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The paper reports the results of measuring the total dose of X-ray bremsstrahlung from a powerful X-ray source based on the high-
current pulsed direct-action electron accelerator “Temp-B”. The parameters of the high-current, tubular relativistic electron beam from
the accelerator were as follows: energy 600 keV, current 13.5 kA, and pulse duration 1.0 ps. Using the pulsed magnetic field of a
solenoid, the electron beam generated in a magnetically isolated diode was transported over a 55 cm distance toward the molybdenum
converter. An auxiliary coil, connected in series with the solenoid, was placed adjacent to it to provide the desired magnetic field in
the converter region and avoid beam losses. The methodology for determining the total dose of the produced X-ray bremsstrahlung is
described. Polycrystalline detectors were used for measuring the X-ray bremsstrahlung dose. They were located 80 mm behind the
converter in the polar plane, with a 20° separation. Measurements of the dose distribution over the polar angle showed symmetrical
distributions of the radiation at both polar and azimuthal angles relative to the axis. Taking into account such symmetry and the fact
that the electron beam radiates solely into the forward hemisphere, the integration over the entire sphere can be reduced to integration
over just a fraction of 1/8 of the spherical surface, thereby reducing the required number of sensors. The experimentally obtained value
of the total dose of the X-ray bremsstrahlung is 388.5 Gy per single pulse of the accelerator current, which is concentrated in a 120°
cone in the direction of the beam movement.

Keywords: High-current pulsed direct-action electron accelerator; Relativistic electron beam; Converter; X-ray bremsstrahlung,
Thermo-luminescent detector; Intensity, Dose.
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INTRODUCTION

Charged-particle accelerators and gamma-emitting isotopes are widely used to produce powerful fluxes of hard X-
ray radiation. Isotopic sources are structurally simpler, while accelerator-based sources deliver higher radiation powers,
which is essential for their integration into high-performance production lines. To generate bremsstrahlung X-rays with
relativistic electron beams (REBs), two types of converters are used in the form of transmitting and reflecting targets,
which expands the possibilities of controlling the radiation flux. The hard X-ray radiation generated by REBs is widely
used in industrial processes, security systems, and non-destructive testing technologies due to its great penetration depth
and high spatial resolution. In addition, there has been recent interest in the use of powerful pulsed X-ray sources in
medicine [3]. Currently, extensive work is underway on both the creation of new X-ray sources based on direct-action
electron accelerators [4 - 7] and the improvement of methods for transporting and controlling the X-ray flux [8]. A feature
of most such installations is the placement of the converter directly at the output of the accelerating diode, or its
manufacture as a diode element. However, sometimes it is desirable to place the converter remotely from the accelerator,
which requires transporting the electron beam over a considerable distance. At NSC "KIPT", for quite some time, work
has been carried out on the creation and operation of appropriate radiation-beam complexes [1, 9 - 11]. This work presents
the design of a radiation-beam complex for the development of a powerful bremsstrahlung X-ray source based on the
high-current pulsed electron accelerator "Temp-B," with the converter located remotely from the magnetically isolated
accelerator diode, and the results of measuring the total radiation dose per pulse.

EXPERIMENTAL SETUP

The accelerator "Temp-B" consists of the following main elements: a pulsed voltage generator (PVGQG), a magnetically
isolated vacuum diode, a chamber for REB transport, a converter, a magnetic system, and devices for recording accelerator
parameters and X-ray bremsstrahlung radiation. The PVG provides a 600 kV pulse with a duration of 1.0 us. To reduce the
inductance of the PVG and the current load on the discharge electrodes, a design consisting of 4 parallel Marx generators is
implemented, placed in a metal tank filled with transformer oil. In this case, the current load on the spark gap is reduced by
4 times, and the total inductance of the PVG is 1.5 times smaller. To reduce the total number of spark gaps by 2, a bipolar
charging system is used (£100 kV instead of a unipolar 100 kV system) with two capacitors in series per stage. This
successfully solves the problem of simultaneously switching the generators onto a standard load.

