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Luminescence of crystals excited by a runaway electron beam
and by excilamp radiation with a peak wavelength of 222 nm

D. A. Sorokin,2® A. G. Burachenko, D. V. Beloplotov, "2 V. F. Tarasenko,

E. Kh. Baksht,' E. I. Lipatov," and M. |. Lomaev'*?

Unstitute of High Current Electronics, 2/3 Akademichesky Ave., Tomsk 634055, Russia
’National Research Tomsk State University, 36 Lenin Ave., Tomsk 634050, Russia

(Received 20 July 2017; accepted 6 October 2017; published online 20 October 2017)

This paper presents research data on cathodoluminescence, photoluminescence, and Cherenkov
radiation at 200-800 nm excited in crystals with different refractive indices by a subnanosecond
runaway electron beam and by KrCl excilamp radiation with a peak wavelength of 222 nm. The
data include spectral and amplitude-time characteristics measured with a resolution of up to ~100
ps for natural and synthetic diamonds of type Ila, sapphire, Csl, ZnS, CaF,, ZrO,, Ga,03, CaCOs,
CdS, and ZnSe. The research suggests that cathodoluminescence and photoluminescence should be
accounted for in Cherenkov-type detectors of runaway electrons. The results can be useful for
detecting high-energy electrons in tokamaks. Published by AIP Publishing.

https://doi.org/10.1063/1.4996965

I. INTRODUCTION

Runaway electrons (RAEs) can adversely affect plasma
heating in controlled thermonuclear research systems.'?
Although this fact is well-known from theory, no reliable
detectors of such electrons are available. Recent research on
tokamaks has focused much attention on RAEs*™® as fast
electrons add to the loss of energy and to the evaporation of
vacuum chamber walls. Different types of devices are devel-
oped to detect high-energy electrons, and most widely used
in tokamaks are Cherenkov-type detectors.””'! Such detec-
tors, as a rule, comprise a diamond which is shielded with a
metal film against plasma and from which visible and UV
radiation produced by RAEs is recorded with a photomulti-
plier tube connected to the detector via a quartz fiber. The
design of Cherenkov-type detectors is constantly improved,
allowing one to obtain more reliable data on the generation
of RAEs during plasma heating.'®!! Unfortunately, no paper
is available comparing the parameters of Cherenkov radia-
tion and cathodoluminescence excited in diamonds by RAEs
or presenting RAE energy spectra.

Cherenkov radiation, which is well known from theory12
and experiments, can be emitted by liquids, gases, and solids
when charged particles, e.g., electrons, move in them with
velocities higher than the phase velocity of light, and its
intensity can increase up to a certain limit both with decreas-
ing wavelength A and with increasing kinetic electron energy
e. This type of radiation arises at a certain energy threshold
&5 Which depends on the refractive index n and decreases
with increasing n. For diamond, ¢, is ~50 keV.> ! This
crystal is used for recording Cherenkov radiation due to its
UV transparency up to 223 nm, high heat conductivity and
heat resistance, and high electrical conductivity on electron
beam excitation.
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Some papers'>~'° report that in natural and synthetic dia-

monds and in other crystals, the radiation at 200-800 nm
excited by a pulsed electron beam of energy from several
tens to several hundreds of kiloelectronvolts is mainly due
to cathodoluminescence; in particular, this is observed for
a subnanosecond electron beam'® known as a supershort
avalanche electron beam (SAEB).'®'® Note that in RAE-
excited polymethyl methacrylate, Cherenkov radiation escapes
detection."’

Here, we present research data on the spectral and
amplitude-time characteristics of radiation excited in crystals
with high refractive indices by RAE beams of different den-
sities and durations and by pulsed KrCl excilamp radiation
with a peak wavelength of 222 nm.

Il. POWER OF CHERENKOV RADIATION

The power spectral density of Cherenkov radiation
dJ(2)/d/. for kinetic electron energy ¢ can be expressed in
terms of effective radiative deceleration F'?

, c \dai
VdF = dJ(}) = 4n2e2v<1 ~va) 7 1))

v A (1+e/me2) -1

o 1+ ¢/mc? ' @

Here, n is the refractive index of a medium, A is the radiation
wavelength, m is the electron mass, V is the electron veloc-
ity, and c is the velocity of light in vacuum. The threshold
energy &, for Cherenkov radiation to arise is estimated from
the condition that the bracketed term in the right-hand side
of (1) is equal to zero. For example, for diamond with
n=242, ¢, =50keV. Figure 1 shows curves calculated by
the above expressions for Cherenkov radiation. From the n
dependence of ¢, [Fig. 1(a)], it is seen that the lower the
refractive index n, the higher the threshold energy ¢, for
Cherenkov radiation.

