectively.

transmission of neutrons through the polarized proton filter” to “the transmission of
neutrons through the unpolarized filter”, since it was difficult to prepare an unpo-
larized filter. The proton polarization obtained from the neutron transmission was

20.0+3.6%, which was consistent with the value measured by the NMR mentioned in

Chapter 4.
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Figure 5.3: Decay of the proton polarization in a naphthalene crystal in 5Gauss at

liquid nitrogen temperature by means of the NMR method. 7, was obtained to be
123 minutes.
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Figure 5.4: The proton polarization in p-terphenyl in 3kGauss at liquid nitrogen
temperature 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 minutes respectively.
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The measurement of the relaxation time of proton by the neutron transmission
method was made in the field of 7TGauss without irradiation of the laser beam and
microwaves. The proton polarization as a function of time is shown in Figure 5.2.
The obtained relaxation time of proton was 166 £+ 22 minutes. The relaxation time
measured by the NMR in 5Gauss was 123 minutes as shown in Figure 5.3. These
values are consistent with each other, if we take account of the difference of the

magnetic fields. The relaxation time is surprisingly long even in such a low magnetic

field.

The decay of the proton polarization in p-terphenyl in 3kGauss at liquid nitrogen
temperature is shown in Figure 5.4. The initial polarization was 18.9 & 1.2%. The
relaxation time was obtained to be 30.0 5.5 minutes. The relaxation time measured
by the NMR method under the same condition was 33 minutes. Both values are

consistent with each other.
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5.2 Polarized proton filter for obtaining a polar-
ized slow neutron beam

As we discussed in Section 5.1, the polarized filter can be used for polarizing
neutron beams. An unpolarized neutron beam becomes polarized after it passes

through a polarized proton filter as shown schematically in Figure 5.5. From Equation

o(ty)>>o(tt)
\
s
e -
I I L polarized bearr
un-polarized beam

polarizer

Figure 5.5: Spin filter for polarizing neutron beam

(5.1), the polarization P, and the transmission T}, of the neutron after passing through

the polarized filter are described as

P, = tanh(Pno,t), (5.5)

T, = Tycosh(P,no,t). (5.6)

These equations are valid, if the energy of the neutron is higher than 0.3eV, where
o1 can be neglected for the neutron with energy higher than 0.3eV[18, 23]. If we use
thicker crystal, the polarization of the neutron is higher and the transmission is lower.
For optimization of the thickness of the crystal, the figure of merit(FOM) is defined as
the product of the polarization and the square of the transmission of the neutron[18].

The figure of merit has the largest value, when the thickness of the crystal is 1.5cm
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and the neutron energy is 1leV, if the polarization of the protons is 60%.
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Figure 5.6: The polarization(solid line) and transmission(broken line) of the neutron
beam after passing through the naphthalene crystal whose thickness is 1.5¢cm, when
the neutron energy is 1eV. The polarization of the proton in the crystal is assumed

to be 60%.

The polarization cross section o, depends on the neutron energy as

o 16.7(1 + £,/6300)
P+ E,/133)(1 + E,/4150)

(barn), (5.7)

in the energy region of 1leV < [, < 1MeV, where F,, is the neutron energy in the

unit of keV.

Figure 5.6 shows the energy dependence of the polarization and transmission of
the neutron calculated by Equation(5.5), (5.6) for naphthalene crystal, where the
proton polarization is 60% and the crystal thickness is 1.5cm. The neutron polariza-
tion of 59% and the transmission of about 20% can be obtained for neutrons in the
energy region from leV to 10%eV. The characteristics on neutron polarization and
transmission in the case of p-terphenyl crystal are almost the same as those in the

case of naphthalene crystal.
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5.3 Polarized proton target

It we compare the hydrogen density and the ratio of the number of the free
protons to that of the protons bound in nuclei(dilution factor) in target materials,
naphthalene and p-terphenyl are not advantageous over other materials(Table 5.1).
However, these materials have advantages over other materials for experiments in

which high beam intensity or low momentum particles are used.

