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PARTICLE DETECTOR WITH DIAMOND
SENSITIVE ELEMENTS GROWN
IN A CUBIC HIGH PRESSURE APPARATUS

Introduction. Diamond is one of the most suitable materials for particle detectors, due to a wide band gap and
a high radiation resistance of this material. However, diamond sensitive elements for detectors remain rare and
expensive, which hinders their widespread use in nuclear physics and medicine.

Problem Statement. In recent years, new technologies for growing HPHT diamonds in cubic presses have been
developed. They have allowed obtaining up to 50 high-perfection single crystal diamonds weighing up to 10 carats
in one cycle. However, the physical properties of HPHT diamonds grown in modern presses have not been
sufficiently studied, and the results of the application of such diamonds in ionizing radiation detectors have been
unknown so far.

Purpose. The development of a particle detector with sensitive elements based on HPHT diamonds grown in
a cubic high-pressure apparatus and the study of its characteristics.

Materials and Methods. Growing diamonds by the temperature gradient method in a cubic high-pressure
apparatus. Particle detector. Irradiation with alpha particles.

Results. The temperature gradient method has been used to grow 7—9 mm diamond single crystals in a cubic
high-pressure apparatus, and 0.4 mm thick diamond plates have been made of cubic and octahedral growth sec-
tors. The physical properties of the samples have been studied. The detector amplifier has been developed, and the
detector has been tested when irradiated with alpha particles. The results have showed reliable detection of ioni-
zing events caused by alpha particles and the registration of induced pulses with an amplitude of 70—200 mV.
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Conclusions. The particle detector with diamond plates made of cubic growth sectors of HPHT diamonds
grown in a high-pressure cubic apparatus from the Fe-Ni-C growth system when irradiated with alpha particles
has showed the ratio of full width at half maximum of pulse (FWHM) of about 1 ns, which corresponds to the world's

best analogs of diamond detectors.

Keywords: particle detectors, HPHT diamond, and nuclear electronics.

For a long time, diamond has been considered
one of the most suitable materials for the sensi-
tive elements of particle detectors. First of all,
this is due to a wide band gap and a high radia-
tion resistance of this material. An overview of
various stages of the study of diamond detectors
has been presented in [1—5]. At the early stages of
research on diamond detectors, natural diamonds
were used as sensitive elements. However, the na-
tural diamonds suitable for detectors are rare and
therefore highly expensive. With the development
of methods for producing synthetic diamonds, mo-
re attention is paid to detectors based on diamonds
grown by chemical vapor deposition (CVD) or
temperature gradient at high pressure and high
temperature (HPHT) methods. The characteris-
tics of diamond detectors critically depend on the
type of diamond defects and the content of im-
purities in the crystal [6—10]. Currently, atten-
tion is mainly focused on the CVD diamonds in
detectors because of their availability on the mar-
ket and relatively high quality. However, many
researchers have pointed out that the HPHT dia-
monds have better physical and technological pro-
perties [11—14].

However, until recently, methods for growing
diamonds in conventional devices such as Leopard
or Toroid allowed obtaining only 3—5 diamond
crystals per cycle of synthesis, which led to their
high cost and limited use in detectors. In recent
years, methods for growing diamond single crys-
tals in cubic presses have been developed. This en-
ables growing up to 50 high-quality diamonds in
one cycle of synthesis [15—17]. Such technolo-
gies look promising to obtain affordable diamonds
for detectors. However, the physical properties of
HPHT diamonds grown in modern cubic presses
have not been sufficiently studied, and the results
of the use of such diamonds in detectors have been
unknown so far.