Published by AIP Publishing.
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FIG. 1. Calculated curves for Cherenkov radiation: threshold electron
energy &, vs. refractive index n (a), power spectral density dJ/d/ vs. n at
A=200nm (b), and dJ/dA vs. / (c) in diamond excited by electrons at 100
and 200 keV.

The n dependence of the power spectral density dJ/dA at
A=200nm for different electron energies [Fig. 1(b)] sug-
gests that increasing the refractive index »n not only decreases
the threshold ¢, for Cherenkov radiation but also provides a
several-fold increase in its spectral energy density at the
same electron energy. Thus, crystals with n > 2.42 should be
used to obtain Cherenkov radiation at ¢ <50keV.

What is of importance is that for all materials studied, the
power spectral density of Cherenkov radiation dJ/d/ increases
with both decreasing A (up to the fundamental absorption
edge) and increasing ¢. Thus, using UV- and VUV-transparent
crystals, we can separate the radiation in these spectral regions
from cathodoluminescence. Such behavior of Cherenkov radi-
ation can be seen on the diagrams for diamond at 100 and
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200keV [Fig. 1(c)] although they are in the spectral region of
low absorption for the material.

lll. PROPERTIES OF CRYSTALS

Several types of crystals (Table I) were exposed to a
SAEB and UV radiation.

The highest values of n among them belong to dia-
monds, ZnSe, CdS, ZnS, and ZrO,. However, CdS and ZnS
are unsuitable for Cherenkov-type detectors because of their
sufficient transmittance only at >500nm, and CaF, and
Al,Oj3 (sapphire), although transparent to both UV and vac-
uum ultraviolet (VUV), have low values of n as do CsI and
CaCOs;. Note that crystals for high-energy electron detectors
should also display high heat conductivity and thermal

stability.
Most suited for detectors of runaway electrons are
diamonds. Although they were used in tokamaks,”™'' no

comparison has been made between the intensities of catho-
doluminescence and Cherenkov radiation for them and other
crystals. In Sec. VI, we present data on the spectral and
amplitude-time characteristics of radiation for different
crystals.

IV. EXPERIMENTAL SETUP AND TECHNIQUES

The crystals were exposed to SAEBs produced in accel-
erators based on gas-filled diodes'>™" using a GIN-55-01
generator20 and a RADAN-220 generator.21

The GIN-55-01 generator produced voltage pulses of
amplitude 110kV with a rise time of ~0.7ns and a FWHM
of ~1ns at a resistive load of >1 kQ. The pulse repetition
frequency f could be varied from one to 100 Hz. The spectral
characteristics of the crystals were measured at f=65Hz.
The FWHM 1, of the SAEB current and its density j, were
~100 ps and ~1.6 A/cm?, respectively. The average electron
beam energy was 60 keV. Downstream of the anode foil, the
number of electrons with an energy greater than ¢, for dia-
mond (=50keV) was >60%.

The RADAN-220 generator was operated at a pulse rep-
etition frequency of 1 Hz and provided the generation of a
SAEB in two modes®* depending on the gas kind and pres-
sure. In mode #1, the SAEB parameters were j, ~ 75 A/cm?

TABLE 1. Bandwidth B,,, refractive index n, and threshold electron energy
&, for different crystals.

Characteristic
Crystal type

By, (um) n & (keV)
Natural diamond, ITa type 0.225-5 242 50
Synthetic diamond, IIa type 0.225-5 242 50
ZnSe 0.475-20 2.4 51
CdS 0.52-1 2.4 51
ZnS 0.37-13.5 2.2 63
Zr0O, 0.35-7 2.158 65
Ga,03 0.26-1 1.97 82
Al,O3 (sapphire) 0.18-2.3 1.77 108
Csl 0.3-35 1.74 113
CaCO; 0.25-1 1.57 152
CaF, 0.125-12 1.434 202
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and 1, ~ 180 ps, and in mode #2, they were j, ~ 1 AJem®
and 7, = 100 ps. In both modes, the percent of beam elec-
trons with an energy of >50keV was greater than 95%. The
electron energy distribution showed two maxima at ~80 and
~150keV. It should be noted that of all the electrons down-
stream of the anode foil, the percent of those with an energy
of >200keV was less than 1%.

For the crystals excited by a runaway electron beam, we
measured both the spectrum of cathodoluminescence and the
spectrum of Cherenkov radiation in the short-wavelength
range.

