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The basic parameters of the hard x-ray bremsstrahlung (XRB) for microsecond relativistic electron beam accel-
erators "TEMP" are calculated. The optimization of converters designed for this purpose has been carried out. The

maximum XRB doses at the beam-radiation complex "TEMP" were experimentally obtained. The XRB radiation
diagrams as a function of the beam energy and electrode configuration are taken.
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INTRODUCTION

Development and introduction of special gamma-ray
sources and elaboration of a beam-radiation method is
an important direction in the high-current accelerator
technology. Advancement of these research works is
evoked by a whole series of investigations into the
physical-mechanical properties of structural materials,
metals and alloys with the use of relativistic electron
beams (REB) [1, 2]. Investigations of a radiation effect
on the reactor material, simulation of reactor core condi-
tions, study of the behavior and resistance of available
materials and those being developed for the nuclear
power engineering is a one more direction in investiga-
tions of hard X-ray bremsstrahlung (XRB).

Generation of XBR is carried out at two high-current
relativistic electron beam accelerators “Temp-A” and
“Temp-B” [3] which constitute the beam-radiation facil-
ity “TEMP” (BRF “TEMP”).

The purpose of this study was: generation of XRB at
BRF “TEMP”; plotting and studying of XRB radiation
diagrams; investigation of XRB as a function of REB
energy, vacuum diode electrode configuration, convert-
er material and thickness.

THEORETICAL PROCEDURES

In this part the evaluation data on the X-ray brems-
strahlung parameters are r for the accelerator “Temp-
B”: E=(0.5...1,0) MeV, 1=(10...25) kA, t=15pus
and for the accelerator “Temp-A”: E = (0.3...0.5) MeV,
[=(2...3) kA, =4 ps.

Dose quantities for the continuous REB were calcu-
lated from the simplified empirical formulas [4]

D=0,8~1O*3\|’Qi;.|51~7. %ﬂ [r1, 1)
D= 0,8~103%. E27. \/i [P/s], )

where W, denotes the electron beam energy (J), £ — the
electron energy (MeV), R — the distance from the target
(M), i, — the beam current (A), Zy — the atomic number
of target.

The calculation results for the exposure dose D and
its power Dat different distances R from the tungsten
target (Zy=74) for different beam energies are given in
Table 1.
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Table 1

Accelerator “Temp-B” (0.75 MeV)
R,mm[ 5 | 15 [ 25 [ 50 | 80 | 100 [120
D | 5663|2356 |22 |14 (08
: 10* | 10° | 10® | 10? | 10% | 10% | 10!
D, |37 |42 |15 |37 |15 | 9.4 |65
r/sec 191 10° | 10° | 10® | 10® | 107 | 107

Accelerator “Temp-A” (0.4 MeV)

R, mm 5 15 50 70
D, r 4810° | 5.4.10° | 4.810' | 2.5:10°
D,r/sec | 3.210° | 3.6:10° | 3.2.10" | 1.6:10’

The interaction between the hard photon flux and the
material leads to the radiation attenuation, and the ab-
sorbed radiation causes some changes in the material
itself [15]. It is obvious that the interaction character
depends on the radiation intensity.

The bremsstrahlung intensity for targets from Z-
material, in which, under voltage to 1 MeV, the elec-
trons are fully decelerated, is approximately equal to [6]

lye =3-107°-i-Z-U™ [W], (3)
where i is the beam current (mA), U is the accelerating
voltage (kV).

The relative integral bremsstrahlung energy yield in
the case of full electron deceleration in the target of Z-
material is, according to [6],

n:_IX—BJ:S-10’6~Z-U°'75- (4),
| .

The target-converter thickness exerts a strong influ-
ence on the XRB intensity. The optimum target thick-
ness is defined from the maximum value of the electron
penetration into the material [7]

5=10"°-E¥*/p, (5)
where E is the electron energy (keV), p is the material
density (g/cm?).

