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Development of a high flux capability neutron detection

system in harsh environment using a CVD diamond detector
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Chemical Vapor Deposition (CVD) diamond detector is an attractive semiconductor
detector, due to their advantages, such as large bandgap, high electron-hole mobility,
low leakage current, excellent timing résolution, outstanding radiation hardness, and
so on. Especially, the low gamma sensitivity and the outstanding radiation hardness of
a diamond detector make it a suitable candidate for neutron measurements at harsh
radiation environment such as Fukushima Daiichi nuclear power plant (NPP), Super
KEKB, J-PARC, and LHC.

-In this research, a high flux capability neutron detection system in harsh environment
using a CVD diamond detector was developed. We investigated the applicability of two
CVD diamond detectors coupled to a thin layer of 6LiF for the detection of thermal
neutrons, one is commercially available and the other is prepared based on our request,
were used for test of basic properties and actual response measurement. Both detectors
with equal active areas of 10 mm?2 were manufactured by CIVIDEC (Vienna, Austria).
The detectors were characterized in terms of current—voltage characteristics, charge
collection efficiency (CCE), and a-particle energy resolution. The leakage current of the
140-pm-thick diamond detector was very low, below 20 pA, up to an electric field
intensity of 5 kV/em. For the 25-um-thick diamond detector, the leakage current was
below 10 pA at electric fields below 15 kV/cm. The CCEs of the detectors were measured
using a mixed a-source, composed of 148Gd (3.183 MeV), 241Am (5.486 MeV), and 244Cm

(5.805 MeV). The maximum CCEs of the 140 um thick detector under the irradiations
with 148Gd, 241Am, and 244Cm were measured to be 91.6%, 96.6%, and 96.9%, while those
for the 25 pm thick detector were 91.1%, 95.7%, and 96.0%, respectively. ‘
The y-ray irradiation experiments were performed at dose rates of 0.693 to 107 Gy/h
with a conventional analog circuit. The apparent energy deposition of the 140-pm-thick
detector exceeded the peak energy (2.73 MeV)}of triton produced in the 6Li (n, t) a
reaction at 6.36 Gy/h owing to signal pile'up/ effects, which enhance the spillover
between the pulse-height distributions of y-ray and neutron events. However, the 25-
pm-thick diamond detector did not exhibit serious pile-up effects and maintained the
neutron/y discrimination capability with the pulse-height distributions even at 107
Gy/h. This indicates that the 25-um-thick diamond detector can be used for neutron
measurements in the presence of a strong background of y-rays beyond 100 Gy/h even

with a conventional analog circuit.



For minimize the pulse pile-up events and measuring the transient current signals
with a few nanoseconds’ durations, we used a fast current-sensitive preamplifier
(CIVIDEC C2-TCT) with 2 GHz bandwidth and 40 dB gain. The preamplifier output
signals are recorded with a 10-bit waveform digitizer (Agilent-Acqiris DC282) which
has a bandwidth of 1.5 GHz and at a sampling rate of 2 GS/s. To investigate the basic
charécteristics of the digital system, the detection of the a-particles from a mixed a-
source (148Gd, 241Am, 244Cm), y-ray from a 69Co source with dose rates of 0.693 to 107
Gy/h, thermal neutrons source using the KEK graphite pile with an 241Am (87 GBq)-Be
source were performed. The Full-Width'at‘HaIf'Maximum'(FWHMS) of the signals are
less than 5 ns which is around several hundred times faster than the signals from those
analyzed in the traditional analog circuit system. It is noted that the signal doesn't
‘exhibit jagged noise or a long tail as some scintillators do. The two CVD diamond
detectors show slightly different energy resolutions; 2.8% for the 140 pm thick one and
3.9% for the 25 pm thick one at the 241Am-a energy (5.486 MeV). Both detectors did not
exhibit pile-up effects even exposed to intense y-rays with dose rates of 107 Gy/h. The
pulse height distribution show broader energy resolutions compared to those analyzed
in the traditional analog circuit system, these energy resolutions are, however, still
sufficient to determine an appropriate threshold to discriminate y-ray events from
neutron events.