ISSN 2409-9066. Sci. innov. 2021. 17 (5)

Synthesis of Diamonds
and Production of Plates

To grow diamond single crystal samples, we use a
CS-VII type cubic press with a plunger diameter
of 560 mm. Figure 1 illustrates the main compo-
nents of a standard cubic press that consists of six
anvils connected to independent hydraulic cylin-
ders pressing on cubic growth cell. This configura-
tion makes it possible to evenly apply pressure to
all surfaces of the cubic container, enabling the crea-
tion a pressure of up to 6 GPa in the growth cells of
a much larger volume as compared with other ty-
pes of presses. Typically, the CS-VII type presses
are used for the production of diamond powders
by spontaneous synthesis. For growing large dia-
mond single crystals in the CS-VII presses by the
temperature gradient method, a special container
with a growth cell has been designed. This provi-
des uniform pressure distribution and allows dis-
tributing temperature in such a way as to create a
temperature gradient of a given value for growing
5—10 carat crystals at a rate of 5—7 mg/h [17].
Iron-based solvents, including Ni and/or Co,
are commonly used to grow HPHT diamonds [18].

a
Fig. 1. Cubic high-pressure apparatus: a — general scheme;
b — section by planes of vertical symmetry. 7 — base plate
(steel); 2 — backing plate (steel); 3 — cooling channel; 4 —
cooling and fastening ring (steel); 5 — punch (hard alloy);
5 — growth cell
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Fig. 2. Diamonds of the Fe-Ni-C growth system grown in cu-

bic HPA: a — single crystals after partial etching; 5 — 0.5 mm

thick plates cut from the crystal center in the plane (001)
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Fig. 3. IR spectra of a diamond single crystal plate grown in the
Fe-Ni-C system. Spectrum a — corresponds to the growth sec-
tor (111), spectrum b — corresponds to the growth sector (001)

To obtain a colorless diamond, alloying elements
such as Al, Ti, Zr or Hf are added to the solvent al-
loy [19]. Our previous studies have shown that the
ITa-type diamond single crystals cannot be used to
make detectors of ionizing radiation from high-am-
perage currents. Therefore, for growing diamonds
for detectors, Fe-Ni solvent alloy is chosen. The con-
tainer is made of extruded pyrophyllite in the form
of a cube with a side length of 58 mm. We use emb-
ryonic crystals with a size of 0.5 9 0.5 mm obtai-
ned by methods of spontaneous crystallization at
a high pressure and temperature.

The typical size of the grown crystals is 5—7 mm
(Fig. 2, a). From the central part of the three sing-
le crystals having clear-profile faces, 0.4 mm thick
plates with a surface orientation (001) are cut as
shown in Fig. 2, b.
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The obtained plates have a clear visual identi-
fication of the growth sectors, which is typical for
these crystals. The cubic growth sectors are al-
most colorless, while the octahedral growth sec-
tors are colored yellow (Fig. 2, b).

To determine the content of nitrogen impurity,
the IR absorption spectra in the cubic and octa-
hedral sectors of diamond plate growth have been
studied. A typical IR spectrum is given in Fig. 3.
For all three samples the spectra are similar. The
calculations have shown that for the spectra pre-
sented in Fig. 3, the concentration of nitrogen
impurity in the form of paramagnetic C-centers is
4 ppm in the (001) growth sector and 50 ppm in
the (111) growth sector.

For further studies, rectangular plates with a
side length of 1.7—1.9 mm are cut from cubic and
octahedral growth sectors. Both sides of the sam-
ples are covered with three layers of Ti / Pt / Au.
The Ti layer is used to obtain a metal contact on
the diamond; the Au layer is used to prevent oxi-
dation of Ti and to connect with the contact wire.
The Pt layer prevents diffusion between Au and
Ti. After metallization, the diamond is annealed
at 1073 Kin Ar gas to create TiC on the diamond
surface that provides an ohmic contact.

Current-Voltage Curves

To assess the quality of contact coatings, the cur-
rent-voltage curves (CVC) of the obtained samp-
les of diamond plates with metallization have been
analyzed. Figure 4 shows the dark I — V curves of
the cubic (001) and the octahedral (111) growth
sectors of plate No. 1. For the other two plates,
the CVCs are similar. As one can see from Fig. 4,
dark CVCs are fairly linear, which indicates a good
contact resistance of diamond and titanium due
to the formation of titanium carbide at the Ti-C
interface.