The calculation results for the bremsstrahlung inten-
sity Ixrs, relative energy vyields, electron penetration &
into the substance, for the targets of tungsten (Z = 74),
tantalum (Z= 73) and molybdenum (Z = 42) at different
values of the accelerating electron voltage U are given
in Table 2.

The maximum relative XRB energy yield, measured
experimentally, was ~ 1.6%, as only one part of irradia-
tion corresponding to the beam transport direction has
been taken into account.
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Table 2

barameters Converter material
tungsten tantalum  |molybdenum
U kV 400 |750 |400 |750 |400 | 750
| W 4.8 |4.44. (2.72- |4.44. |2.72- | 2.52
XREB 10" |10® | 10" |10® |10" | 10°
n 0.016 |0.030 |0.009 |0.0298D.009 {0.017
O, um 27 196.2 |31.2 (110 |50.8 | 180

As the atomic number of material increases the
depth of electron penetration into the target decreases,
but, the bremsstrahlung intensity increases.

By selecting the converter it is necessary to take into
account the efficiency of electron energy conversion in
XRB [8, 9], mechanical and thermophysical properties
of material which should provide a high resistance of
material and its durability under extreme impulsive
XRB load. The converter design selection comes to the
selection of material which at a minimum thickness can
withstand a maximum pulse number.

One of possible ways to increase the life time of the
converter is to cool it. At the accelerator “Temp-A” the
converters made on the heat pipe principle were tested.
It is known that such a cooling system is very effective
for stationary processes.

It has been experimentally established that for the
high-current REB with energy E= (0.3...0.8) MeV the
use of molybdenum converters is more preferable.

EXPERIMENTAL TECHNIQUE

Experimental investigations were carried out on mi-
crosecond relativistic electron beam accelerators
“Temp-A” and “Temp-B”.

A major part of our experiments was focused on the
study of BRF “TEMP” radiation component parameters.
The XRB radiation patterns were plotted for electron
beams (tubular and continuous cylindrical) of different
geometry. The experiment layout for production of con-
tinuous cylindrical (Fig. 1,a) and tubular (Fig. 2,b) elec-
tron beams is presented below.

J

Fig. 1. Experiment layout for: a — continuous; b — tubu-
lar beam production. 1 — cone cathode; 2 — anode inser-
tion; 3 — vacuum feed-through; 4 — X-ray probe; 5 -
converter; 6 — magnetic field; 7 — edge cathode

X-ray bremsstrahlung doses have been measured
with thermoluminescent sensors. Using a corresponding
calibration it is possible to measure doses in a wide en-
ergy range.

Thermoluminescent LiF-based sensors of 3.5 mm
diameter and 2 mm thickness were placed just behind
the converter at different distances to determine the spa-
tial X-ray radiation distribution. For targets-converters
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the foils from different materials (W, Mo, Ta) of a 300
um thickness were used. The dose values each were
obtained as a result of averaging a series of measure-
ments of five shots.

A semiconductor detector was used to determine the
angular distribution of the X-ray bremsstrahlung pro-
duced as a result of interaction between the continuous
electron beam and the target. Typical oscillograms of
investigations are shown in Fig. 2.

[CH1=_50.0U
Fig. 2. Oscillograms of investigations:

1 — beam voltage; 2 — beam current;
3 —total accelerator current; 4 —X-ray probe signal

The overall dimensions of the detector are
5x5x15 mm, the resistance is ~ 10° Ohm. The signal
from the semiconductor detector output is a current,
created as a result of ionization in the detector, being
linear relatively to the dose power independently on the
temperature.

To produce a continuous relativistic electron beam
the following constituents were used: cone graphite
cathode with a wide part of 76 mm diameter and 68 mm
length; anode insertion with an opening angle of 51 and
40 mm cone length; drift chamber of 135mm length and
70 mm diameter. The anode-cathode gap was 25 mm.
The vacuum feed-through with the converter was in-
stalled behind the drift chamber. The beam indentation
diameter was 25 mm. The semiconductor detectors were
mounted just behind the converter at different angles to
the axis (0°, 20°, 40° 60°, 80°) on the arc of a circle of
~ 30 mm in radius (Fig. 1,a).

