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EXPERIENCE

IN RECIRCULATING ELECTRONS

THROUGH A SUPERCCNDUCTING LINAC

Lloyd M. Young
Department of Physics,

Urbana,

Summa ry

An electron beam of several microamperes
has been accelerated by a2 6 foot 1.3 GHz
superconducting nioblum linac to 3.5 MeV on
its first pass. It has been returned to the
linac for two additional passes with energy
gains around 3 MeV per pass to a final energ
of 9.5 MeV. The recirculation is accomplished
ty means of two uniform fleld magnets placed
at each end of the accelerating sectlion in a
racetrack mlerotron geometry which will
accommodate the return beams for six passes
through the linac.

Introduction

The general design of a proposed race-
track microtron employing a superconducting
linac ras been presented previously. The
general arrangement of the components making
up the small superconducting linac and the
initial performance of the 3 }»/2 injector
sectlon was _described at the 1971 Accelerator
Conference. Since that time a coaxial tuner
was mounted 1rn the exit end of the 3 A/2
section. The second 13 3/2 section has been
installed without high temperature processing
with the milcrowave power probe at the exit end
of the cryostat as shown in Fig. 1. The two

sections were cooled to 4.2°K and it was found
that the 3 /2 section accepted 15 watts of
microwave power at a § of 10% and the 13 1»/2,
40 watts at a 0 of 1.5 x 197 at a duty Factor
of about 30 percent. The energy gain 1n each
section was about 0. MeV/fcot. 4 beam of L
microamperes was accelerated to 3.5 MeV 1in
March 1972. Although the energy gain per foot
was below that obtained in the initlal test of
tne 3 2/2 section, the beam was stakle and we
decided to postpone any work on cavity im-
crovement and to examine the problems 1nvolved
in recirzulating the beam through the linac.

“he flrst prcblem was the expected strong
vertleal defocusging of tre beam in passing
through the fringing fields of the 1800 mag-

nets, A ftest was carried out in June when a
1579 magnet was installed to return the beam
Trom the linac. This unlform field magnet has
an active ficld eclamp which reduces the extent
of the fringe fleld and produces a short
reglon of reverse field as ghown in Filg. 2.
Tnls reverse fleld was designed to zompensate
for the vertical defocusing and 1t was found
chat this clamp was effectlve in retaliring the
quality of tre beam wlthout [urther optical
elements,
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was sent into the experimental area where it
was used for several weeks to *r\eqtic te an
arrangement for a resonance flﬂjreqceﬁce
experiment,

At high energy no speclzl ad ustments due
to the velocity of the electron be;hk less
than that of light need be made. However, at

our low energy these phase lags require
speclal attention. In order to make the re-
circulating scheme work at our low enersgles

a 'bypass' on the first return was constructed
to provide the necessary phase correction on
the first return and %o alleviate the need for
the first return to go through the linac
cryostat. The 'bypass' hardware was installed
and the beam was reclrculated through the
linac with the new hardware 1in January, 1973

A second return path was installed and the
beam was sent through the linac 3 times to a
final energy of 10 MeV a chcrt time later,

The only large components
for the six pass _system are new vacuum cram-
bers for the 120° magnets. The other compo-
nents that will be needed are duplicates of
proven components that are in use elsewnhnere 1n
the system. Tre following section glves de-~
talls about some parts of the system and about
some of the experiences involved in their»
operatlon.

that are needed

General Description

&

The two pass system that was tested

beginning in September 13972 ig zhown fﬁ ig.
3. A 270 keV electron beam from the »un was
deflected ento the accelerator axis a: d was
accelerated In passi~g through the linac In

this fest the return Team sert sround the
outslide of the cryostat and directed tack 4o
the linac axis by 17°° nmagnets. No focusing
elements were used cn the return li~e, The
active clamps provided all the focusing that
was required. The return plaqe wae controlled
by the position of the lasti mapnet. 4
of steering colls (not shown) were
correct for stray masnetis fields
zlignments. Although the 7uality
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Injector