The crystals were also excited by a KrCl excilamp?®®
with a peak wavelength of 222nm. Its average radiation
power density was 7 mW/cm”. The FWHM of radiation
pulses produced by the excilamp at f=43kHz was 200 ns.
The crystals were shaped as disks and were irradiated from
the side of their flat surface with recording of luminescence
at their lateral surface. Thus, it was possible to greatly reduce
the fraction of visible radiation emitted by the barrier dis-
charge plasma. On excitation by the excilamp, there was no
cathodoluminescence or Cherenkov radiation. Thus, when
using the excilamp only, photoluminescence was registered.

The emission and transmission spectra of the crystals
were recorded with a HR2000 4 ES spectrometer of known
spectral sensitivity (an instrumental function, FWHM ~9 A).
The spectral range of the spectrometer was Al=190-
1100 nm. Figure 2 shows a schematic of the experimental
setup for research in the radiation properties of crystals. The
use of a quartz fiber greatly reduced the level of electromag-
netic noise in spectral measurements.

The results of spectral measurements of crystal radiation
are presented in units of the spectral energy density p(4).

The amplitude-time characteristics of radiation in
narrow spectral ranges were studied using a LOMO MDR-23
monochromator with a groove density of the grating of
1200 gr/mm and an inverse linear dispersion of 1.3 nm/mm.
The width of its entrance and exit slits was 400 um. The
monochromator was equipped with a Hamamatsu H7732-10
photomultiplier tube of known spectral sensitivity (sensitiv-
ity range, 10°~107 and rise time, 2.2ns). The spectral range
of the photomultiplier was A4 = 185-900 nm.

The amplitude-time characteristics of radiation at
200-700nm were also investigated using a Photek PD025
photodiode equipped with a LNS20 photocathode. The tran-
sient response rise time of the photodiode was ~80 ps.
The short-wavelength boundary of radiation was determined
by crystal absorption and its long-wavelength boundary by

@) o ()
D(i}jsle E@ <“22 ][

Pulser

FIG. 2. Schematic of the experimental setup. /—excitation by SAEB, 2—
excitation by KrCl excilamp radiation, and 3—measuring system.
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decreased photodiode sensitivity. Because no fiber was used
for radiation transfer to the photodiode, it was possible,
unlike elsewhere,'” to detect radiation in a spectral region of
up to 200 nm.

The runaway electron beam parameters were measured
using a collector with the diameter of the receiving of
20 mm.'>'¢

The signals from the photodiode and collector were
transmitted to a Keysight Tech DSO-X 6004 A digital oscil-
loscope (6 GHz, 20 GS/s) and the signals from the photomul-
tiplier to a Tektronix TDS3054B digital oscilloscope
(500 MHz, 5 GS/s).

V. RESULTS AND DISCUSSION
A. Emission spectra of crystals

The cathodoluminescence that arises on exposure to a
SAEB was measured for eleven crystals differing in refrac-
tion and transmission: natural and synthetic diamonds of type
IIa, Csl, ZnS, Al,O3, CaF,, ZrO,, Ga,03, CdS, ZnSe, and
CaCOg;. The Cherenkov radiation intensity was low and unde-
tectable against the background of cathodoluminescence,
which agrees with data reported elsewhere.'*™'> Figures 3-5
present emission spectra for the crystals excited by a SAEB
(curves / and 2). Additionally, the figures show transmission
spectra (curves 4) and photoluminescence bands for some
crystals on their excilamp excitation (curves 3); the radiation
intensity is given in relative units. The presented curves illus-
trate the spectral distribution of radiation energies. Note that
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FIG. 3. Emission (/-3) and transmission spectra (4) of ZnS (a) and CaCO;
(b) excited by SAEB on the GIN-55-01 generator (/) and RADAN-220 gen-
erator in mode #1 (2) and by radiation of KrCl excilamp (3).
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FIG. 4. Emission (/—3) and transmission spectra (4) of natural (a) and syn-
thetic diamonds (b) excited by SAEB on the GIN-55-01 generator (/) and
RADAN-220 generator in mode #1 (2) and by radiation of KrCl excilamp (3).

from these data, it is impossible to judge the intensity ratio
for different radiation types in a single excitation pulse. The
radiation intensities in the crystals excited using the GIN-
55-01 generator, RADAN-220 generator, and excilamp dif-
fered greatly.

The spectrograms of ZnS and CaCOj; (Fig. 3), as well as
of natural and synthetic diamonds (Fig. 4), reveal a large
region between the absorption and emission edges where
the desired signal is indistinguishable against the noise. The
same is observed for Ga,0O3. From Fig. 5(a), it is seen that
for CsI, the edges of short-wavelength absorption and catho-
doluminescence are almost coincident, making it difficult to
detect Cherenkov radiation in this spectral region. For CaF,,
the edge of short-wavelength absorption lies in the VUV
region [Fig. 5(b)], but the edge of its luminescence band
does reach 225 nm.

