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Abstract

     Basic results of VEPP-5 pre-injector accelerating section tests
are presented in this paper. Single 3 m long accelerating section
was powered by 240 MW RF of 5045 klystron with pulse
compression system.
  The maximum beam energy of 105 MeV was detected at U-turn
magnetic spectrometer. The beam energy per pulse 26  J was
reached at the energy  of  92 MeV for the 310 ns beam current.
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---------------------------------------------------------------------------------------------

Introduction

    The accelerating channel of VEPP-5 pre-injector consists of two linear
accelerators for the energy 300 MeV and 510 MeV and contains of 14
accelerating sections (AS) [1,2]. First accelerator sections of both linacs have the
increased accelerating gradient 25-30 MeV/m, while the others have 17-20
MeV/m. The goal of presented tests is the experimental check-out of AS
operation at the maximum possible acceleration and at different beam current.
     Tests were carried out on the basis of initial part of pre-injector (first
accelerating assembly) that includes an electron gun, subharmonic buncher, S-
band buncher, three accelerating sections, RF assembly on the basis of 5045
SLAC klystron, a pulse compression system, focusing system and a system of
beam diagnostics. To get the maximum accelerating, all RF power after the
compression is directed into the first accelerating section. The rest two sections
and the subharmonic buncher were out of operation in present experiments and
were used as the channel of beam transportation. Moreover, at the present
regime of section operational conditions, the electron accelerator operation was
simulated for intensive source of resonant neutrons (IREN), following the
agreement with JINR, Dubna [3].

Accelerating Section

   The accelerating section (AS) of VEPP-5 pre-injector (Fig. 1.) is managed as
the cut of a round disk-loaded waveguide with the constant impedance (the
constant cell geometry along the AS). Two wave type transformers (WTT) are
placed at the input and the output of the section.  WTT transforms the basic
mode of waveguide channel H10 into the accelerating mode E01 of a round disk-
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Fig. 1. Accelerating section.

loaded waveguide. To reduce the overvoltage ratio, the edge of the iris is
performed as an elli pse with the half-axis ratio 1:2 (see Fig. 2).

Fig. 2. Geometry of accelerating section’s cell .
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During the process of section manufacture the resonant frequency control of the
test-bed, that was assembled of two regular cells (one of it is measured), and two
half-cells with the exciting and receiving antennas, is carried out. By the results
of measurements the selection of cells by frequency and group velocity was
carried out and then cells were assembled on the special test-bed. After the
assembly the measurement of RF signal reflected from AS were carried out as
well as RF power dissipation in the section. The section was matched with the
waveguide channel in order to achieve the minimum reflection at the operating
frequency. The matching was provided by the tuning of WTT. The tuning was
carried out by the change of WTT inlet size, diameter of WTT cavity, and size of
ring lug around the vacuum channel inlet. The section was assembled of two
identical parts of 1.5 m length each. Brazing of each part was carried out in the
vacuum furnace. After AS brazing the measurements were repeated. Both brazed
half-sections were welded together via the connecting iris, as shown in Fig.3.

Fig. 3. Connection of two AS parts.

   Sides of connecting iris were covered by the golden film. The iris was tighten
between the special connecting cells up to formation of the thermal diffusion
seam. Then, in order to provide the vacuum, the welding of steel rings was done.
The AS parameters are presented in Table 1.
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Table1. Parameters of the accelerating section.

Operational frequency 2855.5 MHz
Internal cell diameter 2b 83.75 mm
Iris diameter 2a 25.9   mm
Iris thickness t 6 mm
Period D 34.99 mm
Operational mode of oscill ation θ 2π/3
Relative phase velocity βp  1
Relative group velocity βg 0.021
Section length L 2.93 m
Total number of cells  (incl. 2 WTT) 85
Unloaded quali ty factor Q0 13200
Shunt impedance Rsh 51 MOhm/m
Time constant τ � � =2Q0/ω0 1.471 � �
Attenuation (by field) α=1/(τ0avgr) 0.108 m -1

Fill ing time Tf=L/vgr 0.465 � �
     Before the experiments, the AS and all waveguide channel were backed for 3
days at the temperature 230°C. The vacuum of ∼3⋅10-9 Torr  was achieved after
the backing and RF processing.
   The scheme of RF test is shown in Fig.4.

