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	 We	attempted	to	measure	α-particles	emitted	by	radioactive	substances	present	in	nitric	acid	
using a single-crystal CVD diamond radiation detector, which allows for the acquisition of 
detailed energy information, in place of conventionally used polycrystalline diamonds and other 
materials, primarily designed for use in nuclear fuel reprocessing facilities. Using a 10-mm-
square single-crystal CVD diamond substrate, we grew a single-crystal CVD diamond as the 
detector by the direct wafer method. A Ti/Au ohmic-contact anode electrode and a Pt ohmic-
contact	cathode	electrode	were	formed	on	opposite	sides	of	a	66-μm-thick	freestanding	single-
crystal CVD diamond membrane by evaporation. The charge collection efficiency of the 
fabricated	 detector	 for	 5.486	 MeV	 α-particles	 was	 99.1%	 for	 both	 holes	 and	 electrons,	 with	
energy	resolutions	of	0.55%	and	0.54%,	respectively.	Instead	of	using	the	Pt	cathode	electrode,	5	
mol/L	nitric	acid	was	used,	and	the	α-particle	spectrum	from	thorium	oxide	diffused	in	nitric	
acid	was	measured.	The	rise	time	of	the	preamplifier	output	signal	was	approximately	30	ns,	and	
the high energy resolution enabled us to obtain a spectrum that reflected more detailed energy 
structures than when using conventional polycrystalline diamond detectors. Continuous 
measurements	over	72	h	confirmed	the	minimal	influence	from	γ-rays.

1. Introduction

	 Diamond	 is	 a	 semiconductor	 with	 a	 wide	 bandgap	 of	 5.5	 eV,	 possessing	 excellent	
characteristics such as radiation resistance,(1,2) high-temperature operation,(3,4) near-biological 
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equivalence,(5,6) solar-blind properties,(7,8) high saturation drift velocity,(9,10) and high breakdown 
strength.(11) The potential application of diamond to radiation measurements was demonstrated 
in pioneering research by Kozlov et al. in the 1970s using natural single-crystal diamonds.(12–15) 
Particularly with the advancement of microwave plasma CVD,(16) polycrystalline diamonds(17–19) 
with	excellent	charge	carrier	transport	properties	and	single-crystal	CVD	diamonds	for	energy	
spectrometer-grade applications have emerged.(20,21) Furthermore, with the commercialization 
of	detector-grade	single-crystal	CVD	diamonds,	their	use	has	expanded	across	various	fields.
 One of the applications of diamond radiation detectors is nuclear fuel reprocessing.(22) In this 
application,	α-particles	from	dissolved	nuclear	fuel	in	nitric	acid	are	measured,	which	is	used	for	
determining the ratio of 240Pu to 239Pu, monitoring the concentration of actinides in the solution, 
and tracking the material composition. The application of diamonds in this field was reported by 
Kozlov et al.,(23) using natural single-crystal diamonds. Bergonzo et al. used polycrystalline 
diamond synthesized on a silicon substrate as a detector, which is employed in actual nuclear 
fuel reprocessing facilities.(24) Similarly, the application of 4H-SiC semiconductor detectors, 
which	also	exhibit	excellent	radiation	resistance,	has	also	been	reported.(25,26)

	 The	 recent	 expansion	 of	 the	 synthetic	 gemstone	 market	 and	 the	 increasing	 demand	 for	
semiconductor device substrates have driven the scaling up of single-crystal diamond substrates, 
as well as the growth of energy spectrometers.(27)	In	this	study,	we	measured	α-particles	from	
radioactive materials in nitric acid using a single-crystal CVD diamond as a radiation detector, 
with its future use in nuclear fuel reprocessing facilities in mind.