According to Fig. 4, the dependences of the
sample resistivity on the bias voltage have been

calculated:
p=VS/1, (1)

where S is the contact area, / is the distance bet-
ween the contacts.
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Fig. 4. Dependence of dark current I on the electric field
strength E applied to the contacts of the plane-parallel plate
of the detector made of cubic (001) and octahedral (111)
sector of HPHT diamond growth
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Fig. 5. The resistivity p of the cubic (001) and octahedral (111)
sectors of HPHT diamond growth in the dark mode as a func-
tion of the electric field strength E

The results of the calculations are shown in
Fig. 5. The dependence of the resistivity on the
bias voltage is significantly nonlinear in the re-
gion of small values of V. This is due to a slight
nonlinearity of the dependence I (V), which is in-
visible in Fig. 4, but obvious in Fig.5, when small
values of I are in the denominator of formula (1).
Some nonlinearity of the CVCs in the low-voltage
region is apparently caused by the formation of a
small Schottky barrier at the Ti — C interface [13].

Detector with Amplifier

The scheme of the detector head and its design
are presented in Fig. 6. The body of the head is
made of aluminum alloy; the printed circuit board
is made of foil microwave material, type FAF-4D.
The diamond plates with applied electrodes are

ISSN 2409-9066. Sci. innov. 2021. 17 (5)

Fig. 6. The head of a diamond elementary particles detector:
a — electrical circuit; b — general view

Fig. 7. General view of the detector head and preamplifier

placed on gold-plated pedestals with through ho-
les for alpha radiation passing through the board
and the head body. The elastic current collectors
hold the diamond plates and ensure their connec-
tion with the circuit elements. The head is equip-
ped with two SMA Femeil connectors for supp-
lying high bias voltage. The scheme and general
view of the head of the diamond detector are pre-
sented in Fig. 6.

The detector amplifier uses Gali 52+ chips from
Mini-Circuits based on InGaP heterogeneous bi-
polar transistors. The amplifier is made according
to the manufacturer’s recommendations. At a supp-
ly voltage of + 12V, the corresponding load resis-
tor with a resistance of 150 Ohms and a TCCH-80
inductance choke, each stage has the following
parameters:
¢ frequency range: from direct current to 2 GHz;
¢ signal amplification: 20 dB;
¢ noise factor: 2.7 dB at a frequency of 1 GHz; and
¢ useful current: 50 mA,

Three stages, separated by capacitors with a
capacity of 1000 pF, provide a total gain of 60 dB
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Fig. 8. Scheme of the experiment on recording the charge
induced by alpha particles in a diamond detector

and a lower bandwidth of 3 MHz. Structurally,
the amplifier is made similarly to the detector
head. The general view of the detector head and
the amplifier is shown in Fig. 7. The Tektronics
MDO03 oscilloscope is used to record the detec-
tor’s response to alpha radiation.

Irradiation with Alpha-Particles

A pressurized closed source of alpha radiation
AZK244.28 manufactured by Isotope, in the form
of a 5 mm high, 10 mm diameter cylinder (with
a working window diameter of 6 mm) with a
1.4x108 s~! flow of alpha particles with an energy
of the order of 5.2 MeV has been used as a source
of ionizing radiation. The experiments are con-
ducted in air environment, according to the sche-
me presented in Fig. 8.

The signal starts to appear when the electric
field strength on the detector is ~ 1 V/um. The
maximum applied voltage after which the break-
down begins is ~ 850—1100 V (E = 1.5—2 V/um).