Target material | Dilution | Hydrogen | Temperature | Magnetic | Ref.

factor density field

(g/cm?) (K) (kGauss)

Propanediol 0.190 0.11 0.5 25 [11]
Butanol 0.238 0.11 0.5 25 (8, 9]
Ethylene glycol | 0.176 0.11 0.5 25 [5, 6]
Ammonia 0.300 0.14 0.5 25 [13]
1.0 50 [14]

Naphthalene 0.118 0.072 77 ~3

P-terphenyl 0.115 0.076 77 ~3

Table 5.1: Comparison of naphthalene and p-terphenyl to other target materials. The
dilution factor is the ratio of the number of the free protons to that of the protons
bound in nuclei.

Here, we consider the naphthalene crystal, since the relaxation time of protons
in naphthalene crystal is longer than that in p-terphenyl at the temperature below

250K.

Heating and the radiation damage due to the beam causes the depolarization in
the ordinary polarized target operated at the temperature lower than 1K in the high
intensity beam. Heating with the beam of charged particles shortens the relaxation
time of the protons. In addition, free electrons which causes the relaxation of protons
are produced by irradiation of the charged particles. It is noticed that the recombina-

tion of ions produced by radiation damage does not occur at the temperature lower
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than 1K.

In order to suppress heating with the beam, the target is usually composed of
many small beads, the sizes of which are about 0.1cm in diameter. The beads are
immersed in the bath of the refrigerator in order to keep the good heat contact between
the material and the bath. Even if such beads are used for the target material, the
temperature increase by heating with beam is serious in the case of the spin frozen

target. Therefore, the beam intensity is limited to be less than 107~10%/cm?/sec.

The relaxation time of proton in pure naphthalene is insensitive to the temper-
ature lower than 250K as shown in Figure 4.9. Consider a cylindrical naphthalene
sample of 2cm in diameter, 1ecm in thickness, whose thermal conductivity is 0.0118
W /cm?/sec. If the electron beam, whose intensity is 1.7x10'"/cm?/sec. is irradiated
on the crystal immersed in liquid nitrogen, the temperature increase is about 0.1K
which does not affect the relaxation time. If we put the electron beam whose intensity
is 5.0x10'?/cm?/sec., the temperature increase at the center of the crystal is about
30K which gives rise to the increase of the relaxation rate by factor 1.5 according to
our estimation. It was calculated using the data in 940Gauss[49] with the assumption
that the relaxation rate is proportional to Ho_l/2 in this temperature region as shown
in Equation (4.7), (4.8) and (4.9). When the target is composed of thin pieces of
0.1cm in thickness, the temperature increase is 0.3K. From these considerations, it is
expected that the depolarization due to the beam heating is negligible for very high

intensity beam.

The polarization of proton decreases due to the radiation damage if the tempera-

ture of the target material is very low. The depolarization obeys the formula[53]

Pp
L = m¢l%o, 5.8
P (5.8)

where P,q is the initial polarization before irradiation, ¢ is the radiation dose. The



CHAPTER 5. APPLICATION TO THE POLARIZED TARGET 79

characteristic dose g is 3.7x10'* electrons/cm?* in butanol[53]. The characteristic
dose of ammonia is 30 times as high as that of butanol[54]. It is necessary to warm
up the target material for recovery of the proton polarization. When the temperature
of butanol rises to about 120K, the recombination of ions occurs[53]. The ammonia
target needs to warm up to 80K[55]. The recombination of ions in naphthalene occurs
at liquid nitrogen temperature. Thus, it is expected that the naphthalene target is

much stronger than other target material for radiation damage.

The polarized proton target of naphthalene crystal has another advantage over
the ordinary cryogenic targets. Since the proton is polarized at a temperature higher
than that of liquid nitrogen, the target can be used for scattering experiments in the
vacuum chamber without wall for the crystal, if it has a good thermal contact with
liquid nitrogen or other cold material. Such a polarized proton target is useful for
scattering experiments with low momentum particles, because there is no material

other than naphthalene in the path of the beam.