A 300 keV Texas Nuclear Corporation elec-
tron gun with the capabllity of giving a DC
current of & mA 1s normally operated at 27C
keV and at a current of no more than 0,6 mA
The operatlion of the gun at these values
proved more rellatle than at the maximum
capabllities of the gun. The voltage control
cf thils gun was Improved this last year
vecause proper operation of the reclrculation
required tetter tran 0.1% voltage stabillity.
The original voltage control, which could not
be used convenlently for changes of less than
1 keV, was supplemented by a variable 3 kV
power supply placed in series with the main
300 KV supply. The total voltage, which 1s
monitored by a digital voltmeter, is now
ad justed manually to be within 100 volts of
the desired value,

Microwave Electronlcs

The microwave control system for the
superconducting linac has been described pre-
viously. The microwave system uses feedback
stabllization methods to control the phase
and amplituce cf the rf fields in the linac
and in the room temperature chopplng and
bunching cavitles. The system has achleved
an rf amplitude stablility of about two parts
in 107 and a phase stabllity of about 0.5
degree,

The longterm stability of the system 1s
sufficiently good that the beam 1s accelerated
through three passes without any adjustments
after a short warm up of the electronics,
even 1f the system had not been operated for
several days.

Cheppers

The two chopper cavitles operate at room

temperature In a TM210 mode. One cavity de-
flects the Team vertically while the other
causes a larger horlzontal deflection. An 8

#“att transistor 1s adequate to supply the 1.3
GHz signal to the vertlcal chopper and a 100
watt tube-type amplifier (Slemens YD 13€0) 1is
used for the horizontal chopper. After the
tezm passes through these cavities it makes an
elliptical scan across a 1/8" chopping aper-
ture in a 1/4" thick water cooled copper

plate and a phase bunch of £ degrees 13 trans-
nitted.

The Inflection of the bteam 1s accom-
cliched by the deflecting magnet whlch tends
tne beam 30° ncrth to bring 1% to the linac
axis, and an 1rnflecting magnet on the linac
axis which bends the electrons 3C° south so
that they travel along the linac axis. Two
ovher zcomponenta of the iInflector gystem on
she linac axls are used to keep the recircu-
lating electrons on the linac axis despite
fhae 3“0 tend that the low erergy Injected
cean reczelves,

Linac

The superconducting linac consists of
“wo scparately pcwered zccelerating sections;
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the phase of the 3 A/2 capture section and the
phase of the 13 A\/2 main section are set in-
dependently for efficient capture and acceler-
ation. There 13 a mechanlcally adjustable
coaxlal E fleld tuner mounted at the exlt of
the capture sectlon; the resonant frequency

of the capture section can be tuned to 1 Hz
over a range of 0.3 MHz. As the linac 1s op-
erating at present, the capture section in-
creases the inlected electron beam energy from
270 keV to 750 keV; the main section then in-
creases thils energy to abtout 3.5 MeV with an
energy resolution of C.1%. The phase of the
capture sectlon makes 1t 1ncapable of adding
much energy to the reclrculated beam; as seen
ty the recirculating beam, the phase differ-
ence between the capture sectlon and the main
sectlon 1is about 90°, The 3.5 MeV recircu-
lated beam gains about 3.0 MeV in the main
sectlon during the second traversal and
emerges with an energy of about £.5 MeV. The
energy after the thlrd pass through the linac
was more than 9.5 MeV. An Eimac Varian one
kilowatt C.W. klystron is used to power the

13 A/2 linac section. The smaller section is
powered by one of the 100 watt tube type
amplifiers.

There are two matched 1827 uniform field
bending magnets, one to the west (1.e., the
left on Fig. 1) and the other to the east cf
the linac. The electron beam traverses the
linac moving westward. If then enters the
west magnet, moves in a semiclrcle, and
emerges traveling eastward. It travels east-
ward 25 feet on a path parallel to the linac
axis, and 1t enters the east magnet which
returns the beam to the linac axlis traveling
westward, and ready for another traversal.
These 180 magnets have a 1" gap; the pole
pieces are 22" deep and 45" wide. The width
will accommodate a recirculation system iIn
which the beam passes through the linac 6
times. The magnetic saturatlion properties of
the magnets could allow the handling of a
maximum beam energy of ~0 MeV 1if the energy
gain per traversal could be increased to o
about 10 MeV in an improved linac. Each 187
magnet has an actlve. reverse-field clamp
magnet whlch compensates for the vertical
defocusing that otherwise would be introduced
by the 1°0° deflection in the norizontal
plane. The east 10° magnet is mounted on
rollers and can be moved by a reversible
motor so that the dilstance between the west
and east magnets can be adjlusted to bring the
recirculated beam back to the linac in the
oroper phase for maximum acceleration.