The results of electrical pulse measurements on
the right contact of the detector covers are shown
in Fig. 9. The amplitude of the signal obtained
from 5.5 MeV alpha particle and amplified by
40 dB at a ~1.2 V/um electric field strength on
the detector cover is ~ 80 mV, the full width at half
maximum (FWHM) of the signal is about ~ 1 ns.

Analysis of the Results

Since the analyzed diamond crystals grown in the
Fe-Ni-C growth system differ in the minimum
content of boron acceptor impurity and belong to
n-type semiconductors, with a predominance of
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nitrogen C-centers (see Fig. 3), the current of in-
duced charges through the right contact of the
detector (Fig. 8) associated with the mobility of
electrons u (E) and the density of the induced
charge n is defined by the ratio:

I(t) = gnl*p_E, (2)
where /2 is the contact surface area of the detec-
tor sensitive element.

This value is also determined by voltage pulse
U caused by the charge induced by alpha partic-
le, through relationship [20]:

in " d

10 -5 |R.C %Q+U(t). (3)

It takes into account the gain A, the input re-
sistance R, and the total capacitance C, (the sum
of the detector own capacitance and parasitic ca-
pacitances relative to the detector body and its
connection to the preamplifier) of the measuring
system. Given that in our case C, <5 pF and the
pulse duration t > 1 ns, the first component in (3)
may be neglected, and taking into account (2) we
may write:

IC nC UC
AT @

where the indices C and O denote the cubic and
octahedral sectors of the diamond plate growth
in the detector, respectively.

As can be seen from Fig. 9, U./U, =80 mV/
60 mV~1.3 (U. and U, are signal amplitudes on
detectors of cubic and octahedral crystals, respec-
tively). Given (4), this means that the density of
the induced charge in diamond samples cut from
the cubic sector of crystal growth is by 23% hig-
her that the charge density induced by diamond
samples from octahedral growth sectors. In addi-
tion, the FWHM of pulse in the cubic sectors is
4 times less than that of the pulse recorded in the
octahedral sectors. Since the mobility of charge
carriers in diamonds significantly depends on the
concentration of nitrogen [22], these differences
in the parameters of detectors from different crys-
tal growth sectors may be explained by different
concentrations of donor impurities in the cubic
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Fig. 9. Voltage pulse U recorded while a detector with diamond plate from cubic () and octahed-
ral (b) sectors of diamond single crystal growth is irradiated

and the octahedral crystal growth sectors, as a re-
sult of which the mobility of majority carriers
(the electrons) in the n-type diamond samples
with a lower concentration of nitrogen (the cubic
ones) is higher than in the samples with a higher
concentration of nitrogen (the octahedral ones).
The obtained results have shown that the pulse
FWHM in the case of the detector based on the
sensitive element from the cubic growth sector of
the HPHT diamonds synthesized in the Fe-Ni-C
growth system irradiated with alpha particle is
about 1 ns, which corresponds to the world best
analogs of the CVD diamond detectors [21]. The
concentration of nitrogen in the studied samples
of the HPHT diamonds is higher as compared
with the CVD diamonds. The obtained result is
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explained by more perfect crystal structure of the
HPHT diamond.
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dies of detectors with such sensitive elements in
medicine and high-energy physics are required.
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AETEKTOP EJIEMEHTAPHUX YACTMTHOK
3 AIMASHUMUM 9YT/INBUMU EJIEMEHTAMU, BUPOHIEHNMI
B KYBIYHOMY AITAPATI BUCOKOI'O TUCKY

Beryn. Asiivas € ofiHuM 3 HaiOLIbII IPUAATHIX MAaTePiasiB [Jisi BUTOTOBJIEHHS JIE€TEKTOPIB eJIeMEHTAPHUX YACTOK, 10 110~
B’SI3aHO 3 IIMPOKOIO 3a60POHEHOI0 30HOI0 Ta BUCOKOIO pajlialliiiHo0 CTiliKicTIO 1boro Marepiainy. OnHak ajMasHi 4y T/nBi
€JIeMEeHTH JIJIS IETEeKTOPIB 3aJUIMIAI0THCS PIIKICHUMA Ta BaPTICHUMH, IO CTPUMYE iXHE MNUPOKe BUKOPUCTAHHS B S/I€PHIHN
disuti ta MeaUITUHI.