2. Materials and Methods

2.1 Crystal growth of single-crystal CVD diamond and detector fabrication 

 Since the sensitive area of detectors actually used in nuclear fuel reprocessing facilities is 
approximately	7	mm	⏀, a 10-mm-square single-crystal CVD diamond substrate manufactured 
by EDP Corporation was used as the base substrate, as shown in Fig. 1(a). Figure 1(b) shows 
numerous structural defects in the crystal under a polarized light microscope. To reduce the 
occurrence	of	 residual	 stress	caused	by	 structural	defects	and	 impurities,	 an	epitaxial	growth	
layer	 approximately	50	μm	 thick	was	 stacked	on	 the	base	 substrate.	This	 crystal	has	 a	 tilt	 of	
about 3° with respect to the [110] direction of the (001) plane.
 The diamond as the detector was obtained from a synthetic diamond grown by the direct 
wafer method(28) to form a freestanding membrane. Carbon ions were implanted into the 
substrate in advance, and an ion implantation layer was formed at a depth of 1.6 µm from the 
surface.	Using	 this	 ion-implanted	 substrate,	we	 epitaxially	 grew	 the	 diamond	 as	 the	 detector	
using a microwave plasma CVD system (Cornes Technology AX5250). The synthesis conditions 
were as follows: substrate temperature, 870°C; gas pressure, 110 Torr; CH4	concentration,	1.0%;	
and O2	concentration,	0.5%.(29) Figure 1(c) shows a laser microscopy image of the synthesized 
diamond as the detector. Owing to plasma asymmetry during synthesis, etching on the right side 
of the substrate was stronger, resulting in increased surface roughness. After synthesis, the ion 
implantation layer was removed by electrochemical etching, and a freestanding single-crystal 
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CVD diamond membrane was obtained. The damage layer on the substrate separation surface 
was removed by ion-beam irradiation. The thickness of the freestanding single-crystal CVD 
diamond	membrane	was	66	μm.	A	Ti/Au	ohmic-contact	anode	electrode	and	a	Pt	ohmic-contact	
cathode	electrode	were	formed	on	opposite	sides	of	a	66-μm-thick	freestanding	single-crystal	
CVD	diamond	membrane	by	evaporation.	The	 thickness	of	each	electrode	was	approximately	
100 nm.

2.2 Experimental setup 

 To evaluate the basic performance of the detector, the freestanding single-crystal CVD 
diamond membrane with Ti/Au–Pt electrodes formed on both sides was mounted in the detector 
housing. The Ti/Au ohmic-contact anode electrode was connected to the SMA receptacle, while 
the Pt ohmic-contact cathode electrode was connected to ground. I–V characteristic and 
α-particle	energy	spectrum	measurements	were	performed	 in	a	vacuum	at	 room	 temperature.	
The I–V measurements were conducted using a Keithley 237 source measurement unit. For 
α-particle	measurements,	5.486	MeV	α-particles	from	a	241Am source were used. For spectrum 
measurements, the following equipment was used: preamplifier (ORTEC 142A), main amplifier 
(ORTEC 672), high-voltage power supply (ORTEC 428), pulser (ORTEC 419), and MCA 
(YOKOGAWA WE7562). Signals were observed using a TELEDYNE LECROY Waverunner 
LT-584.
 A device with the cross-sectional structure shown in Fig. 2 was fabricated and evaluated for 
measuring	α-particles	from	radioactive	substances	in	a	solution.	The	device,	constructed	from	
acrylic to allow the observation of its interior, housed a diamond with electrodes. A 5 mol/L 
nitric acid solution was prepared by diluting 13 mol/L nitric acid with deionized water at a ratio 
of 1:1.6 in a 10 mL glass beaker. The solution chamber on the cathode electrode side, with a 
volume of 0.42 cm³, was filled with 5 mol/L nitric acid, which functioned as a substitute for the 
Pt	cathode	electrode,	and	thorium	oxide	was	dispersed	into	the	solution.	For	structural	rigidity,	

Fig. 1. (a) Laser microscopy image of the single-crystal CVD substrate manufactured by EDP Corporation, (b) 
polarized light microscopy image of the diamond substrate used, and (c) laser microscopy image of the synthesized 
diamond as the detector.
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the	diamond	was	attached	to	the	acrylic	container	using	epoxy	resin,	and	a	fluororubber	O-ring,	
known	 for	 its	 excellent	 acid	 resistance,	 was	 used	 to	 seal	 the	 solution.	 Thorium	 oxide	 was	
employed	 as	 the	 α-particle	 source.	Although	 actual	 nuclear	 fuel	 reprocessing	 is	 conducted	 at	
approximately	60	°C,	measurements	in	this	study	were	performed	at	room	temperature	owing	to	
the	 limitations	 of	 the	 experimental	 setup.	 Prior	 to	 the	 nitric	 acid	 experiments,	 the	 system’s	
integrity was verified using a saturated saline solution. The measurement setup used the same 
equipment described earlier for I–V	measurements	and	α-particle	detection.

