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Development of the electron gun filament power supply for small size betatron
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Abstract [Background] Betatrons are widely used in non-destructive testing, cargo and vehicle security inspection
systems, whilst the filament power supply is an important core component of small size betatron. Existing filament
power supplies are not suitable for small size betatron. [Purpose] This study aims to develop a novel electron gun
filament power supply for small size betatron to produce optimal radiation intensity. [Methods] An electron gun
filament power supply composed of a filament duty cycle adjustment circuit and an injection current feedback circuit
were designed on the basis of operating characteristics of a small size betatron. Two pulse-width modulation (PWM)
signals were output from the digital signal processor (DSP) to drive the half-bridge circuit. Positive and negative
alternating voltage pulses were output by the half-bridge circuit to the primary of the isolation transformer, and the
secondary voltage of the transformer was loaded to the filament for heating of the filament. By collecting the betatron
tube wall current and target current as the injection current feedback signal, the duty cycle of the filament voltage
pulse was adjusted by DSP according to the feedback signal, and realizes the adjustment of the filament emission

current, so that the current injected by the filament into the acceleration tube was kept at the optimal value. [Results]
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The experimental test results show that the filament power supply can keep the betatron output dose rate in the best

state, and the output dose rate stability is better than 11.3%/10 min. [Conclusions] The filament power supply meets

the requirements of small size betatron with advantages of good stability, wide adjustment range and small size. It can

be applied to the small size betatron developed by the Engineering Research Center for Nuclear Technology

Application of the Ministry of Education of East China University of Technology.
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Fig.2 Diagram of filament power supply

KT 22 FLY AL B 43 N R 40« KT 22 FL R 5 R B
T R N LI IR I e i o AT 22 F R AR,
75 5 A H S5 (Digital Signal Processor , DSP)#R
VB 9 N FUAUAE , i ) 799 % ik ol 5 52 A 1] (Pulse-
Width Modulation, PWM) {5 5 , 43 5l 2 il =1 1l MOS
(Metal Oxide Semiconductor) & T/ F&K I MOS &
TAE, i8I = i MOS & AR MOS & A2 & S 1)
77 2, 75 B B8 A8 s 25 1 IR 5 HA TE 67 R ik 14T
22 b 0T s AT N ARSI M E R BRI ER R,
ML AT 22 b33 N BITEE N8, — 384 F 4
TR AR AT IR BEAT IO, Fé) T R AF IR B 4T A
DO E ()& BE BRI A RS B BT
JRE I T % PR FEL A SRR AR, 4T 75 B AR
R R ST 2 N R R A 2 R
ZN S BT DK A RE RN b 1 H AR R R A R T
KT 22 B N B RAE , AT 2238 N AR e 7E — N i
e .

I R RNEE B H 5] B A
I RE N B RBHE 5 AR B 5 4iE
TR B 5 H N\ 21 DSP A i 4 2 h . DSPAR
P S A5t 18] R (3 N L, ORI PWM S 5 1)
5 23 L AT 22 b I AR R Rk i o S bR ER AR AR AL
TR TAT 22 0 BE , AR AT 223 N . &0 b
AR I R B A S At (Bl SR R N L IALEL AN
W AE T — 0, AT PRAIE F -4 S FL I DR 357 7
s TAER F

2 HEEIT

2.1 KTLIRTHE R

KT 22 B ) H 1 33 FH 1= M DX 2 HL I 45 A, A LE 4
MrIK ) \LLC 18 PR DK 3l 45 HAth L B , - e DX B0 HA I 45
R ] B, MOS B 45 AR XS 25 5, F TS5 1) R i

3 87 B (4] N TR o RN S 2, SR 2 UK B 2 B
PRIIAT 22 a5 i, AR B 3 fron . 4T 22
M BR 2l EEL 4% 23 S v 0 B0 2 A O B3R 31 5 w8 (A 9% )
FH PR % 7 25 LU AR [ AR A7 B AN PWMAE S 3KEh . &
) 0% 258 AR 0 5% 2h #5 HH B 25 % #% - DC-DC (Direct
Current-Direct Current converter) [fg 25 HLJE .MOS & .
R R 2 . B Bl B o OE H R R v
PWM {5 5 10_PWMA A /=5 HL~F-, {81 f 25 6 #% UD2
S, e AE IR Bh = MOS B Q1 5@, I E+30 V
TNEAE R B AR R 2S T1 b, B8 B4 K 28 4 1E LR 45
KT 22 )mn# . SR Bl F B HS A R IS G PWML S
5 10_PWMB Jy i H°F, A B B OGAl UD4 Tl , A
KSR MOS & Q3 T3l , 61 Hi K -30 V N #X7E [ &
AR A T1 b, BB AR 5 28 4 67 R 28 4T 22 In e
TE b 3 v ) 9% s A AN B 3 A8 Tl i 7 5K 4
R 25 70 s 2 A ) E 47 58 B 1 H R KR 48 KT 22 i