IIpo6Gaemaruka. OctanHivMu pokamu po3pobJieHo HoBi TexHouoril BupoutyBantss HPHT (high-pressure high-temperature)
aMasiB B KyOiYHUX TIpecax, 1110 J03BOJIs€ OTPUMYBATH 10 50 MOHOKPHCTAIB ajiMa3y Baroio 110 10 kapar 3 BUCOKOIO CTPYK-
TYPHOIO JJOCKOHAJICTIO 32 OINH UK BUpoIyBanHs. Oanak disnuni BracruBocti HPHT anmasis, Buporennx B cydacHux
Tpecax, T0CIiPKeHi He[oCTaTHBO, & Pe3YJIBTAaTH iX 3aCTOCYBAHH B ZIETEKTOPAX 10HI3yI0UNX BUITPOMIHIOBAHb HEBI/TOMI.

Mera. Po3poOka jieTekTopa eJieMeHTapHUX YaCTUHOK 3 Uy TJIMBUMU esieMeHTaMu Ha ocHosi HPHT anmasis, BupoiieHunx
B KyOIYHOMY amapari BICOKOTO TUCKY, Ta AOCJI/KeHHST H0r0 XapaKTepPUCTHK.

Marepiamm it MeToau. BuporiyBanis aaMasis METOAOM TeMIIEPaTypPHOTO TPAAIEHTY B KyOi4HOMY amapaTi BUCOKOTO THC-
Ky mojieni CS-VII; netexktop eseMeHTapHUX YaCTUHOK; ONIPOMiHEHHS aib(ha-4acTUHKAMI.

Pesyabratu. MeTo10M TpajlieHTy TeMepaTyp B KyGiuHOMY anapati BUCOKOTO TUCKY BUPOIIEHO MOHOKPUCTAJIN ajiMasy
po3mipom 7—9 MM, 3 KyOIYHUX Ta OKTaePUYHUX CEKTOPIB POCTY BUTOTOBJICHO ajiMa3Hi miactuiu ToBumuoio 0,4 mm. {o-
calijikeHo (hi3uHi BJACTUBOCTI OTPUMAHUX 3pas3KiB. Po3pobJieHo MiCHII0BaY IeTEKTOPa Ta IPOBEAEHO HOTO BUIPOOYBAHHS
Pa3oM 3 JIETEKTOPOM I1pu oTipoMiHenHi ajib(a-yactuakamu. [lokazano BrieBHeHe e TEKTYBaHHS 10HI3YIOUMX MTO/Iill, BUKJIMKA-
HUX asbda-yacTKaMu, 3 PEECTPAILIEI0 HaBeleHNX iMITyJIbCiB 3 amruritynoto 70—200 mB.

BucnoBku. [[eTeKTOp eJleMEHTAPHIX YACTHHOK 3 aJIMa3HUMM [IACTHHAMH, BUTOTOBJIEHNME 3 KyOiYHUX CEKTOPIB POCTY
HPHT asnmasis, BUpolienux B KyOiuHOMY aliapaTi BUCOKOTO THCKY 3 pocToBoi cucteMu Fe-Ni-C, npu onpominenni anbga-
YaCTHHKAMH TT0Ka3aB 3HAUEeHHS MOBHOI IMUPIHH Ha MTOJIOBMHI BUCOTH iIMITYJIbCY Ha PiBHI 1 HC, 1110 BIATIOBIIa€ KPAIINM CBIiTO-
BUM aHAJIOTaM aJIMa3HUX JIETEKTOPIB.

Knwouosi croesa: nerexropu esementapuux yactunok, HPHT anmas, apepna enexrponika.
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