3. Experimental Results and Discussion

3.1 Basic performance of diamond detector

	 Figure	3	shows	an	example	of	the	I–V characteristic measurement of the single-crystal CVD 
diamond detector with Ti/Au–Pt electrodes. The applied voltage during the I–V characteristic 
measurement	ranged	from	−300	to	+300	V.	The	leakage	currents	were	approximately	7	pA	at	
both	−264	and	+264	V,	confirming	that	the	necessary	voltage	for	measurements	can	be	applied.
	 Figure	4	shows	an	example	of	 the	α-particle	energy	spectrum	measured	 in	a	vacuum.	The	
notation of holes and electrons in the figure indicates that the measurements were conducted 
under conditions where the drift of either holes or electrons became the dominant signal 
formation mechanism by changing the polarity of the bias voltage applied to the detector. The 
range	of	5.486	MeV	α-particles	in	the	diamond	was	13–14	μm,	and	since	the	crystal	thickness	
was	66	μm,	complete	separation	was	not	achieved.	The	bias	voltages	applied	to	the	detector	were	
−264	 and	 +264	 V	 for	 holes	 and	 electrons,	 respectively.	 The	 energy	 resolutions	 (ΔE/E) were 
0.55%	 for	 holes	 and	 0.54%	 for	 electrons.	 The	 charge	 collection	 efficiency	 of	 the	 diamond	

Fig. 2. (Color online) Overview diagram of the evaluation device.
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detector	shown	on	the	horizontal	axis	 in	Fig.	4	was	determined	by	comparing	the	results	of	a	
similar measurement performed using a silicon semiconductor detector with a charge collection 
efficiency	 of	 nearly	 100%.	 This	 comparison	 was	made	 using	 the	 average	 electron–hole	 pair	
creation energies for the silicon and diamond detectors, which are 3.62 eV for silicon and 13.1 eV 
for diamond. Depending on the value of the electron–hole pair average generation energy of the 
diamond	used	here,	the	charge	collection	efficiency	may	exceed	100%.	The	shaping	time	of	the	
main	 amplifier	 was	 1.0	 μs.	 The	 charge	 collection	 efficiency	 was	 99.1%	 for	 both	 holes	 and	
electrons. When using high-pressure, high-temperature synthesized IIa-type single-crystal 
diamonds	with	excellent	crystallinity	as	the	base	substrate,	the	charge	collection	efficiency	often	

Fig. 3. I–V characteristics of the fabricated detector with the Ti/Au-Pt electrodes.

Fig.	4.	 (Color	online)	Measurement	of	 the	5.486	MeV	α-particle	 energy	 spectrum	using	 the	 fabricated	detector	
with the Ti/Au-Pt electrodes.
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slightly	exceeds	100%,(30) suggesting that the crystallinity of the base substrate used may have 
influenced the results.

3.2	 Results	of	α-particle	measurement	in	solution

	 Figure	5	shows	an	example	of	the	I–V characteristic measurement of the single-crystal CVD 
diamond detector, measured using 5 mol/L nitric acid and a saturated saline solution as the 
cathode electrodes. The applied voltage during the I–V characteristic measurement ranged from 
−300	to	+300	V.	In	both	cases	of	5	mol/L	nitric	acid	and	saturated	saline,	a	large	leakage	current	
flows on the positive side, and the limiter is applied. On the negative side, the leakage current 
was	4	pA	for	5	mol/L	nitric	acid	and	1	pA	for	the	saturated	saline	solution	at	−33	V,	confirming	
that the measurement is sufficiently feasible.
 Figure 6 shows a comparison of the preamplifier output signals when using 5 mol/L nitric 
acid	and	a	saturated	saline	solution.	In	both	cases,	signals	with	a	rise	time	of	approximately	30	
ns	were	observed.	The	resistance	of	the	5	mol/L	nitric	acid	was	between	3	and	8	MΩ,	whereas	
the	resistance	of	the	saturated	saline	solution	ranged	from	30	to	168	kΩ.	The	resistance	of	the	
solution, prepared in a beaker, was measured using a digital multimeter, with probe separation 
ranging from 1 to 22 mm.
	 Figure	7	 shows	an	 example	of	 the	α-particle	 energy	 spectrum	measurement	 from	 thorium	
oxide	 in	 5	mol/L	 nitric	 acid	 and	 a	 saturated	 saline	 solution.	 The	 applied	 voltage	was	 −33	V.	
Owing	to	the	low	α-particle	emission	rate	from	thorium	oxide,	the	counting	rate	was	about	0.02	
cps,	and	the	measurement	took	72	h.	It	was	confirmed	that	stable	α-particle	measurements	can	
be	performed	with	the	single-crystal	diamond	detector.	The	horizontal	axis	in	Fig.	7	is	calibrated	