The responses of the detectors to thermal neutrons were studied through
measurements and Monte Carlo simulations with the PHITS code. The measurements
of thermal neutrons were carried out using thermalized neutrons from an 24/Am-Be
neutron source in the radiation calibration facility at KEK. A 24!Am-Be neutron source
also produces a strong field of y-rays with energies up to 4.4 MeV. The neutron source
was at the center of a graphite pile, which consisted of a high-purity carbon, producing
a standard thermal neutron field. The experimental results and simulation results well
agreed. While the distance was set as 47 cm, the thermal neutron detection efficiencies
of the 25 nm thick and 140 pm thick diamond detectors with.analog system were
1.04%10°4+£8.87x106 and 1.03x104+ 8.83x10°6 cps/nv, respectively. The thermal neutron
detection efficiencies of the 25-pm-thick diamond detectors with TCT-Acqiris digital
system were 1.00x10°4x 8.54%10°6 cps/nv. Meanwhile, the distance was set as 69.60 cm,
the thermal neutron detection efficiencies of the 25-pum-thick diamond detectors with
- TCT digital system were 9.85x10°5+1.09x105 cps/nv. Even the distance was changed to
69.6 cm, only a small (~5%) difference is shown in the measured efficiency. The almost
' same detected efficiency between the analog system and TCT digital system indicate
that the pulse height processing method for TC.T-Acqiris digital system is reliable.

In order to test the TCT-Acqiris digital system in a mixed source which content gamma
and neutron source, the responses of the diamond detectors were experimentally
performed in the electron linear accelerator facility of the Institute for Integrated
Radiation and Nuclear Science, Kyoto University (KURNS). As the thermal neutron



efficiency has been measured, we can estimate the thermal neutron flux according to
the efficiency and counting rate. Then, the thermal neutron flux is 1.86x105%
3.75%x104 s'lcm'2 at average current 3.5 nA operation. The diamond detector successfully
used to measure the neutron flux in a mixed environment based on a Compact
Accelerator-based Neutron Sources.

In order to measure the fast neuron, the experimental and simulated response to the
Bonner sphere with different energy was studied. Bonner sphere spectrometer (BSS)
used in this research have five diameters i.e O(bare), 40, 70, 110, 190 mm. The CVD
diamond detector is located at the center of BSS that used as neutron detector. The
Bonner sphere response functions were simulated using the Monte Carlo code-- PHITS
code. Bonner sphere response functions were used to unfolding the energy spectrum
measured in the STF tunnel.

Finally, the authors conclude above results and discuss possible application based on

knowledge from these results.
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b2 EE (CVD) FAVvEY FREBIZ.KRERAVNE. BEFLELOEGVBEIE,
BEN-EESMREE., BOHREHBRAEREEOR THERENBRBEEBTH D, FlIcV <
WRTAHERVERE L, BOVBRHRMEO LIS, BMERBEOR WS TOISHBMRIAEH
L, HWEZEIZZDCVD F4 ¥vE v FrtH&EE SLIF #E2HAEbELLDICHOWVWT, 1
BE—-BRFHREFORFEZ BT AEMERANS.KEAMESRD P RAVRNRED,
o=y 7T FRABOD CTEWRET TS TFZRAET SRESRE L THWD Z
EERERRL, ERBIOGHEICLY, ZOKFEEFAITHIXELTELEDTNDS, ZOH
RTHEHEBBEL ZOo0TRB™MTbhA TS, — 2 HRMAETH o7 140pm KV #HVW 25
m®»CVD ¥ A ¥EL FBRHEBEZHELEZZETHE, ZThICLY, sLiln,t) o KIE D5
BT ARFORERIEZHBFE LD, HrvBICHTH5RELFHELMEIDI LB TE
fro 2D 25um D CVD # A4 ¥E NRHEBOT V< BREEMNGIZ R ER L FHE TEIE
L., Fo<MBEXIFTLICL0, KVWREHKEIChE Y BliZEEFRINC LY P
HFICLBERDAYBRETEZLE2RLE, Z2HOHB L LT, #RBEOT7 IS
DEBMBRICKZ T, BRMIER T Y 7L T LWHBT D HA P bR 5 EEOESQ®
$#%& CVD ¥4 vE FR&OEEFHALLICERAL, EEOBMIEBENLIEEFEE
HIEOPER MR L, eEEOESORHBE 2EEOESLER, 34 BHOMA
A bRzt LT, BIFHO8G, 241Am, 24Cm)H> B D o i, 0Co BIAN B D H > < #1(0.693-
107Gy/h), 241Am-Be % B /NA VICHRE L THRE ST IEPHETF~DIGE 2 ERATICH
BL, YIalb—varEHALTEONEC DWW THEMIIRAATZ, Thickb ., Bk
DA< EAFHFIEEOERLMETY., RUBOBEAGHOBREZITRI LN TE
7ro FTm, BFMBEEDOX —F v bRE—L XV THEFBIZBWT, F—F v P boHAET
BERNVAROBEPHEFORMESL ., ZHRORFEOBWEM ERA VW —LF b RET
BHMHEFORRT FALRIFEICSOWT, CVD XA Yy FRHBZOBEAMEEZBRE L,
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