The cathodoluminescence intensity in Figs. 4(a) and
4(b) is given in relative units. Comparison of its absolute val-
ues for natural and synthetic diamonds suggests that the cath-
odoluminescence intensity in natural diamond is an order of
magnitude greater than that in synthetic. The emission spec-
trum for synthetic diamond excited by a SAEB in the repeti-
tive pulsed mode contains intense bands at 500-550 nm [Fig.
4(b), spectrum 2], while no such bands are found in the emis-
sion spectrum for natural diamond.

Thus, the presented emission spectra suggest the possi-
bility of detecting Cherenkov radiation, in particular in syn-
thetic diamond, using more sensitive methods.

Photoluminescence was detected for natural and syn-
thetic diamonds, Csl, ZnS, ZrO,, and Ga,0; excited by

J. Appl. Phys. 122, 154902 (2017)
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FIG. 5. Emission (/-3) and transmission spectra (4) of Csl (a) and CaF, (b)
excited by SAEB on the GIN-55-01 generator (/) and RADAN-220 genera-
tor in mode #1 (2) and by radiation of KrCl excilamp (3).

excilamp radiation and was not detected for sapphire and
CaF, due to their low absorption at 200-250 nm. No photolu-
minescence was also observed for CdS, ZnSe, and CaCOs.

The data on excitation by the KrCl excilamp demon-
strate that short-wavelength radiation contributes to photolu-
minescence, the bands of which coincide with those of
cathodoluminescence for most of the crystals. It can also be
concluded that the cathodoluminescence and photolumines-
cence bands for most of the crystals are similar. For synthetic
diamond excited by the excilamp in the repetitive pulsed
mode, the photoemission spectrum also reveals intense bands
at 500-550 nm [Fig. 4(b), spectrum 3].

Thus, photoluminescence can be contributed by
Cherenkov radiation whose intensity increases with decreas-
ing /4 [Fig. 1(c)] and possibly by its part in the range of
increasing crystal absorption.

B. Amplitude-time characteristics of crystal radiation

The photodiode used to measure the amplitude-time
characteristics of radiation on SAEB excitation provided
subnanosecond time resolution but low sensitivity. The pho-
tomultiplier at the monochromator output had high sensitiv-
ity and allowed us to detect low-intensity radiation in narrow
spectral ranges at a time resolution of no worse than 2 ns.

Figure 6 shows the cathodoluminescence power for syn-
thetic diamond excited by a SAEB with a FWHM of 100 ps.
The radiation pulse has a FWHM of ~2ns and a rise time of
~1ns. The data confirm that the radiation is contributed
mostly by cathodoluminescence. The time resolution of the
measuring system with the photodiode was no worse than
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synthetic diamond.

0.3ns and corresponded to the radiation pulse rise time in
CaCO;5 on SAEB excitation.

As noted above, the spectral range between the edges
of short-wavelength absorption and cathodoluminescence
is most suitable for the detection of Cherenkov radiation.
Using the photomultiplier and monochromator, Cherenkov
radiation was detected in natural and synthetic diamonds,
7ZnS, 7Zr0,, Ga,03, sapphire, and even in Csl. The sensitivity
of the photomultiplier was sufficient to provide reliable
measurements for these crystals. The absorption of CdS and
ZnSe in the region shorter than 500nm is high, and these
crystals are thus unsuitable for Cherenkov-type detectors.
Detecting Cherenkov radiation in CaF, and CaCO; requires
their excitation by a beam with an electron energy higher
than 200 keV.

Figure 7 shows the spectral energy density p(A) as a
function of the wavelength for natural (/) and synthetic dia-
monds (2) excited by a SAEB. The dependencies take into
account the sensitivity of the photomultiplier and the spectral
transmission of the measuring optical elements.

It is seen from Fig. 7 that for natural diamond at
230-310nm and for synthetic diamond at 230-350 nm, p(/)
increases with decreasing 4. The radiation pulse duration in
these regions for the crystals remains constant and corre-
sponds to the time resolution of the photomultiplier. The
radiation pulses have no delay with respect to the voltage

10

(o)
| T

p(A) (rel. units)
= [\ e [o)}
|

T T T T T T T T T T
240 280 320 360 400 440
A (nm)

FIG. 7. Spectral energy density p(1) vs. wavelength for natural (/) and syn-
thetic diamonds (2) excited by SAEB in mode #2, measured with the MDR-
23 monochromator and photomultiplier.
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rise and can be considered as Cherenkov radiation. Starting
with 310 nm for natural diamond and with 350 nm for syn-
thetic diamond, the radiation power and the pulse duration
increase several times with the increasing wavelength, which
agrees with the data of Fig. 4.