The proton is polarized in the field of 3kGauss and it has a quite long relaxation
time even in the field of 5Gauss. Therefore, there are practically no field effect on the
trajectories of the incident and scattered particles, even if the energies of the particles

are very low.
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Conclusion

We have carried out the experiment to polarize protons in single crystals of
naphthalene and p-terphenyl doped with pentacene using a dye-laser. The experiment
was performed in the magnetic field of 3kGauss at room temperature and liquid
nitrogen temperature. Protons have been dynamically polarized by transferring the
difference of the populations between two Zeeman sublevels of the photoexcited triplet
state of pentacene molecule to the proton polarization by means of the integrated solid

effect.

In order to polarize protons in the crystal dynamically, first, pentacene molecules
were excited to the lowest triplet state through singlet excited states by means of laser
excitation. Just after applying a pulsed laser beam to the crystal, the microwave was
irradiated during the lifetime of the triplet state(about 20usec.) and simultaneously
the external field was swept. The proton polarization increased by repeating this
cycle. The population differences between the Zeeman sublevels of the triplet state
was calculated by the analysis of the time evolution of the ESR amplitude. It has
been confirmed that the ’electron polarization’ between the two Zeeman sublevels
|0 > and | — 1 > is about 70%. By the measurement of the external field dependence
of the proton polarization, we have confirmed that the DNP due to the integrated

solid effect has worked efficiently.
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We measured the relaxation rate of the proton in a pentacene-doped naphthalene
crystal during irradiation of the laser beam. It was found that the relaxation rate of
protons in the naphthalene crystal increases with laser power significantly at room
temperature. The result could be explained by the fact that the relaxation is mainly

attributed to the slow molecular motion.

On the other hand, the relaxation rate was found to be low but increases slightly
with laser power if the crystal was immersed in liquid nitrogen. To understand the
phenomena, we must take into account the fluctuating field produced by the decrease
of the ’electron polarization’ on the triplet states of the pentacene molecule as well as
the relaxation due to paramagnetic impurities in the crystal, whereas the contribution

of the slow molecular motion is negligibly small.

We found that the laser power dependence of the relaxation rate during irradiation
of the Ny-laser(A=337nm) is more significant than that with the dye-laser(A=595nm).
The result was interpreted as the photon absorption in the transition between higher
excited triplet state and the lowest triplet state which is apt to occur with ultra-violet

light.

From these results we concluded that it is preferable to irradiate the pulsed dye-
laser on the crystal immersed in liquid nitrogen for our purpose. We obtained 30%
polarization of protons in naphthalene doped with pentacene (0.001mol%) using the
pulsed dye-laser with the wavelength of 600nm, the average power of 350mW and the
repetition rate of 50Hz in 3kGauss at liquid nitrogen temperature. The maximum
polarization at room temperature was 0.12% by using the dye-laser of 595nm, 100mW

and H0Hz.

We could dope pentacene molecules in p-terphenyl with higher concentration

(0.1mol%) than in naphthalene. Although the laser power dependence of the pro-
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ton relaxation in this crystal is not so significant as that in naphthalene crystal at
room temperature, the laser power must be optimized for obtaining the high polar-
ization. We obtained the proton polarization of 1.3% at room temperature with the
pulsed dye-laser of 590nm, 150mW and 50Hz. The polarization of 19% was obtained

with the dye-laser of 590nm, 500mW and 50Hz at liquid nitrogen temperature.

The proton polarization obtained by the DNP at liquid nitrogen temperature was
also measured by the neutron transmission method using neutrons with the energy
of 1meV to 3meV. The idea comes from the fact that in low energy neutron-proton
scattering the cross section for the neutron with spin parallel to the proton spin is
much larger than that with anti-parallel spin. We confirmed that the polarization
measured by the neutron transmission method is consistent with that measured by

the NMR method.

It was also found that the relaxation time of protons in 7 Gauss at liquid nitrogen
temperature is about 160 minutes, which is surprisingly long compared to that in

other organic crystals.

The method mentioned in this dissertation have the advantages on the resistance
for the radiation damage and beam heating over the ordinary polarized proton targets.

Furthermore, it is useful for scattering experiments with low momentum particles.
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