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Fig. 1: Block diagram of the electronic circuit used in the 
TOF measurement. The start signal and stop signal were 
created by output signals from the rear-side and the 
front-side detector, respectively. The bias supply is left out. 
The time offset of ~11 ns was created using cables. L.E. 
discriminator: leading edge discriminator, TAC: 
time-to-amplitude-converter, MCA: multi-channel analyzer 

Fig. 2: Time of flight spectrum between two diamond 
detectors. The intrinsic timing resolution (int) was 
evaluated using distribution of the peak (45 ps ()) and the 
timing resolution of the measurement system (7.8 ps ()). 
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Production and identification techniques for radioactive 
isotope (RI) beams are important for nuclear physics 
experiments involving exotic nuclei that are very unstable. 
RI beams are generally produced as secondary beams from 
high-energy heavy-ion reactions using in-flight fragment 
separators. In these devices, a charged-particle detector with 
a fast response and high radiation hardness is required to 
measure the time of flight (TOF) of ions for identifying the 
RI beams in high-dose environments. 

Diamond is one of the most promising materials for 
fabricating a charged-particle detector for performing 
accurate timing measurements under high-intensity beam 
conditions. Fast signals for superior timing resolution can 
be obtained because of the high breakdown electrical field 
strength and high carrier saturation velocities of the 
diamond crystal. Additionally, high radiation hardness to 
large charged-particle fluxes can be expected because of the 
higher displacement energy of diamond. 
  In this study, we fabricated a single-crystal (sc) chemical- 
vapor-deposited (CVD) diamond detector and evaluated the 
intrinsic timing resolution of the detector. Figure 1 shows 
the block diagram of the electronic circuit used for 
evaluating the timing resolution. Two diamond detectors 
were placed in the E7B beam line at the RIKEN accelerator 
facility. The detectors were fabricated using an sc-diamond 
of approximately 4×4 mm2. In brief, the detector has a layer 
structure of Pt/sc-diamond/Ti/Au. The thickness of the 
diamond crystals are 90 μm and 139 μm for the front-side 
and rear-side of the detector, respectively. 
  8.6 MeV/nucleon-7Li beams penetrated two diamond 
detectors. The pulses induced from the detector were read 
out using a broadband amplifier with an analog bandwidth 
of 1 MHz–2 GHz (CIVIDEC C2 Broadband Amplifier). 
The amplifier signals were processed with a leading edge 
discriminator, a time-to-amplitude-converter (TAC), and 8 
k-multi-channel analyzer (MCA) for TOF measurement.  
The timing resolution of the measurement system was 
estimated to be 7.8 ps () using a constant time difference 
generated by the fast-pulser signal and cables.  
  Figure 2 shows the measured TOF spectrum. The width 
of the peak was estimated to be 45 ps (). The intrinsic 
timing resolution of the detector was evaluated by dividing 
the width of the peak by √2 and subtracting the timing 
resolution of the measurement system. Here, the same 
performance of the two detectors was assumed. The 
intrinsic timing resolution was estimated to be 31 ps (). 

This value is superior to the values reported by GSI: 57 ps 
and 39 ps for 600 MeV/nucleon-58Ni and 1 
GeV/nucleon-238U, respectively1,2). On the other hand, 
NSCL/MSU achieved a resolution of ~15 ps for 87 
MeV/nucleon-78Kr3). 
  In a future study, we will attempt to fabricate a 
charged-particle detector using a higher quality sc-diamond 
and evaluate the intrinsic timing resolution. On the other 
hand, the use of a large size sc-CVD diamond (20 mm×20 
mm) was considered to fabricate the process for 
manufacturing, large size detector.  
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Efficient excitation of photo-excited triplet electrons of pentacene for
dynamic nuclear polarization

K. Tateishi,∗1 T. Tsukihana,∗2 Y. Urata,∗2 S. Wada,∗2 and T. Uesaka∗1

Dynamic Nuclear Polarization (DNP) has been suc-
cessfully applied to a polarized target. DNP is a meth-
ods of transferring spin polarization from electrons to
nuclei with microwave irradiation. However, as long
as electron spins in thermal equilibrium are used as
a polarizing agent, cryogenic temperatures of approxi-
mately 4.2 K will be required for hyperpolarization in
the order of 10% even under strong magnetic fields of
several Tesla.1) One approach for overcoming the lim-
itation is to use non-thermalized electron spins as a
polarizing agent instead.

