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Application of low voltage electron source requires the use of steep change of on-axis RF field along the buncher
for electrons to be bunched and accelerated efficiently. The paper presents the results of studies of the characteristics
of the S-band injector based on such buncher. The injector consists of the 25 kV diode electron gun with current of
1.5 A, the toroidal cavity prebuncher as well as the three cavity buncher with the coaxial to rectangular waveguide
transition for the RF power feeding and the sectional solenoid. The RF tests of the manufactured injector have
shown its sufficient reliability and lack of multipactoring. Results of studies of the beam parameters at the injector

output correlate well with the calculated data.
PACS: 29.25.Bx, 29.27.-a, 29.27.Ac

INTRODUCTION

It is necessary to provide valuable average current of
accelerated electrons for series of nuclear physical in-
vestigations and especially for investigations of methods
of medical radioisotopes production. It is well known
that this task is provided by an electron beam injector
mainly. Powerful linear electron accelerator of the ra-
dio-chemical division in NSC KIPT [1] is equipped by
the injector that requires the electron beam shaping
structure to be upgraded to minimize its spatial-energy
performances. In this context we have studied the new
manufactured injector of intense electron beam that has
to be replaced in the accelerator mentioned above.

The prototype of the investigated injector is the in-
jector system based on five-cavity resonance system
with evanescence oscillations [2]. This system permits
to shape electron beam with required performances but
can be unstable in case of intense electron beam opera-
tion. Therefore the one of the main purposes of the new
injector experimental research is the approving of its
stable operation for the intense electron beam shaping
with current 1 A.

1. INJECTOR PERFORMANCES

Preliminary numerical simulation of the injector oper-
ation stability has shown that the electron bunching is
stable for the pulse beam current up to 2.5 [3]. Injector
parameters and results obtained during self-consistent
beam dynamics simulation according to the method de-
scribed in paper [4] are summarized in the table.

Simulated injector performances

Parameter Value
Electron gun output current, A 1.5
Injector output beam current, A 1.34
Operating frequency, MHz 2797.15
RF power supplying the prebuncher, W 570
RF power supplying the buncher, MW 1.8
RF power pulse duration, ps 2.9
Beam pulse duration, us 2.4
Normalized emittance, &ms xy, 7-mm-mrad 12
(1)

Beam size (4oxy), mm 2.8
Bunch phase space (for 70% of particles), 18

70

|degree | |

Main units of the injector system: solenoid, resonance
cavity system, coaxial-waveguide transition for RF power
feeding has been manufactured during the design-
engineering stage of the injector developing. Sectional
view of the injector is shown on the Fig. 1.
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Fig. 1. Injector sectional view

The injector assembly consists of the diode electron
gun (1) with 25 kV anode volt age [5], the cylindrical
pre-buncher (2) with coaxial waveguide (7), the buncher
(3) with coaxial-waveguide transition (6) for RF power
supplying and the magnetic system (5) designed as a sec-
tional solenoid with beam position correctors (4) added.
The injector is mounted on the platform that may be
aligned.

The radio-frequency tuning of the injector bunching
system allowed establishing the axial electric field dis-
tribution (Fig. 2) and the axial magnetic field distribu-
tion (Fig. 3) that correlates to the simulated ones respec-
tively. Values of Z axes on Fig. 2 and Fig. 3 correspond
to the same longitudinal axes of symmetry of the injec-
tor. Position Z=0 mm on the Fig. 3 corresponds to the
emitting surface of the cathode.
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Fig. 2. Simulated axial electric field distribution (red)
and measured on the operating frequency (green)
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Fig. 3. Simulated and measured axial magnetic field
distribution for the excitation current 100 and 300 A

Experimental research of thermal and hydraulic test
operation modes approved the validity of the applied
numerical simulated models and chosen assumptions for
the solenoid design. The results of the tests are present-
ed in the paper [6] more detailed.

2. EXPERIMENTAL SET-UP

The injector parameters and electron beam perfor-
mances at its output have been researched experimental-
ly on the special experimental set-up. The set-up
(Fig. 4) purposed for measuring of beam parameters at
the output of an injector system with electron energy up
to 1 MeV [7].