Actlve IFleld Clamps

The usual 1°7° magnet defocuses the beam
ir the vertlcal plane due to the fringe field.
The defocusing can be nullified by iIntro-
ducing a short reglon of reverse fielduby an
active fleld clamp as shown In Fig, 4. The
short recion of reverse fileld changes the
angle of ertrance into the magnet (0} to pro-
duce a posltive focusing actlon. Juantlta-
tively the strength for defocusing 1s deter-
mined by the effective extent (b) of the
fringe field, and the radius of curvature (R)
of the electrons inslde the magnet. The



focal length 1s given approximately by

] =
2
o
n

def
Tre positive focusing action due to the re-
verse fleld 1s glven by the familiar relation

tan (a)/R.

1s the effective radius of curvature of
the beam in the reverse fleld and &' 1s the
width of the field tan (a) ~ d'/R'. The
clamp was designed to make d' ~ 2b thus the
condition for no net focusing is

]

I R

1 -b Zb
T, TRt
net
condition 1s satlsfied if R'/R = 12.
the ratio of magnetic fields B/B' 12,
This ratio of flelds was experimentally veri-
fled as the ratlo requlred for no defocusing.
The ratio 1s iIndependert of the energy of the
beam as long as the radius of curvature R is
much greater than b. This condition is sat-
isfied Tor all the recirculating beams 1in the
system.

=0

Thils
Thus

Cylindrical Lenses

In earlier versions of the recirculating
system the defocusing of the beam 1In the ver-
tical plane was corrected by the usge of
auadrupole palrs at each end of the straight
gections. This quadrupole system required
precise positioning of the return beams with
respect to the guadrupole zxes. Such posi-
tlonling seemed particularly difficult when
the energy galn of the llnac was low since
tre horizontal positions of the return beams
vould shift wlth erergy. The critical de-
pendence on the horizontal position of the
beam 1is eliminated by cylindrical lenses
which focus only in the vertical direction
and nave large tolerances to the horizontal
positions o the return beams. The cylindri-
cal lenses also avold the problems associated
with the quadrupole palrs 1n getting vertical
Tocusing without any horizontal focusing.

The arrangenent of three uniform field magnets
which make up the cylindrical lens are shown
in Flg. £. It 1s clear from the figure that
rrnere lg no net digplacement or angular de-
Tlecticn in the horlzontal plane. However,

in the vertical plane, a focusirg strength of
tarn (a)/R 1s contributed at each internal

edge where the beam crosses a boundary at an
angle a, R 13 the rzdius of curvature in the
uniform f£leld reglons. In terms of She length
{i) of the esmall end magnets, tan (a) ~ 3/R,
fosusing strength of the system can

o
ag,

£
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A rizal 1 1s usged on the bypass shown
in Tip. 4 and others mav be used on the
righer order returrn beams if they are found

©2 be necessary.
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than a half wavelength and some way of getting
these electrons back into synchronism rad to
be devised. A separate channel for the “irst
return beam in which the path length could te
varied by a half wavelength kas been installed
and operated successfully. It is referred to
as a 'bypass' since 1t bends the first retup-
beam outward 30 degrees to pass around tre
accelerator cryostat and back by means
bending magnets as shown on Fig. 4. 7Tn
arrangement can acccmmodate deflection angles
of + 1.2 degrees around 37 degrees corre-
sponding to phase advance of 110 + 55 decrees.
Although the maximum phase advance of 1€
degrees 1s somewhat less than the lag in
straight sectlon it 1s more than adequate
since other adjustments reduce the reguired
phase correctlon to about 97°, Adjustments

in the fields of the 180° magnets and in their
spacing are used to bring the 2nd and 3rd
beams to the required phase. The remaining
Lth and 5th return beams need only small
corrections that can be accomplished with
small changes in the strips of field covering
onily the outer portions of these semicircular
paths without affecting the first three.

of 4
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Buncher

A buncher cavity has Tteen 1installed in
the 1Injector beam line immediately after tre
chopper aperture. Although it has not been
used 1In operations so far it can increase the
avallable current by a factor of 10 with some
deterioration of the snergy uniformity of the
injected beam, If the power in the chopper
cavitles 1s reduced s5 that a ©2° bunch will
pass through the chopper aperture the buncher
willl give the beam an energy spread »f 5,25
keV and will contract <he bunch to 1.2° at
the entrance to the linac capture section.