B 3 i O L R +30 VR 47 H R
-30 V, MOS & ik H ifif Jk {5 >4 200 V ) CMP40N
20B.
22 GEABRKRIREREIEIT

TN R S W 4 TR . ARk
TATAE DR B ) B RN b BEANAE E AR
5 vt K BB B2 CL L, B R L SR
(P HL P 5 HL ¥ C1 R — AN RC R Ar B . 7ECI 1
SCEE 1) FEL T — A F S B S o S B N FL I
Bl BB S . BEES BT ER U ZEE A
F DSP IR H 75 B g b . DSP R HE B BUEE e J
PR T 5 R N PR N R RS S IR AT » 518 8 H BN
B A BB, 8 O 1 7 % PWM {5 5 10_PWMA
10 PWMB [ (5 23 LR 15 kT 22 5 Fit . & )
BB N B R OHE M % e R EE T
—3.

110401-3



22 R N

2022, 45: 110401

UDI1 NN1-05D12B3

ACPL-W340

UD3 NN1-05D12B3

- «

| N

A= ~12V|
UD4

S b

ACPL-W340

) <+ el ©° ~ ‘
I

+%o_v
Q1
'MP40N20B
10K ©
L1
1mH

Filament
[=] 4

3 JTLLIRF

Fig.3 Filament drive circuit

Accelerator Tube Wall

R1
30K
Accelerator Tube Target
K2 2
o 1o
| S—
100K D2 3
—=Cl1
0.15uF D4 |
GND GND GND

B4 NS R

Fig.4 Injection current feedback circuit

Bl 4 b, B BEFIRE S| () i 7l RC AR 43 HL %
JETERLZE C1 BT B — > S R ik o, B 40 B % RC
R S HUE C1 b ) H R R B R e 3t [ SR 1
N FLIRAR , AR5 A6 A B S B0 I C L AE
J90.15 pFo C1 BT 47 f e ik 223 U T A4 B
A A1 H i I A7 R R kv AR 46 BRI R ik o, B
i N2 DSP HIBAUR A&

3 X

FH /NS B 7 BN 3 8 I 5 FE AR AT 224 R
B A SO AT 22 F YR HEAT T IR I A
FAEAT 22 1 B A8 R 28 W 2 A 110 [, RN 25
[, I3 AT 22 BHPT N 756 mQy, B T4 51 M v s [
TE N 40 KV, i R Bk RE S 1] i 2 4 3 ps

3.1 IREEFMR

HL A AT 2252 38 i PWM {5 5 IR 8l , 4T 22 T4
ZPWM S 5 AR 2 s m , o 7 R & kb
A I, DSP i BT % PWM {5 5 4R 38 N
1 kHz. 7EPWM {55 5 25 L & 30% i, Z~ it
AR INAFT 22 R B8 AL e 2% BRI T W 5 s

Tek  JL. Trig’d M Pos: 0.000s
v

M ] 7 R
\ | (R

M 25008
3-May-22 14:20

El5 TR

Fig.5 Filament driving waveform

110401-4



B /N E SR N s R AR T 22 R o

MBS TR IE A7 g st S 5 A R R AR
AR W98, Bk b 56 B2 150 pso 7E_ERIRENPEIE T,
I T 22 TAF AR W& 6 o o

6 JTeTAESYE
Fig.6 Picture of filament working

3.2 KRR

KT 22 v 3 3k 15 DSP 4 1 PWM {5 5 (5 2
EU SR R A 3 N BN i A BB A FL , 3R EL PWM
5 T EENBERT KRR, 20l E 5
30%-32%-34%-36%-38% Fl 40% , - I & AH XJ W [
FEN B RCBHE , MR a7 s

® Measured
Linear Fitting

Injection Current/ A

25 30 35 20 pr 50
Duty Cycle / %
7 EAHRSTZHRE TR
Fig.7 Relationship between injection current and filament
voltage duty cycle