RF power feeding system of the set-up is based on
the application of an amplifying klystron KIU-12AM
that operates in self-exited generator mode and on the
RF waveguide transmission lines with diagnostic probes
of RF signals. The output of the RF waveguide trans-
mission line is equipped with two directional couplers
(see Fig. 4, pos. 3, 4) purposed to feed the resonance
system of the injector by the corresponding RF power.
With RF power of 10 MW at the klystron output the
couplers permits the prebuncher and buncher to be sup-
plied with RF power of 1 kW and 1 MW respectively.
The waveguide transmission line of the prebuncher is
equipped by the attenuator and phase shifter (is not
shown on Fig.4). RF measuring system parameters
permits to monitor amplitude phase and temporal de-
pendencies of all RF signals.
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Fig. 4. Set-up block diagram: 1 — klystron modulator;

2 — Kklystron; 3, 4 —directional coupler; 5 — electron
gun; 6 — prebuncher; 7 — injector; 8 — solenoid;

9 — induction beam current monitor; 10 — system of slit
collimators; 11 — measuring movable collimator with
Faraday cup; 12 — magnetic spectrometer;

13 — collimator; 14, 15 — Faraday cups

Electron energy and energy spread are measured us-
ing magnetic spectrometer with resolution 1%. Induc-
tion beam current monitor (see Fig. 4, pos. 9) and Fara-
day cups (see Fig. 4, pos. 11, 14, 15) are used to meas-
ure electron beam current.

The experimental set-up was equipped for a long time
by the emittance measuring system based on “three-
gradient” technique [8]. In case of 1 A beam current emit-
tance measurement this method has errors due to space
charge effects on a long enough distance between quadru-
pole lens and collimating slit. Therefore, we applied anoth-
er well known “double slit” technique [9] for the emittance
measurement. According to the main principle of this tech-
nique space charge effects is eliminated during measure-
ment due to beam cutting into “beamlet” by the first slit
seeing the beam. The second slit seeing the beamlet cuts it
into a “sub-beamlet”. By scanning both slits throughout the
whole beam area, a beam distribution in the transverse
phase can be restored. Since the total charge in the beamlet
would be very small, the space charge effect is small as
well. For this technique implementation, the set-up has
been reassembled and the new designed emittance measur-
ing system has been added. The system includes three
movable slit collimators and two Faraday cups [10]. Such
composition permits to measure beam profiles both hori-
zontal and vertical and electron distribution in transverse
phase space as well. The system (see Fig. 4, pos. 10, 11,
15) is mounted directly after the injector to reduce the
beam loss. The movement of slits is actuated by step driv-
ers with minimal resolution 0.1 mm per step and is con-
trolled by the microcontroller system approached by the
same one that described in the paper [11]. The system has
also ADC converter connected to the PC that makes the
emittance measurement to be automatic.

3. MEASURED BEAM PARAMETERS

After the injector has been mounted on the experi-
mental set-up, it was pumped down up to high vacuum
pressure p = 2.6-107 Torr during several calendar days.
The cathode of the electron gun was activated after this.

The injector resonance system was RF commis-
sioned by the RF power increasing step-by-step up to
1 MW that can be maximum supplied by the RF system
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of the set-up. For the supplying RF power of 1 MW, the
standing wave rate VSWR is 4.8, maximum on-axis
electric field strength and on cavity walls of the buncher
is 39 and 65 MV/m respectively. The RF commission-
ing was continued during 8 hours at vacuum pressure
10 Torr and less. Radio-frequency tests of the injector
resonance system by the applying RF power up to
1.05 MW elicited its high electric field resistance and
multipactor absence for the operating RF power values.

The main beam parameters: energy, energy spread,
beam emittance and beam intensity are interrelated and
dependent from many factors. The beam of the injector
is most affected by the RF power value and phase dif-
ference of RF power feeding the prebuncher and the
buncher, by the magnetic field value of the solenoid and
the high and heating voltage values of the cathode of the
electron gun. The detailed research of beam parameters
is complicated also by the absence of the temporal sta-
bility of all above factors that grows into valuable errors
during long-term measurements. The measurement re-
sults are also affected by the errors in alignment of the
electron gun, the resonance system and solenoid and by
the presence of electromagnetic noise from the operat-
ing powerful high-voltage equipment.

We researched the injector for different electron gun
current in the range of 0.5...1 A. Beam parameter oscil-
lations featured for unstable operating mode and typical
for five-cavity resonance system was not observed.

According to the numerical simulation, the RF pow-
er feeding the buncher should be of 1.8 MW for genera-
tion of electron beam with pulse current 1.3 A. But the
most of below described results was researched with
electron beam current of 0.7 A due to maximum RF
power of 1 MW that can supply RF system of the set-
up.

The beam emittance was measured at the distance
20 cm from the injector output. It was established that
the emittance value is the most affected by the axial
magnetic field value of the solenoid and by the dis-
placement between the solenoid magnetic axis and the
injector geometric axis. The existence of the last factor
was established experimentally (Fig. 5) while research-
ing the beam current dependence on the solenoid current
value and on its polarity in the injector that was not fed
by RF power.