Discussion

The linac has teen operated reliably
without disassembling the cryostat and with-
out other major difficulties for = period of
one year. During this time the field level
remalned stable and unchanged and 1t was
possible to try out some oFf the ideas in-
volved in recirculating the beam a ~.mber
times.

o
o1

Ir setting up the magnets fcr reeciraala-
ting of the beam, the two 1709 magsnets were
adjusted to have equal fields. The small
deflecting magnets were adjusted to 2a:

and BeO viewscreens which co:ld ke pit into
the team path at varlous polnts by pneumatic

operators. Cnce flelds In the magnetfs

e
the

were adjusted they were left on ~ov isly
to avold difficulties with hysteris

The threading of the ret:rn beams baclc
through the accelerating cection rad
done by steering coils or <he arate ref o
sectlons. These beams ~culd heerred on
the llnac axls near the entrance 4o ii.c AP -
tiure section by steerlay chem onio a view-

screen placed atove the normal trafecztories

of the other beams. Tre =ehirn gychtems rave
only vertically focusing ents whicr are
usged to control the vertical clze nf +re



bteams The horizontal aspect of the beams
are affected only by the linac and some weak
quadrupoles on the linac axls.

Although we expected some difficulty in

srerating the 300 bypass for traﬂcpovt*“o the
first return beam around the cryostat, the
beam was returned to the linac without sig-
Aificant distortion or increase in size.
Since this bypass was easlly managed a secon 1d
temporary typass around the other side of the
cryostat was made for the second return beam
to avold tre difficulty of openling ~p the
cryostat and directing the beam through it
indicated in Fig. 4.

>
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It may be useful
whizh delayed successful attempts at recir-
culation. The first was due to fluctuations
in the erergy of the accelerated beam which
made 1% difficult to control the return beams
with sufficien% accuracy. These fluctuations
were traced to varlations in the 1njection
energy and the resultant variations of the
111eotion phase into the linac. Thils 4iffi-

'1ty was removed when the injector voltage
was mornitored vy a preclsion diglital volt-
meter and an additional small power supply
was installed to provide a fine ad ustment to
~he voltage which was then manually kept to
xitnin 0.73% of the desired injector voltage.
The second problem was an 1rregular shifting
of the position of the 272 keV injected beam
as observed on view screens along the beam
trajectory. Thls movement was traced to
sther Be0 viewscreens which were charglng up
and detlecting the electron beam even 1f they
were rnot intercepting the beam. Thils effect
waz eliminated by covering the viewscreens
with a wire mesh. The only remaining varia-
tion in beam position is a small 60 Hz
modulation which seems to be due to stray
fields in the reglon of the electron gun.

A difficulty which 1s still not examlned
very well was an observed 1increase of the
energy spread of the twice accelerated beam.
Part of the energy spread was found to be
ai ~1ated with variations in the phace
5 erence between the capture sectlon and
uke maln accelerating section. For the re-
“*”ﬂ:la.ed beam the phase difference 1s about

so Shat the capture secticn contrlbutes
ittle 5o the energy ¢f the return beam. Any
fi ter in the phase relative to the acceler-
ating cectlon, however, results In a large
enercy Jitter of about 15 keV/degree. Part
5f the ghase Jitter seems to be due to
frequency chans in the capture cecticn
causel by nibrat* ons of the tuner. The
2Nersy vafiatisns sgoc2 1ated with thils Jitter
would be neg i*i'le 1f the capture zectlon
ware placed on the Inlector arxis 7ather than
on the lilnac axls,

"U
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In addition to completing the slx pass

syzsen [uture plans i wclude the reproceszing
5P nictilum accelerater sectlons. We expect
to get hizher § xallcs which wi1ll allow zon~
Limuous cperation at enzrgy galns of C.8
wav/“o0t. We also plan to increase the
thection energy into the llnac so as to
cpekatn the accelerater sections 1n the pre-
ent eryostat as a single gectlon.

to mention two problems.

8t

Conclusion

The superconducting linac has been oper-
ating rellably with an energy galn per pass

of 3 MeV. The beam has been recirculated Tor
zecond and third passes through the llnac and
no major obstacles are expected in extending
the recirculation scheme to 8ix passes.
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