Table 3 gives the measurement results for the output
signals from the detectors (in volts). Measurements
were carried out at the beam energy of 400 keV and
700 keV.

Table 3
Beam energy, Detector position angles, °
keV 0 | 20 | 40 | 60 80
400 35|26| 2 |17 1.3
700 12 |84 6.1 |48 3.4

The angular X-ray bremsstrahlung distribution dia-
gram, obtained by the measurement results in the radia-
tion intensity fractions in the forward direction, is
shown in Fig. 3.
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Fig. 3. XRB angular distribution diagram for a con-
tinuous beam with electron energy:
1-400 keV; 2 —700 keV

The XRB angular distribution has been used for
plotting the radiation diagram of XRB from the tubular
REB.

Fig. 4 presents the distribution plots for calculated
(Fig.4,a) and measured (Fig.4 b) doses D of REB from
the continuous beam with electron energy of 0.75 MeV
and 0.4 MeV.

Thermoluminescent sensors and semiconductor de-
tectors were arranged along the beam axis at different
distances R from the converter. The diagrams of
Fig. 4,a,b show that the calculated and experimentally
measured data are in a good agreement.

The angular distribution of XRB from the continu-
ous cylindrical electron beam has been taken as a base
for plotting the XRB radiation diagrams for tubular
beams at two REB accelerators.
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Fig. 4. Dose distribution of XRB from the continuous
electron beam: a — calculated value;
b — measured value

At the microsecond accelerator “Temp-A” (Fig. 5,a)
the beam indentation was of ~45 mm with the beam
current of (3...4) kA, electron energy of 0.35 MeV, 1 ~
5 ps, cathode diameter of 55 mm.

A tubular beam at the accelerator “Temp-B”
(Fig. 5,b) was produced using the cylindrical edge cath-
ode of 96 mm in diameter, edge height of 15 mm and
edge thickness of 1 mm. The cathode-anode gap was
25 mm. The beam indentation diameter on the target
was 54 mm. The beam parameters were: | = 21.5 KA,
E = 750 keV, pulse duration = 1.5 pm.
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Fig. 5. XRB radiation diagrams for tubular beams with
electron energy:
a-E=350keV; b-E=750keV

The tubular beam XRB exposure doses measured at
different distances from the converter and for different
energies (E~ 350 keV and E~= 750 keV) are given in
Tables 4 and 5 respectively.

Table 4
Distance from the converter, mm

w

Qo

§<| 5 15 25 70

w
1 | 6.610° | 4.810° | 3.3.10° | 2.5:10°
2 | 2910° | 9.610° | 2.1.10° | 1.1.10° | =
3 [6.010° | 4410° | 3510° | 2610° | &
4 | 6.310° | 51.10° | 2.910° | 2.010° | O
5 | 5.910° | 4.010° | 3.0.10° | 2.8.10°

As is seen from Table 4 and 5 for LiF sensor No2,
arranged along the axis of the both accelerators at a dis-
tance of 15 mm from the converter, the XRB dose in-
creases due to the circular beam geometry.

Table 5
° Distance from the converter, mm
2
&
2| 5 |15 |25 |50 | 80 | 100 | 120
&
1|91 12|84 161 [35] 20 |12
10% | 10% | 10% | 10% | 10% | 10%* | 107
, | 6214129 41 [05 | 61 |23
10* | 10° | 10° | 10® | 10° | 10" | 10' | _
3|99 [14 |80 |58 [42 | 27 |15 |g
10% | 10% | 10% | 10% | 10%* | 10% | 107 g
4|88 |13 [79[63[37 | 18 |10
10% | 10% | 10% | 10% | 10% | 10%* | 107
5194 [10 [85 68 [29 | 290 |14
10% | 10% | 10% | 10% | 10% | 10%* | 107
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Fig.6. Tubular beam XRB dose distribution for elec-
trons with energy: a—0.35 MeV; b — 0.75 MeV

In the XRB dose distribution diagram (Fig. 6,a,b),
plotted using the data from Tables 4 and 5, curve 1 cor-
responds to the XRB dose distribution by the averaged
values obtained from sensors Nol, No3-5 on the beam
radius, and curve 2 was plotted by the XRB dose values
obtained from sensor No2 arranged along the accelera-
tor axis. The curves shows that zones and regions of the
increased XRB dose for the tubular beam are strongly
dependent on the electron energy.