The source of the high-current REB in the accelerator is a magnetically isolated vacuum diode with an explosive-
emission cathode. The design of the vacuum diode with magnetic isolation is shown in Fig. 1.
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Figure 1. Scheme of the diode and the chamber for beam transport

It is assembled according to a scheme in which the anode (1) is a conical insert connected to the beam transport
chamber (5). The use of an anode insert allows for electron flow parallel to the uniform external magnetic field in the
drift chamber. The magnetic isolation of such a diode is carried out by the magnetic field of the left edge of the solenoid
(2). The sharp front edge of the tubular cylindrical cathode (3), of a 60 mm diameter, mounted on the cathode holder (4),
is located in the region of the increasing magnetic field of the solenoid (2),

The beam-transport chamber (5) is a thin-walled stainless steel cylinder with an inner diameter of 70 mm and a
length of 550 mm. It connects the diode to the converter region (6). The chamber is placed inside the solenoid of the
guiding magnetic field (2), which has 188 turns arranged in two layers, with a 150 mm diameter. For the current pulse of
2 kA and duration of 10 ms feeding the solenoid, the magnetic field strength in the beam transport chamber is 640 kA/m.
Furthermore, an auxiliary coil (7), which has 34 turns in two layers at a diameter of 250 mm and is connected in series
with solenoid, is located in the interaction chamber region. It is designed to provide the necessary magnetic field strength
in the converter region. The calculated and experimentally implemented magnetic field parameters ensured magnetic
insulation and the transport of the electron beam with a current of 13.5 kA and an energy of 600 keV to the converter
without losses. Outside the vacuum diode chamber, a conical, two-layer insulating magnetic field coil (8) with 208 turns
is located. It is powered by a separate source and is intended to increase the electrical strength of the accelerating column
insulator (9). A Rogowski coil (10) was used to measure the beam current.
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Figure 2. Profile of the longitudinal magnetic field in the chamber for beam transporting

Fig. 2 shows a graph of the calculated longitudinal magnetic field profile (solid curve) in the beam transport chamber.
It shows the results of summing the fields from the solenoid, the auxiliary coil, and the conical insulating field coil. On
the graph, the origin of coordinates is aligned with the cathode's end face, and the converter is located 56 cm from the
cathode. Experimentally measured magnetic field strengths are marked with dots. To calculate the magnetic field strength
of the solenoid and a combination of several coils, they are considered as a set of ring currents, and the magnetic field at
a given point is determined by the total contribution of the magnetic fields of all ring currents, according to [12]. In this
case, all currents are assumed to be stationary, and the possible influence of other structural elements is not considered.
The calculations are consistent with the measurements within the apparatus's 5% error.

EXPERIMENTAL RESULTS
In Fig. 3, the voltage applied to the magneto-isolated diode is shown. A 60 mm-diameter, one mm-thick tubular
cathode was used to produce a relativistic electron beam. The beam, with a diameter of 53 mm, energy of 600 keV, current
of 13.5 kA, and duration of 1 ps, was delivered from the diode by the magnetic field to a molybdenum converter of a
0.5 mm wall thickness. Figure 4 shows a photograph of the beam imprint on the surface of the molybdenum converter
after two electron beam pulses. The good repeatability of the imprints should be noted. At a converter plate thickness of
0.5 mm, signs of the onset of its destruction process are clearly visible.
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Figure 3. Oscillogram of the voltage across the diode Figure 4. Electron beam imprint on the surface of a

molybdenum converter

Thermo-luminescent detectors (TLDs) of types MTS-6 and MTS-7 [14] were used to determine the angular
distribution of the X-ray bremsstrahlung radiation resulting from the interaction of the relativistic electron beam with the
converter. These detectors are polycrystalline LiF "tablets", doped with Mg and Ti atoms with a dose measurement range
from 10* Gy to 1 Gy in the X-ray and gamma radiation energy range, specifically from 20 keV to 6 MeV. Their diameter
is 3.5 mm, area equals 9.62 mm?, and thickness is 2 mm. Such detectors allow the measurement, with appropriate
calibration, of absorbed doses over a wide energy interval. The measured results were processed using the automatic
device RADOS TLD RE-2000 [13], which automatically reads the values stored in the dosimeters. The X-ray detectors
were placed 8 cm from the converter and positioned at 20-degree intervals relative to the electron beam axis. A total of 5
detectors were used (Fig. 5).
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Figure 5. Disposition of the X-ray radiation detectors