RF Power Supply of the Assembly

     The continuous RF signal (f = 1428 MHz, �  ≈10 mW) from the master

oscill ator is directed to the shaping amplifier assembly U2856-2 via ��	�
phase

shifter. The shaping amplifier operates at the doubled frequency 2856 MHz and
forms the RF pulse of ∼3.5 
 ������������������������	�	���	�! ��#"$�%�!�&��"(')�	*  200÷400 W for
5045 klystron excitation. Phase shifter provides the phase inversion at the
operational frequency at the given time moment to ensure the pulse compression
system operation. RF pulse of up to 60 MW power is moved from the klystron
through the waveguide channel (72 x 34 mm2),  SLED-type pulse compression
system, to the AS input. The unused power in the AS is dissipated in the dummy
load, which is located at the output of the section. The fraction of RF power after
SLED system is directed to the RF buncher  via  the directional  coupler  with
the  attenuation of + c = 23 dB. RF phase and ampli tude can be varied  by the
attenuator and phase shifter.
   For RF power supply operation control using of waveguide-to-coaxial direct
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Fig. 4 The scheme of RF test.
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couplers, the following RF signals were measured:
   incident wave ampli tude at the input of 5045 klystron;
   incident and reflected wave ampli tudes after the klystron (before the power
   compression system);
   incident and reflected wave ampli tude at the buncher input;
   incident and reflected wave ampli tude at the AS input;
   relative phase shift between the RF buncher and the AS;
   level of incident and reflected power directed to the load.

System of power compression SLED (see Fig.5) consists of waveguide gap
coupler and two cylindrical cavities with high quali ty factor. Operation mode of
cavities - , -/.10 .

Fig. 5. Pulse compression system SLED.

One of the cavity wall is mobile, that provides operational tuning of power
compression system using step driver. The low power test of cavity parameters
were preliminary done (see Tab.2).

RF Buncher

     For preliminary beam bunching, the RF buncher is set at the AS input. The
buncher design is shown in Fig.6. It consists of four coupled cylindrical cavities
(three cells + WTT).
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Table 2. Parameters of power compression system cavities.

Cavity diameter D 196 mm
Cavity height H 346.9 mm
Operational frequency 23 2856 MHz

Frequency tuning range                           ∆f ±5 MHz
                                                                 ∆f/∆H 2.75 MHz/mm
Unloaded quali ty factor 45 86200

Coupling ratio with  waveguide β 9.8

Cavity time constant 666 7 8 9:; = 9.6 <�=
Loaded cavity time constant > ?@/ABC D

+= EF 0.9 G�H

Fig. 6. RF buncher design .

  The buncher is fabricated of relatively high surface resistance material -IKJMLONQP!RTSUI#I�IKJMSOS$RWV(X Y ZO[ \ ]�^ _ `ba	c!d&egfihjd)k(lOm(njd�`po�qrltsul$o�v�l(w�v�d%`1xyc	z{x&sjoT|ud�m$xux	v�oQ}u~�l�}j|
thermostabili zation. The pumping is carried out via the hole located opposite the
power input, that forms the symmetrical electric field in the first cell . The
buncher parameters are presented in Tab.3.
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Table 3. RF buncher parameters.

Internal cell diameter 2b 81.9 mm
Iris diameter 2a 23.8 mm
Iris thickness t 5 mm
Period D 48.7 mm
Resonant frequencies:           f1 2831.48 MHz
                                               f2 2841.92 MHz
(operational frequency)         f0g = f3 2856.45 MHz
                                              f4 2866.84 MHz
Unloaded quali ty factor at  f0g frequency   Q0g 3350
Operational mode of oscill ation θ - 4π/3
Relative phase velocity βp 0.695

System of Thermostabili zation

    The control of AS temperature, load, RF buncher and SLED cavities is
provided by the system of  thermostabili zation. The stabili zation of temperature
is ensured by change of cooling distill ed water temperature at the input of
cooling system. The parameters of system of  thermostabili zation are presented
in Tab.4.

Table 4. Parameters of system of thermostabilization.

Operational water consumption 0.2 - 0.5 l ps
Consumption stabili ty ±10%
Operational temperature range 25 - 40°C
Operational temperature 30°C
Accuracy of temperature stabili zation ±0.1°C
Power consumption up to 20 kW

High Voltage Electron Gun

    The three-electrode thermionic gun with the oxide cathode is used as a source
of electrons [3]. Main e- gun parameters are presented in Tab.5.