Fig. 5. I–V characteristic when 5 mol/L nitric acid and saturated saline solution are injected into the solution 
chamber.
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using	the	5.486	MeV	α-particle	in	a	vacuum.	The	α-particles	from	the	thorium	oxide	primarily	
originate	 from	 the	 6.228	 MeV	 α-particles	 of	 220Rn	 and	 the	 6.779	 MeV	 α-particles	 of	 the	
accompanying 216Po.	In	the	α-particle	spectrum	of	the	saturated	saline	solution,	peaks	at	around	
6.1 and 6.7 MeV were observed, and since the energies generally matched, it is considered that 
the	peaks	originated	from	the	α-particles	of	220Rn and 216Po.
 Compared with the spectra obtained using polycrystalline diamond, the influence of the 
energy	distribution	of	the	emitted	α-particles	is	evident.	The	counting	rate	in	the	7.0	to	9.0	MeV	
range,	which	is	considered	to	originate	from	the	8.785	MeV	α-particles	of	²¹²Po,	is	lower	than	that	
for	lower-energy	α-particles.	Thorium	oxide	emits	a	significant	quantity	of	γ-rays,	but	it	was	also	
confirmed that the thin detector has no significant effect.

Fig.	6.	 (Color	online)	Preamplifier	output	signals	when	using	5	mol/L	nitric	acid	and	a	saturated	saline	solution.

Fig.	7.	 (Color	online)	Alpha-particle	spectrum	measurement	from	thorium	oxide	in	(a)	5	mol/L	nitric	acid	and	(b)	
saturated saline solution (measurement time, 72 h; 0.02 cps).
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 Since the evaluation device is made of acrylic, measurements at 60 °C, as required for actual 
nuclear	fuel	reprocessing	applications,	were	not	conducted.	However,	considering	that	α-particle	
energy measurements have been successfully performed at 500 °C using a high-pressure, high-
temperature	 IIa-type	 diamond	 single-crystal	 substrate	 with	 excellent	 crystallinity,(31) it is 
believed that the diamond detector will have no issues operating at 60 °C.

4. Conclusion
 The 10-mm-square single-crystal CVD diamond substrate was used, and a single-crystal 
CVD diamond as the detector was synthesized by the direct wafer method. Ti/Au–Pt electrodes 
were	 formed	 on	 the	 66-μm-thick	 freestanding	 single-crystal	 CVD	 diamond	 membrane.	 The	
charge	 collection	 efficiency	 of	 the	 fabricated	 detector	 for	 5.486	 MeV	 α-particles	 was	
approximately	99.1%,	and	the	energy	resolution	was	around	0.54%.	Subsequently,	the	α-particle	
spectrum	was	measured	using	a	solution	containing	thorium	oxide	in	5	mol/L	nitric	acid	as	the	
cathode	electrode.	The	rise	time	of	the	preamplifier	output	signal	was	approximately	30	ns,	and	
as	expected	from	the	high	energy	resolution	when	the	cathode	electrode	was	Pt,	even	when	the	
cathode electrode was 5 mol/L nitric acid, the spectrum reflected more detailed energy 
structures than in the case of using conventional polycrystalline diamond detectors. Continuous 
measurements	were	conducted	for	72	h,	and	the	influence	of	γ-rays	was	found	to	be	minimal.	
Owing to the limitations of the evaluation equipment, the measurements were confined to room 
temperature. However, since diamonds can be used to fabricate detectors capable of measuring 
energy spectra up to around 500 °C, there should be no significant issues for practical use.
 In this case, the single-crystal CVD diamond substrate with inferior crystallinity was used. 
However, when applying it to practical devices, 12-mm-square substrates of high-pressure, high-
temperature-synthesized	 IIa	 type	 with	 excellent	 crystallinity	 can	 also	 be	 used.	 Considering	
factors such as long-term stability, it is desirable to use substrates with superior crystallinity.
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