Table 1 presents the results of measuring the generated dose absorbed by the detector in a series of two electron
beam pulses. The detector numbers correspond to those indicated in Fig. 5.

Table 1. Results of measuring the generated dose, absorbed by the detector

Detector Number 1 2 3 4 5
Angle relative to the beam axis, degrees (°) -200 0° 200 400 60°
Absorbed Dose (from RE-2000 reader), mGy 403.643 417.884 410272 [211.88 181.332

The measurement results for detectors 1 and 3 are approximately the same, indicating a symmetrical distribution of
X-ray radiation relative to the polar angle ® in the azimuthal plane where the detectors are located. For angles greater
than 60°, it was impossible to place the detectors due to structural reasons of the source. Nevertheless, a decrease in dose
with increasing angle is observed, such that the radiation in the 120°one is close to the radiation dose in the forward
hemisphere, and therefore to the total dose of the source, as the beam only radiates into the forward hemisphere.

To measure the total radiation dose in the forward hemisphere, it is sufficient to measure its distribution over a
spherical surface of a given radius. The total X-ray dose was calculated as follows. Considering that the element of area
dS of a sphere with radius r is:

dS = r%sin@dOdg,
where © and ¢ are the polar and azimuthal angles, respectively, the dose value D, distributed over the hemisphere, is:
D = [ de [* d(@)rsinodo. )

Here, d(O) is the surface dose density on the sphere of radius r. All detectors are placed in the polar plane. Since
d(0) depends only on O, and the integration over @ simply gives a factor of 2=, due to the azimuthal symmetry of the
radiation distribution, Eq. (1) can be written as:
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D = 2nr? [ d(6)sin0do. ©)

The dose d;, measured by a detector of an area S = 9.62mm? is a discrete estimate d(0) = d;/S.
To calculate the total dose, we use the trapezoidal rule. In our case, the last detector in the row is placed at an angle
of 60°. Therefore, we estimate the dose within the limits (in degrees) —60 < @ < 60, such that

D=l IRIs gy f | = 2188685 [25 4+ £ + f,] = 777.0586y

The magnitudes assumed by members of the integrand in (2) are given in Table 2.

Table 2. Initial data for calculating the radiation dose.

Detector Number Angle, ° Dose in detector di,, mGy fi=d1 sin ®
2 0° 417.884 0
3 200 410.272 140.321
4 40° 211.88 136.194
5 60° 181.332 157.038

Thus, the dose of X-ray radiation limited by the source measurement angle of 120°, which is close to the full dose
of radiation from the source, per one electron beam pulse with an energy of 600 kV, a current of 13.5 kA and a duration
of 1 ps, is D=777/2=388.5 Gray/pulse.