Table 5. Main parameters of the electron gun.

Electron gun voltage up to 200 kV
Current pulse width (FWHM) 2÷350 ns
Pulsed current up to 3 A
Repetition rate up to 50 Hz
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Focusing System

    The focusing system of first accelerating assembly consists of 6 lenses, 6 coils
(diameter is of 525 mm, current -  up to 510 A) and three-sectional solenoid
(internal diameter  is of 174 mm, external diameter is of 371 mm, total length  is
of 2210 mm, current - up to 1100 A).
    To steer the beam from AS to magnetic spectrometer and Faraday cup,
quadrupole doublets are used. The beam ray s is corrected by magnetic
correctors located  in the accelerating channel.
    The control system enables the fast current change of any focusing system
element.

Beam Diagnostics System

      System of beam diagnostics includes the measurements of following beam
parameters: pulsed current and total charge of the beam from the electron gun,
charge and energy characteristics of accelerated beam and also its position at
input and output of AS.
    Gun pulsed current is measured by the wall current monitor located at the gun
output.
    Measurements of beam energy characteristics are made by 180° magnetic
spectrometer. After spectrometer the beam was directed to the luminescent
screen. One can define the energy of accelerated electrons by spectrometer
magnetic field strength and radius of particles turn. Also the beam energy spread
can be evaluated by the beam spot size and relative brightness on the
luminescent screen. The ratio between the spectrometer magnetic field  strength
and  magnetic coils current was preliminary measured. After measurements the
beam energy within the current range 1700÷2100 A was defined as:

�������K������	�
�������� �&���������� ���

=

where I is current of spectrometer coils, D is beam turn diameter. Total error of
the beam energy definition is a sum of beam turn diameter definition error and
hysteresis of magnetic field due to spectrometer magnet switching, one is equal
of  ±3%. The charge of accelerated beam is measured by the Faraday cup, which
is located after the luminescent screen.
    The beam position at the input of the accelerating section was controlled by
the luminescent screen at the input of AS, and by the band-type two-coordinate
pick-up at the AS output.
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Results of Measurements with the Shor t Bunch

   The pulsed electron current �b���( $¡�¢M O£¤�b�¥¢�¦j ¨§{ O¡(¢1�T©��«ª�¬O§r¬(!©�®�¢¯©u°²± ³µ´�¶¶¸·j¹
pulse width 2 ns. For this pulse width the beam radiation field is low and doesn't
influence essentially on the acceleration. The accelerating field of the AS is
depended on the klystron input power only. At that operational conditions it is
possible to reach the maximum accelerating gradient and, hence, the maximum
energy of the accelerated beam.
    The operational RF pulse at the input and the output of pulse compression
system (input of AS) is shown in Fig. 7.

Fig. 7. RF pulse shape at the input and output of power compression system.

As example, RF pulses obtained during the AS training at the moments of
breakdown, are shown in Fig.8.

Fig.8.  RF pulse shape  at the input and output of pulse
compression system at the breakdown.
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The operational parameters of power compression system cavities are calculated,
using the method of regressive analysis and the RF pulse shape after the power
compression system:

          unloaded quali ty factor                                           º» ¼t½¾u¿À
⋅= ÁÂ

;

          time constant                                                           =Ãτ 8.45 Ä Å�Æ
          coupling ratio with the waveguide channel            =β 8.2;

          time constant of loaded cavities                              =
+

=
β

τÇ ÈÉÊ 0.92 Ë�Å�Æ
and also typical times of input signal transient processes:
         =Ìτ 0.021 Ë ÍÎgÏ�Ð	Ñ�Ò�Ó$Ô$Õ	Ï1Ò�Ö�× of  growth of incident wave ampli tude leading

                                   pulse edge;
         =Øτ 0.044 Ù�ÚÜÛgÝbÞ	ß!àTáOâ$ã	ÝMà�ä�åçæ	ègßuéjâUÚ{åçà�ê	ëuå(ì#Ú/àTæ&ê�í
As example, the pulse shape after the power compression system at  pulsed input
power ampli tude =î ïTðñ

50 MW is shown in Fig.9.

Fig.9. Power pulse shape after pulse compression system.