The contribution of cathodoluminescence and Cherenkov
radiation to the total emitted energy was estimated by joining
the data of spectrometer and monochromator measurements
with subsequent calculations of the Cherenkov radiation and
cathodoluminescence energies. For natural and synthetic dia-

monds, the Cherenkov radiation energy was determined as

331(? p(L)dA and f230 p(A)d2, respectively. The integration

limits were chosen from the data of Fig. 7. The cathodolumi-
nescence energy for natural and synthetic diamonds was deter-

mined as fm) p(A)d/ and féss(? p(2)dJ, respectively (see
Fig. 4). The estimation suggests that the Cherenkov radiation
energy in the emission spectrum is ~0.1% for natural dia-
mond and 10% for synthetic diamond.

Besides, there is a delay of cathodoluminescence with
respect to Cherenkov radiation in this spectral range.
According to measurements, the delay increases gradually to
4-5ns (Fig. 8).

Similar delays and an increase in radiation pulse duration
were detected by the photomultiplier for ZnS, ZrO,, Ga,0Os;,
Al,O3, and Csl in the region between edges of short-
wavelength absorption and cathodoluminescence and in the
region of cathodoluminescence as well. Hence, all these crys-
tals can be used for detecting Cherenkov radiation but only
with monochromators and highly sensitive photomultipliers.

C. Discussion

Our research shows that cathodoluminescence can
greatly exceed Cherenkov radiation over a wide spectral
range. It depends on the beam current density, electron
energy, and pulse repetition frequency and can be used to
create more sensitive detectors of runaway electrons.

Cherenkov radiation at electron energies of tens to hun-
dreds of kiloelectron-volts was detected in natural and syn-
thetic diamonds, ZnS, ZrO,, Ga,0;, sapphire, and Csl.
For detecting electrons with an energy of ~50keV from
Cherenkov radiation, one should use crystals with a refrac-
tive index of 2.4 and higher. It should also be kept in mind
that Cherenkov radiation is the easiest to detect in the region

P (rel. units)

FIG. 8. Radiation power at 260, 415, and 478 nm, measured with a photo-
multiplier at monochromator output. RADAN-220 generator: mode #2.
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between the edges of short-wavelength absorption and catho-
doluminescence. For the crystals used, no other intense emis-
sion bands should be present in the spectrum.

The percent of Cherenkov radiation on excitation by elec-
tron beams with energies of tens to hundreds of kiloelectron-
volts is ~0.1% for natural diamond and 10% for synthetic
diamond. The physical and optical properties of synthetic dia-
monds with a small impurity amount make them most suitable
for Cherenkov-type detectors; in our experiments, it was an
ITa-type synthetic diamond grown by chemical vapor deposi-
tion. The main advantage of Cherenkov radiation for use in
runaway electron detectors is that it arises with zero delay.
However, cathodoluminescence should be allowed for in cre-
ating this type of detectors.

Although it has been reported on the design of
Cherenkov-type detectors,” ! no data are available on pho-
tomultiplier measurements of optical radiation for them. No
data are also available on runaway electron energy spectra in
tokamaks. It is expected that the research data presented here
will be helpful for calibration of this type of detectors.
Promising for this purpose are accelerators based on gas-
filled diodes, which provide the generation of runaway elec-
tron beams with a current density of up to hundreds of
amperes per square centimeter and with their energy, dura-
tion, and density variable by varying the diode pressure and
generator voltage.”>**

When designing this type of detectors, one should take
into account additional bands arising at 500550 nm in the
repetitive pulsed mode. Such bands appear in the emission
spectrum of synthetic diamond excited by both runaway
electrons and excilamp radiation. For some crystals, photolu-
minescence is likely to contribute to the total radiation due
to short-wavelength absorption of Cherenkov radiation.

V1. CONCLUSION

Thus, we have investigated the optical properties of dif-
ferent crystals excited by runaway electron beams generated
in accelerators based on gas-filled diodes and by radiation
produced in a KrCl excilamp with a wavelength of 222 nm.
The research data, including spectral and amplitude-time
characteristics measured at 200—800 nm with subnanosecond
resolution, show that runaway electron detectors should be
designed with regard to cathodoluminescence and additional
bands arising in crystals on repetitive pulsed excitation. It is
expected that the research data will help to create and cali-
brate reliable high-energy electron detectors for tokamak
systems.
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