EE 7 A, xS 6 AN s A T R A, S
J&i 1] Pearson #H 5¢ R FA £ 0.998 76, K AT 22 3K 5))
ST ESEABRRERARIFNEERR. E
A E Rtk REE A, vTRE T EREANE
WETHE AN ST E S

AR 1, F R AR N R s i P
BRI R RA HIER R, N T RS R AR T &
i BAEE N R AR — R Il T
NI, R T 2 4t RE N 7.5 MeV, TAF
#3300 Hz, B3 AT 2236 N B, A inid 2 TARA
Ja SIS B 2 1 e ) XA
2R, M HE 181 8

80
_n -/.\I
=
564
% 56 // .\'\
- y
£ 48 _/ \
2 40 | / N
/ \
204 05 06 07 08 09 10 L1 12

Injection Current / A

8 EAHGSHIERLR

Fig.8 Relationship between injection current and dose rate

FH 1 8 BT AT, 7E 3 A\ HLI M 0.8 A P am B, i ik
PR IR BRI B B R E, P2 AR X 2R TR &
RAMADTE e KAE I 28 o] TAEAE — AN i REs, ik
i, 5 B PWM {5 5 5 25 HE N 36.8%. AT 22 UK B H
T2 A B KE N BN 1.6 A, X B PWM 15 5
f7 73 HL N 50.3% 5 LIS s 2% R AL TE B ARIR S .
DRI G A T ST 22 (10 5 i 5 AT 22 B K (R N FL I PR
ELE12A LA

SRR KT 22 B YR in 3 28 7R B AR e PR R RS
FBVEN R B E E 0.8 A, MR H 7] & R it TR R
(B AR A o F T 0 T 8 AL Sk SR FH 1100 2 i o) XL 74 A
3, s 28 0% 22 T AE B 8] BR 1) 75 10 min BAPY , 4K
I, 45 30 s BEHL— IR X SR 578 %, 771 & R R H s
WE 9 fR.

85.0

825

80.0 [
~ |

N
=
wn

Dose Rate / mGy-min™!
~
wn
< « =}
—T—
\
N
N
/
=S
o

NS I
3 S N
b o n
R
——
\
B
>—*—'\

o)
93
o

1 1 1 1 1 1 1
0 100 200 300 400 500 600
Measurement Time / s

9 RN

Fig.9 Measurement data of dose rate

110401-5



22 R N

2022, 45: 110401

R4 P 9 v 751 B R E i, 1F 5P 38R =
#°K473.67 mGy-min™, bR 24 0.279 , A5 X5 i f
7E N 3.32%, | & F A g AR T 11.3%/10 min, 1 B4
TN 28 E 10 min A J& BN, a7 H 0 X 4R 77 %
T U B R B KA R AR 11.3%

4 4E5iE

A SCAIF ) AT 22 YR 368 s USC B o A A RE
TAEE B RAE T N HLIR R S 5, DSP AR §i5 & 15t
55 MU PWM S 5 1 15 25 USRI BT 22 5 FL i
IR/ e G SIS IR, AT 2238 N 50T 2 LR
At BT R ER M OC R B A AT 2 U S
Bl BT DK it b A5 i 25 i L 551 2 36 AL AE S AR E,
7R R RA E FE AL T 11.3%/10 mino. 7E /N HL T
TS N 3 A 1) B B R 43 5 AT 2 IR B A R e
PEGF TR ARFR NG 55, KN Th e 3
TN E RN I B 1 B R, N AR AR N
FH 20 38 AR 70 rp o FLZ RS I 4 A A PR 2 ) B
R 7.5 MeV /N H - SO s 2% 1
fEETRBKERR X3 A RR ROkt 2E
R EREE XENREMRLRANET; T8
FRERARS BRELA ARZRNARERE
;T CHE - AATEWNEERERE,

EEPEE

1 Kerst D W. Acceleration of electrons by magnetic
induction[J]. Physical Review, 1940, 58(9): 841. DOI:
10.1103/physrev.58.841.

2 Kayralapov D, Zhong Y, Batranin A, et al. Betatron
radiography and tomography of steel castings with large
thickness[J]. MATEC Web of Conferences, 2018, 158:
01016. DOI: 10.1051/matecconf/201815801016.

MR T [T]. 3525 P HR, 2021(3): 41-45. DOL: 10.
16540/j.cnki.cn11-2485/tn.2021.03.08.

SUN Xiaotian, WANG Ruihai, GONG Haihua, et al.
Studies on grid-controlled FFS electron gun of CT tubes
[J]. Vacuum Electronics, 2021(3): 41-45. DOI: 10.16540/
j.cnki.cn11-2485/tn.2021.03.08.