DNP using the photo-excited triplet-electron spin of
pentacene2) requires neither a cryogenic system nor a
superconducting magnet, but a laser for creating hy-
perpolarized electron spins. There are four important
requirements in the light source: wavelength, pulse
width, repetition rate, and output power. The wave-
length affects the excitation efficiency from the ground
state to the excited singlet state. The pulse width in-
fluences the transition efficiency from the excited sin-
glet state to the triplet state. The repetition rate is
related the initial buildup rate of 1H spin polarization.
The output power is determined by the number of ex-
cited electrons, i.e., the sample volume.

To this end, a new laser system is developed, which
is constructed using two neodymium-doped yttrium
aluminum garnet (YAG) lasers with wavelengths of
1064 nm and 1319 nm and a LiB3O5 crystal for sum-
frequency generation (Fig. 1). 3) The wavelength,
pulse width, repetition rate, and output power are
589 nm, 126 ns, 3 kHz, and 1 W, respectively. We
developed oscillators independently using laser diode
pumped YAG crystals. The acousto-optic Q-switch
(A/O Q-sw) was chosen to generate light pulses be-
cause of the high repetition frequency. The pulse width
can be varied by adjusting the input current of the
laser diode, and in this experiment we used final out-
put pulse widths of 84 and 126 ns. In order to generate
589-nm light, the infrared lights were overlapped at the
LiB3O5 crystal. Finally, residual infrared lights were
separated by visible-coated mirrors.

Using a single crystal of p-terphenyl doped with
deuterated pentacene4), we carried out the DNP ex-
periments in 0.35 T and at 300 K with laser pulses of
84 ns and 126 ns. The maximum polarization of a 84
ns laser pulse is 16% with a repetition rate of 400 Hz.
The maximum polarization of the 126 ns laser pulse
is 22% with a repetition rate of 600 Hz. The optimal
repetition rate was different because the excited elec-

∗1 RIKEN Nishina Center
∗2 RIKEN Center for Advanced Photonics

0 1000 2000 3000

0

200

400

600

800

1000

0.3

0.4

0.5

0.6

repetition rate [Hz]

p
u

ls
e

 e
n

e
rg

y
 [m

J
]o

u
tp

u
t 

p
o

w
e

r 
[m

W
]

(c)

-200 -100 0 100 200

0

0.5

1

time [ns]

in
te

n
s
it
y
 [

a
.u

.]

(b)

(a)

M1

Qsw1

M5

M4

M3

M2 RT

LC2

OC1

LC1

AP

TP2

TP1

Qsw2

L1

TS1

TS2OC2

LC2

LBO

CM

1319-nm oscillator

1064-nm oscillator

Sum-Frequency Generation

589 nm

1

1064

1
+           =

1319

1

589
- --

QP1

QP2

Fig. 1. (a) Schematic view of 589-nm laser constructed

with two Nd-doped YAG lasers with wavelengths of

1064 nm and 1319 nm and a LiB3O5 crystal for

sum-frequency generation. M1,M2: Oscillator mir-

ror; Qsw1,Qsw2: A/O Qsw; TP1,TP2: Thin Plate;

LCP,LC2: Laser Chamber; RT: Rotator; OC1,OC2:

Output coupler; AP: Aperture; TS1,TS2: Telescope;

QP1,QP2: Quarter-wave plate; CM: Combiner mirror;

L1:Lens; M3,M4,M5: Mirror; LBO: LiB3O5 crystal. (b)

Pulse shape. (c) Output power (circles) and pulse en-

ergy (crosses) as a function of repetition rate.

trons play not only the role of a polarized agent but
also that of a relaxation source. When the repetition
rate was increased, the initial buildup rate increases,
but the paramagmetism acceralates spin-lattice relax-
ation of 1H spins. The final achievable polarization is
determined by the balance of these two effects. Fur-
thermore, to obtain higher 1H spin polarization, our
results indicated that a longer laser pulse width to in-
crease the initial buildup rate or a higher external mag-
netic field to decrease the spin-lattice relaxation of 1H
spins is necessary.
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