   One can calculate the distribution of accelerating electric field ampli tude along
the AS at different  instants by the shape of RF pulse at the AS input and AS
parameters. For constant impedance structure

ò1óôõ
ö÷øùúø û
üþýÿ �����











,

where E0(t) = E(0,t) is  electric field amplitude at the AS input at  z =0.
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  The accelerating field distributions vs. z coordinate along the section at
different instants  � , calculated by the realistic shape of RF pulse (Fig.9) are
sown in Fig.10.

Fig. 10. Accelerating field distribution along the AS at different time.

The energy gain of the accelerated particle that enter the AS at time t, when� �	� << c  (i.e. the particle instantly passed the AS),

( ) ( )∫=


 �
�������

� .

     Since at different moments of particle entrance in the AS the RF energy
fill ing is different, then the beam passed the AS has different energy gain
depending on its moment of entrance in the AS. The dependence of beam energy������

 on the moment of entrance �  in the AS is shown in Fig. 11.

     At present time  the short accelerated beam with ����! "
⋅  particles in the

bunch is obtained at the output of the first AS. Maximum average accelerated
gradient 35 MeV/m is reached. As it is seen in Fig.10, the maximum ampli tude
of accelerating field in first cells is 50 MV/m.
  The AS operated at 5 Hz repetition rate (output energy of electrons 106 MeV)
with a single breakdown during 40 minutes of operation, and without any
breakdown at 50 Hz repetition rate (output energy 75 MeV). The photos of
luminescent screen for accelerator operations with the RF buncher switched on
and off are presented in Fig. 12-13.
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Fig. 11 Beam energy vs. moment of entrance in the AS.

Fig.12. Accelerated beam with RF buncher switched off .

 Fig.13. Accelerated beam with RF buncher switched on.

When the RF buncher was switched on, the energy spread in the beam was
±0.5 %.
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Results and Analysis of  Experiments with Long Bunch

    The goal of these experiments was the AS test at the conditions close to
operational of the accelerator project for IREN [3], namely, the injected current
is not less than 1.5 A for the pulse width ≈ 250 ns. This bunch duration is
already the same as the duration of operational part of RF pulse. At these
conditions the AS operates with strong current load that leads to essential change
of the AS accelerating field  and accelerated beam characteristics. These
conditions are typical for the beam with high-energy capacity.
Test conditions were:
                repetition rate                                       F =  1 ÷5 Hz;
                electron gun voltage                            =

#
170 kV;

                gun pulsed current                                IG  = 2.6 A;
                current pulse width                              =$τ 310 ns;

                output kystron power                          ≈%'&(
50 MW;

                RF pulse width                                    =%'&τ   3.6 )+*-,
                time before phase inversion                 =./ 021'3

2.83 4+5-6
   Except the signals listed above in the present series of experiments the next
parameters were also  measured:
1. Current pulse from the wall current monitor at the electron gun output.
2. Signals from beam parameters controller (BPC) at the output of magnetic

spectrometer. The controller is performed as a set of charge collections with
capacity 5.8 nF each, and allows to measure the charge with the energy
resolution  ≈1.8 MeV.

  Signals from detector heads and BPC were digitized by ADC with time
resolution 10 ns, stored for further procession and monitored on the control
computer display.
   In that experiment RF buncher wasn't fed by the power and unbunched beam
was steered to the AS input, that is why the accelerated beam had large energy
spread. The photo of luminescent screen before BPC was put into operation is
shown in Fig 14, and the signal from BPC - the dependence of particle density
on the energy is shown in Fig.15. The density corresponded to the maximum of
energy capacity.
  Maximum electron energy of  the accelerated beam is 92 MeV, minimum is
47 MeV, total beam charge is  of 1.52⋅10-7 Coulomb  (total number of particles0�07-89;:<

⋅== =>?@A B
). One can calculate the beam total energy capacity by

the particle density distribution and energy:
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Fig.14. Photo of accelerated beam.

Fig.15. Particle density distribution in a beam vs. energy.