4 Zhang L, Adam G, Militsyn B, et al. Electron injector
based on thermionic RF-modulated electron Gun for
particle accelerator applications[J]. IEEE Transactions on
Electron Devices, 2020, 67(1): 347-353. DOI: 10.1109/
TED.2019.2954778.

5 B, 5 OCRE, BIR R AR S R C B IR ER T

10

11

12

13

110401-6

R SR, B EOR, 2021, 44(6): 090203. DOI: 10.
11889/j.0253-3219.2021.hjs.44.090203.

WANG Lin, FANG Wencheng, ZHAO Zhentang. Design
and optimization of low-emittance C-band photocathode
RF electron gun[J]. Nuclear Techniques, 2021, 44(6):
090203. DOI: 10.11889/j.0253-3219.2021.hjs.44.090203.
BOWR, TKZE, BN, 55— FE AT UK A AT i
IT 22 LR Wi [J]. A LT EOR, 2020(4): 51-54, 68.
DOI: 10.16540/j.cnki.cn11-2485/tn.2020.04.09.

HUI Bin, ZHANG Jun, LU Xiaoyue, et al. Design of a
filament circuit for TWT lifetime prolonging[J]. Vacuum
Electronics, 2020(4): 5154, 68. DOI: 10.16540/j. cnki.
cn11-2485/tn.2020.04.09.

AROR, W R, B R A, 5 U X AT L2 FRE T
#I[7]. % H A, 2016, 39(10): 100402. DOT: 10.11889/j.
0253-3219.2016.hjs.39.100402.

YU Qiang, ZENG Guoqgiang, GE Liangquan, et al.
Development of the filament power supply of micro X-
ray tube[J]. Nuclear Techniques, 2016, 39(10): 100402.
DOI: 10.11889/1.0253-3219.2016.hjs.39.100402.

[ o, X458, DRE, 55 RSUBM X B2 m R
PRI B (7] 8T REBL 22 R, 2015, 49(2): 366-371.
DOI: 10.7538/yzk.2015.49.02.0366.

ZENG Guogqiang, LIU Xiyao, LUO Qun, et al. High
voltage power supply development for micro X-ray tube
of low ripple[J]. Atomic Energy Science and Technology,
2015, 49(2): 366 —371. DOI: 10.7538/yzk. 2015.49.02.
0366.

FREEVE . i 25 B Al (M. b5 b3 K2 H A,
2012.

CHEN Jiaer. Accelerator physics fundamentals[M].
Beijing: Peking University Press, 2012.

Kashkovskii V V. Dynamics of an electron beam in the
magnetic field of a betatron[J]. Russian Physics Journal,
2004, 47(12): 1261 - 1267. DOI: 10.1007/s11182-005-
0065-6.

Malikov E L, Shestak A P, Rychkov M M, et al. About the
electron charge accelerated in the small-size betatron
MIB-4[J]. Journal of Physics: Conference Series, 2016,
671: 012034. DOT: 10.1088/1742-6596/671/1/012034.
Lukasik S J, Rogers K C, Zepko G W, et al. The capture
of electrons into stable betatron orbits[J]. Nuclear
Instruments and Methods, 1963, 24: 365 — 376. DOI:
10.1016/0029-554X(63)90345-8.

Widerde R. Investigations on the capturing of electrons in

a 30-MeV betatron[J]. Journal of Applied Physics, 1951,



B /N E SR N s R AR T 22 R o

14

15

22(3): 362-363. DOI: 10.1063/1.1699962.

Kashkovskii V V. Electret mechanism of electron beam
capture by the magnetic field of a betatron[J]. Russian
Physics Journal, 2006, 49(12): 1301-1313. DOI: 10.1007/
s11182-006-0259-6.

Kerst D W, Serber R. Electronic orbits in the induction
accelerator[J]. Physical Review, 1941, 60(1): 53-58. DOI:
10.1103/physrev.60.53.

16

17

110401-7

Fan J K, Peng Y, Xu J Q, et al. Numerical simulation of
beam current control mechanism in the thermionic
electron gun[J]. Vacuum, 2019, 164: 278 — 285. DOI:
10.1016/j.vacuum.2019.03.040.

Zhang J, Xu J, Ji D X, et al. Development of an electron
gun based on CNT-cathode for traveling wave tube
application[J]. Vacuum, 2021, 186: 110029. DOI: 10.
1016/j.vacuum.2020.110029.