CONCLUSIONS

1. The hard XRB doses per one REB pulse are de-
termined for the high-current accelerators “Temp-A”
and “Temp-B”.

2. The XRB radiation diagrams for different electron
beam geometries (continuous and tubular) are calculated
and experimentally plotted using various methods.

3. The value and area occupied by XRB is strongly
dependent on the accelerating voltage value.

4. It has been experimentally shown that in the ac-
celerator near-axial region at a distance of 50 £ 20 mm
from the converter the XRB dose of a tubular REB is
twice much as compared to that of a continuous REB
with the same intensity.

5. The results obtained give a wealth of possibilities
for investigation of the XRB influence on different ma-
terials in the radiation-beam facility “TEMP”.

The study is fulfilled under the NMRI X-5-527 and
NANO project N 62/15 —N.
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HNCCIEJOBAHHUE XKXECTKOI'O TOPMO3HOI'O PEHTTEHOBCKOI'O U3 IYYEHUSA
HA PAIJMAIIMOHHO-ITYYKOBOM KOMIUVIEKCE «TEMITD»

A.b. bampakoes, E.I'. I'nywixo, A.M. Ezopos, A.A. 3unuenxo, 10.®. /lonun,
A.T. Ilonomapes, A.B. Pvioka, C.H. ®edomos, B.T. Yeapos

[IpuBenen pacder OCHOBHBIX MapaMeTPOB KECTKOI'O TOPMO3HOro peHTreHoBckoro manydenus (TPU) mnst mMuk-
POCEKYHIIHBIX YCKOpPHUTENEH pEeNITHBUCTCKUX 3MeKTpoHHBIX mydkoB (POIT) «TEMII». IIpoBenena ontumusanus
KOHBEPTOPOB IJIL JTUX LeJled. OKCIEPUMEHTAIBHO IOIY4E€Hbl MakcuMaybHble A036l TPHM Ha mydkoBo-
paananoHHoM komiuiekce « TEMID». CHaTel quarpamMMsl HanpaBieHHOCTH TPU B 3aBHCUMOCTH OT dHEpruil myd-
KOB U ()OPM 3JIEKTPOJIOB.

JOCIIIKEHHSA )KOPCTKOI'O 'AJIBMIBHOI'O PEHTTEHIBCHBKOI'O BUITPOMIHIOBAHHSA
HA PATIAIIIMHO-ITYYKOBOMY KOMILJIEKCI «TEMII»

0.b. bampakos, E.I'. I'nywiko, O.M. €20pos,A.O. 3inuenxo, 10.®. Jlonin, A.I. [lonomapvos, A.B. Puoka,
C.I. ®eoomos, B.T. Yeapos

HaBeneHo po3paxyHOK OCHOBHHX IapaMeTpiB >KOPCTKOrO TajbMIBHOTO PEHTI'€HIBCHKOI'O BHUIIPOMIHIOBAHHS
(I'PB) mi1st MiKpOCEKYHTHUX TIPHCKOPIOBaUiB PENATHBICTCHKHUX eneKTpoHHUX IyukiB « TEMID». IlpoBeneHo onrumi-
3amil0 KOHBEPTOPIB [yIsl nboro. ExcriepuMenTansHO oTpuMaHo MakcuManbHi fo3u ['PB Ha pagiamiiHO-ITydKOBOMY
komriutekci « TEMID». 3usto niarpamu Hanpsimky I'PB B 3anexHocTi Big eHeprii mydkiB Ta popMu eIeKTpOiB.
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