( )∑
=

=∆⋅=
N

i
iiBEAM eQUW

1

/ 11.8 J,

where  C = 57 – number of BPC lamellas, DE
∆  and DF

 -  charge on i –th

lamella and corresponding energy.
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   Besides, the level of RF power transferred to the load after the AS (see Fig.16)
was measured with and without beam load. Also current pulse profiles from the
gun, obtained from the wall current monitor, are shown in that figure. Current
profiles are slightly distorted by the reactive resistance of the transducer. It is
seen, taking into account distortions, that the gun current pulse is of rectangular
shape with the width =Gτ 310 ns.

Fig. 16. The shape of RF power transferred to the load  with and without beam
load. The signals of current pulse from the gun wall current monitor.

   The RF signal level decrease is caused by the use of the RF power fraction by
the beam for its acceleration, and presence of the bunch radiation field.
   By the RF pulse shape at the AS input after the system of pulse compression
(see fig. 17), and AS parameters, one can completely restore the accelerating
field amplitude distribution by the AS input pulse at different instants:

HIKJML-NOQPR	S�T UV
WXYZ[\] ^
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where hjik
-  AS shunt impedance,

             α  - dissipation ratio,
            ( ) ( )lmnln oKpMq-roKpMq-r st =  - RF power at the AS input when  z = 0.

 Fig.17. RF power distribution at the AS input.

   To set the current at the AS input as the rectangular pulse with the amplitudetu  and width vτ , one can calculate the distribution of bunch radiation field

along the AS as a function of time ( )lmwx v . For the current pulse width  vτ <
yz , where  yz - AS fill ing time by RF power, ( ){|}~ �

  is (see Fig.18):
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where  §¨  - time of bunch entrance into the AS,

         ©ªτ  - AS time constant,

         «K¬  - group velocity,

          ® - bunch phase length.

Fig.. 18.  Amplitude of bunch radiation field distribution along the AS.

Total accelerating field is a sum of these two fields:
( ) ( ) ( ) ( )¯°±²³´µ¶·´µ¶· ¸¹	º�»¼ ½�¼ −⋅= ¾À¿ÂÁ ,

where  Ã - phase shift of  klystron RF field  relative to the bunch center.
   Let us assume that particles, passed through the AS with high accelerating

gradient, are bunching around ÄÅ=Ã . The accelerating field distribution in the
AS at different time with beam load and without beam load is shown in Fig. 19
(in the figure ÆÈÇÊÉ Ë ÌÍ

 is the initial time of bunch entrance in the AS,

corresponded to the maximum energy capacity of the beam).
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Fig.19.  Accelerating field distribution in the AS at different instants.

By the field distribution along the AS, one can find the dependence of energy
gain for accelerating particle on the time of entrance:

( ) ( )∫=

Î
Ï Ð�Ï Ñ!ÒÓÔÒÕÖÓ×

Ø .

The output energy of particles vs. the time of entrance is shown in Fig. 20. Top
curve corresponds to the section without the beam load, middle curve - loaded
beam, passing the first section only, bottom curve - loaded beam, passing the
first and second AS (note that second section is free of RF power).
   By the distribution of accelerating field along the section, one can find the
power at the first section output at different time. The mentioned above
dependencies, experimentally obtained (thick lines) and calculated by the given
shape of input signal and beam current ØÙ   (thin lines) are shown in Fig 21.
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Fig. 20. Output energy of particles vs. time of entrance.

 By the experimental dependencies of the output power with and without beam
load, one can derive the dependence of bunch radiation field at the AS output on
time:

( ) ( ) ( )Ú



 −⋅= ÛÜÝÞàßáâäãæåÈçèéëêíìÂîïðñòóõôëôö÷äøæù;úûüëý ùÂþÿ��������� α .

When the bunch of rectangular shape, width 	τ  and ampli tude 
� , passes trough

the accelerating section, the following distribution of bunch radiation field
ampli tude will be at the output of AS at different time:
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Fig. 21. Output power in the first section vs. time.
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where ��  - initial time of bunch entrance into AS,

          �τ  - bunch width,

         �  - fill ing time of the AS.

 The experimental and calculated dependencies of bunch radiation field at the
output of the AS are shown in Fig. 22.
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Fig. 22. Radiation field amplitude at the output of first AS vs. time.