620 T T T T T T T T T T T T T T

600 |-

s80 [

s60 [

s40

520 -

s00 [

as0 |

.. 460 F
= 440 -

420 +

400 F

380 [

360 [

340 L

[ B B P R R R |
100 120 140 160 180 200 220 240

A

sol.”

Fig. 5. Beam current at the injector output vs polarity
of the solenoid current
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Beam axis position was corrected by special length-
wise coils that are placed between the solenoid and the
resonance system of the injector. It should be noted, if
the beam axis is not coincide with both the solenoid
magnetic axis and the injector geometric axis the emit-
tance may be increased due to electron interaction with
both constant magnetic field and RF field components.
Therefore, evidently, transverse momentum value seen
by electrons and beam emittance should be dependent
appreciably on the transverse magnetic field of the cor-
rector. Really, it was observed in the research the varia-
tion of normalized rms beam emittance value in the
range 16...53 mm-mrad dependently on the magnetic
field value of the corrector. Phase space distribution for
the optimal corrector operating mode is shown on the
Fig. 6.
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Fig. 6. Beam phase space for normalized rms emittance
of 16 mm-mrad

Results of beam emittance measurement are affected
by noises of different genesis and peripheral electrons
that composes a beam halo. These factors only increase
emittance value.

Electron energy spread of the beam was measured
for the electron gun current of 660 mA and dependently
on RF field phase in the prebuncher (Fig. 7). It was es-
tablished that in the phase range 50...90° the injector
output current was unvaried of 540 mA and the energy
spread value was in the range 6...7% for steady-state
mode.
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Fig. 7. Energy spread vs rf phase in the prebuncher
for the electron gun current of 660 mA

Optimal amplitude and phase tuning of RF field in
the prebuncher permitted the electron energy spread of
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the beam to be more narrow (Fig. 8). The energy spread
value in this case is 4.2% for the maximum electron
energy of 860 keV and the injector output current of
750 mA.
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Fig. 8. Energy spread for the optimal injector tuning

Beam parameters dependences on RF field phase
and on initial injection energy of electrons into the reso-
nance system (the same as high voltage of the electron
gun) were researched more detailed when the electron
beam current at the gun output was increased up to
1.2 A. As it follows from the results of the measure-
ments, there is the sufficient wide phase range (more
then 80°) for which the electron capture factor (the rela-
tion of the injector output current to the gun output cur-
rent) does not depend sufficiently on RF field amplitude
(Fig. 9).
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Fig. 9. Electron capture factor vs rf phase in the pre-
buncher. Digits are rf field amplitude in arbitrary units

In this context the RF amplitude and phase in the
prebuncher, according to the numerical simulation,
should affect an electron phase space distribution. Thus,
the optimization of RF field amplitude in the prebuncher
and the injector system phasing should be performed
synchronously with measurement of an energy spread or
a bunch phase length.

Beam energy spreads for different phase values and
identical electron gun output current of 1.2 A are shown
on Fig. 10. The optimal phase of 22° is featured by the
energy spread = 8% and by the energy of 740 keV in the
maximum of the energy spread. The injector output cur-
rent is 1.1 A in this case. In case of non-optimal phase
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(¢ =300° on the Fig. 9) the injector output current is not
higher than 0.7 A.
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Fig. 10. Energy spread vs rf phase in the prebuncher
for the electron gun current of 1.2 A

Beam energy spreads depend on energy of electron
beam injected into the prebuncher i.e. on anode voltage
of the electron gun. The Fig. 11 presents energy spreads
for the different anode voltage 26.5 kV (AW/W = 13%),
25.5kV (AW/W = 6%), 23.5kV (AW/W = 14%). The
RF field phase in the prebuncher was tuned up to the
maximum beam current for the each anode voltage val-
ue. The injector output current in thiscase was 1 A, 1 A,
0.85 A respectively. As one can see from the Fig. 11 the
optimal value of the anode voltage for a bunch shaping
is the voltage of 25.5 kV that corresponds to the results
of the numerical simulation.
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Fig. 11. Energy spread vs anode voltage of electron gun

CONCLUSIONS

Experimental research of the injector did not identify
its any unstable operation while generating intense elec-
tron beam with the pulse current up to 1 A. The ob-
tained values of the beam current, electron energy of the
beam, its emittance and energy spread are matched suf-
ficiently with simulated values for the available RF
power feeding the resonance system of the injector. It
should be noted that conditions for the optimal beam
shaping requires RF power value higher that it was in
the research. Just this fact explains the considerable
amount of electrons with low energy in energy spreads.
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HNUCCIEJOBAHUE XAPAKTEPUCTUK HHXXEKTOPA HHTEHCHUBHOT O ITYYKA 3JIEKTPOHOB
H.HU. Auzayxuii, H.B. Xooax, B.A. Kywunup, B.B. Mumpouenxo, C.A. Ilepescozun, /I./)1. Cmenun, B.@. Kuzno