CONCLUSIONS
The doses of X-ray bremsstrahlung radiation, realizable per one current pulse from the high-current "Temp-B"
accelerator, have been estimated for a variety of angles relative to the direction of the relativistic electron beam’s motion.
The magnitude of the total radiation dose has been estimated. For the beam of a 600 keV energy, a 13.5 kA current
magnitude, and a 1 ps duration, the total radiation dose from the source was 388,5 Gy/pulse.
As found, most of the X-ray radiation is confined within a 120° cone about the beam propagation direction.
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BU3HAYEHHA TOBHOI 103U MOTYKHOI'O IMITYJIbCHOT'O I)KEPEJIA I'AJIBMIBHOT'O
PEHTT'EHIBCBKOI'O BUTTPOMIHIOBAHHA 3BY1’)KYBAHOI'O CHJIBHOCTPYMOBHUM
EJJEKTPOHHUM IIYYKOM
A.B. barpakos, C.I. ®egoroB, .M. Onimenko, €.I'. Faymko, A.M. I'opbans, O.JI. Pak, O.B. HeBapa, F0.M. BoJikos
Hayionanvruii nayxosuti yenmp «Xapkiscokuil ¢pizuxo-mexniunuti incmumymy, Xapxis, Ykpaina
IpencraieHo ekcriepuMeHTalbHEe BUMIPIOBAHHS IIOBHOT 103U ITOTY>KHOTO JKEpesia ralbMiBHOTO PEHTICHIBCHKOTO BUIIPOMiHIOBaHHS,
0a30BaHOr0 Ha IMITYJIbCHOMY IIPHUCKOPIOBAYi €JEKTPOHIB NpsMOi il 3 mapaMeTpaMd CHIBHOCTPYMOBOIO DEIISTHBICTCHKOTO
Tpy0O4acToro eneKTpoHHOro my4ka: enepris 600 keB, ctpym 13,5 kA i TpuBaiicTs immyiscy 1,0 Mxc. TpaHcopTyBaHHSs €1EKTPOHHOTO
Iy4yKa, OTPIMYBAaHOTO B MarHiToi30J0BaHOMY Ii0[i, 10 MOJIOJEHOBOTO KOHBEPTEPA Ha BiZICTaHb 55 ¢M 31iHCHIOBAIOCH IMITYJIbCHUM
MAarHITHAM TI0JIEM COJIeHOifa. [0 HbOro MpUMEKae JOAaTKOBA KOTYIIKA, 3'€JHaHA TTOCIIIOBHO 3 HUM, I 3a0€3MeYCHHS MarHiTHOTO
1ois B o0acTi KOHBEpTepa Ta YHUKHEHHS BTpart Irydka. Onucana MeToinKa BU3HAYEHHS IIOBHOI 103U TaJIbMIBHOTO PEHTI€HIBCHKOTO
BUIIPOMIHIOBAaHHS. J[JIsi BUMIPIOBAHHS JO3M TajJbMiBHOTO PEHTT€HIBCHKOIO BHIPOMIHIOBaHHS BUKOPUCTOBYBAINCS IOJIIKPUCTANIIYHI
JIETEKTOPH, SIKi pO3TalIOBYBaIKCs Ha BincTaHi 80 MM 3a KOHBEpTOPOM. J[eTeKTOpH pO3MIllyBaJIUCS B IOJSIPHIN IUIOMIKHI 3 KPOKOM
20°. BuMipu po3nofiny a03 3a MOJSIPHAM KYTOM ITOKa3ald CHMETPil0 BUIIPOMIHIOBAHHS 32 MOJSIPHHM Ta a3UMYyTaIbHHM KyTaMH
BiZIHOCHO ocH. Bepyun 10 yBar, 1o my4oK BUIIPOMIHIOE TINBKH MEPEIHIO HamiBcdepy, TO pa3oM 3 BUMIPSHOIO CHMETPI€I0 MOMKITHBO
iHTETpyBaHHs 10 BCid cdepi 3BecTH 00 iHTErpyBaHHs Jumie mo 1/8 rurommHi cdepu, 3MEHIIMBINN KilbKICTh JaTYHKIB.
ExcneprMeHTanbHO OTpHMaHa BEMYMHA MOBHOI 03U TajbMIBHOTO PEHTTEHIBCHKOTO BuIpoMiHIoBaHHA 388,5 I'p 32 oxuH iMmynbe

CTpyMy IIPHUCKOPIOBaYa, sika 30cepe/keHa B KyTi 120° B HaIpsAMKy pyxy ITydKa.
KunrouoBi cioBa: curbnocmpymosuil imnyabcHuil eneKmpoHHUull RPUCKOprosay npamoi Oii; pensimusicmcbKuti enekmpoHHUull ny4oxK;
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