It is seen, that at different time they are hard enough to compare. Because
integral comparison was carried out, i.e. integrals over time were compared
along the experimental curve

∫∫
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where C6F
τ⋅= ;  - total bunch charge.
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To compare these integrals and to take into account the maximum energy
measured by BPC ( =VXWZY[ \^] _a`cb dfe0g�hjikgml^gmnporqshtnsufvXiwlXxygBhti{ztipn}|~n�q�qpi�oBisu%nsgZi������
the first AS ��}��� −⋅= ��

Coulomb, and the value of input RF power

=� ����
47 MW were calculated. Then total number of particles in the pulse����}��:��

⋅== ����� �
,

and pulsed beam current is
��  ¡

¢£
¤ ==

τ
A.

The energy capacity of the beam after the first section is:

( ) ( ) ( )∫ ∫
+ +

===
¥¥

¥

¥¥

¥

¦

¦

¦

¦
§ ¨ª©«§ ¨ª© ¡¬0®£®¯°±

£¬c²®£®¯°³ τ τ ´µj¶·¸··¸¹fºZ»½¼¾  J,

where ( )¿ÀÁÀÂÃ Ä Å�Æ Ç¾  is  dependence of beam energy gain after the first AS on

the time of entrance in the AS. The beam energy capacity after the second AS
(free of RF power), with the constraint that the beam passes through the AS
without losses, is:

( )∫
+

==
ÈÈ

È

É

É
Ä Å�Æ Ê ¿¿ÀÁÀÂÃË

ÁÌ τ ÍtÎ
ÏÐÏÑfÒZÓÕÔÐ  J,

where ( ) ( )Ö×Ø×ÙÚÖ×Ø×ÙÚ Û ÜªÝÛ ÜªÝ Í
ÏÞÏÐ ⋅=  - dependence of beam energy gain

after  acceleration in the first AS and passing the second AS on the time of
entrance in the AS.
    The measured pulsed current from the electron gun is =ßà áãâ äæåèçêé�ëjì}é
corresponds to the number of electrons in the pulse of Ne = 5.2 í�îcï 12 at pulse
width =ðτ  310 ns.  The calculated number of particles after the acceleration in

the first section is ñBòó}ôõjöó
⋅= ÷ø ù

. Thus, around 66% of particles are lost in this

experiment due to RF buncher is switched off .

    Note, that BPC after the second section measured of ñ�òócôú öô
⋅= ÷ø ù

 particles

in the pulse, i.e. about  half of the accelerated beam was lost in the second
section. The cause is now settling.
        The accelerator of IREN project consists of two accelerating assemblies,
each one includes: 5045 klystron, SLED-type system of power compression and
one accelerating section [4]. The project operational conditions and parameters
of the accelerating beam after the first AS, beam parameters obtained in the
experiments described above, and converting of these parameters for klystron
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output power ûÕüý
 = 63 MW and pulse repetition rate F  = 150 Hz is presented in

Table 6. That corresponds to project operational conditions of the accelerator for
IREN
                                               Table 6.
                                                                                       IREN    Exp.    Conv.

klystron output power                            ûþüý
[MW] 63 47 63

pulse repetition rate                                  F [Hz] 150 2.5 150
pulsed current                                           I 0 [A] 1.5 0.9 1.5
pulse current width                                  ÿτ  [ns] 250 310 250

beam energy                                    ÿ�������
  [MeV] 105 92 105

beam energy capacity                          ÿ�������
 [J] 40 26 38.6

beam mean power        ��ý ÿ��	���
����� ��� ⋅=  [kW] 6 -  5.8

   As table shows, by the use of the system of pulse compression,  accelerating
section and RF load developed for VEPP-5 pre-injector, it is possible to
construct accelerator satisfied of the IREN project requirements. At that, the
beam at the output of first accelerating section will have the energy distribution
shown in Fig.23. As it is seen, in relation to beginning time of electron gun
current pulse one may obtain the beam with low energy spread  at the output of
the accelerating section(bottom curve is ≈∆ � 7 MeV). The average beam
power will be slightly less than the maximum one (middle curve).

Conclusion

    Performed tests showed that the accelerating sections, produced due to
developed and realized in INP technology, have high electric strength –
accelerating gradient in the AS is reached more than 50 MeV/m (average
accelerating gradient up to 35 MeV/m). That exceeds the project parameters of
VEPP-5 pre-injector accelerated sections. Tests with the long bunch proved the
AS operation at high current load with a high power beam, such as in the project
of accelerator for IREN.
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Fig.23. Electrons output energy vs. time of entrance of electrons in the AS.
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