[IpumMeHeHne HU3KOBOJIBTHBIX UCTOYHHUKOB DJIEKTPOHOB TPeOYyeT MCIONBb30BaHMS IPYNIHUPYIOMINX CUCTEM C He-
oqHOpOIHBIM HapacTtaromuM CBY-monem aist 3 pekTHBHOI IpyNNHUPOBKH U YCKOPEHUs AJIeKTpOHOB. [IprBeneHs!
Ppe3yabTaThl UCCIEAOBAHUS XapaKTEPUCTUK HHXKEKTOPA JECATUCAHTUMETPOBOrO TUANa30Ha, UCIONb3YIOLIEr0 TAKyH0
cucreMy. MHXEKTOp cOCTOMT U3 TMOAHOM 25 KB aieKTpoHHO# Imymku ¢ TokoM a0 1,5 A, TopponaaibHOro pe3oHa-
TOpa NpeABAPUTEIBHON IPYNIUPOBKYU, TPEXPE3OHATOPHOU IPYNIHUPYIOLUIEH CUCTEMBI ¢ KOAKCHATIbHO-BOITHOBOHBIM
nepexoaoM i BBoga CBU-MOIIHOCTH M CEKIIMOHMPOBAHHOIO COJICHOMUA. BBICOKOYACTOTHBIE MCHBITAHHS H3TO-
TOBJICHHOT'O MHXKEKTOPA MOKa3aJIH JIOCTaTOYHYIO HAJEXHOCTh €ro pabdoThI IpU padounX peXMMax YPOBHS MOIIHO-
ctiu CBY-nutaHus, AOCTaTOYHYIO 3JEKTPUYECKYIO IPOYHOCTh M OTCYTCTBHE MYJIBTUIAKIMU. Pe3ynpTaTsl uccieno-
BAaHUI NMapaMeTpPoB IydKa Ha BBIXOJIE€ MHKEKTOPA XOPOILIO COOTHOCATCA C PAaCUETHBIMH JaHHBIMHU.

JOCIIA/KEHHSA XAPAKTEPUCTUK IHZKEKTOPA IHTEHCUBHOI'O TYUYKA EJEKTPOHIB
M.I. Auzayvkuii, 1.B. Xooak, B.A. Kywnip, B.B. Mumpouenko, C.O. Ilepescozin, /1.J)1. Cmvonin, B.®. Kuzno

3acTocyBaHHSI HU3bKOBOJIFTHHX JPKEpEN €JIEKTPOHIB BUMara€ BUKOPHUCTAHHS IPYNYIOUYMX CHCTEM 3 HEOIHOPiJ-
HUM HapocTtarounM HBY-monem [uist epeKTUBHOTO rpyIyBaHHs 1 IPUCKOPEHHS enekTpoHiB. [IpuBeneHi pe3ynbraTtu
JOCITIPKEHHSI XapaKTEPUCTUK 1HXKEKTOpa AECATHCAHTHMETPOBOTO Jialia3oHy, 10 BUKOPHCTOBYE TaKy cHcTeMy. IH-
KEKTOpP CKIIAAEThCS 3 Ai0MHOI 25 KB enexkTpoHHOI MyIIKH 31 ctpyMoM 10 1,5 A, TopoigaibHOro pe3oHaTopa Iore-
PEIHBOr0 IrpyIyBaHHs, TPHOXPE30HATOPHOI IPYIYIOY0l CHCTEMH 3 KOAKCialbHO-XBUJICBOAHUM IIEPEXO/IOM VISl BBO-
ny HBU-moTy>XHOCTI 1 CEKI[iIOHOBAaHOTO COJICHOIAAa. BHCOKOYACTOTHI BHUIPOOYBAHHS BHUT'OTOBJICHOTO iHXKCKTOPA
TIOKa3aJIM JIOCTATHIO HaliHHICTh Horo poboTu mpu podounx pexumax piBHs noryxHocti HBU-kuBneHHs, mocrat-
HIO €JIEKTPUYHY MILHICTH 1 BIICYTHICTh MYJAbTHIAKILIT. Pe3yapTaTn JoCiiKeHb mapaMeTpiB IydKa Ha BUXO/1 1HXKe-
KTOpa 100pe CIiBBITHOCATHCS 3 PO3PaXyHKOBUMH JTAaHUMH.
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