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Summary 

An electron beam of several microamperes 
has been accelerated by a 6 foot 1.3 GHz 
superconducting niobium li::ac to 3.5 MeV on 
its first pass. It has been returned to the 
linaz for 5wo additional passes with energy 
g,ains arolund 3 Me\ per pass 
0 f 9 i Me:, . 

to a final energy 
_ ., "he recirculation Is accomplished 

by means of two Lnlform field magnets placed 
at each end of the accelerating section in a 
rncetrs?'k tnl~zrotron geometry whlc:h will 
accommodate the return beams for six passes 
through the linac. 

1ntrodxc;ion 

The general design of a proposed race- 
track microtrgn employing a superconducting 
linac has been presented previously.1 The 
general arrangement of the components maklng 
up the small superconducting linac and the 
initial performance of the 3 X/2 injector 
section was 
Conference.2 

iescribed at the 19-l Accelerator 
Since that time a coaxial tuner 

was mounted in the exit end of t,he 3 k/2 
section. The second 13 X/2 section has been 
installed without high-temperature processing 
with the microwave power probe at the exit end 
of the cryostat as shown in Fig. 1. The two 
sectio:ls >Jere cooled 30 4.2'K and It was found 
fhat the 3 X;/2 section accepted 15 watts of 
microwave p,otier at a C, of 1'2' and the 13 X/2, 
4'3 watts at a Q of 1.5 x 10' at a dcty factor 
of aboLt 32 percent. The energy gain in each 
section was about 0.i MeV/fcot. k beam of L 
microamperes was accelerated to 3.5 MeT: in 
March 1972. Although the energy gain per foot 
;qas below that obtained in the initial test of 
the 3 Ji2 section, the beam was stable and we 
de,:id& to postpone any work on cavity im- 
proT;emen'; an? to examine the problems involved 
in re,?ir%latinc the beam through the linaz. 

The first prcblem was the expected strong 
Vertl~2al defocusing of t'+e hesa in passing 
';hrol;gh the fringing fields of tie lPil" mag- AI 
j" P t i- ,- ,-. A test ~0s (carried 0;'; in J‘:-ie whcr. a 
1" 70 magnet r:,as installed to rctl;rn the beam 
f-on;. the linac. This ,;niform field ma&;jnet i-as 
4? ICtLVP Z*i831,11 tCliiI7p ~t.Yhic~~~ r?t!Jf;eS t,he c>pttZnt I 
of the fringe field an? prod:jces a short 
1-l?!;lon 0'" rY?':erse fi.eld ;Is ::?3:,!~1 I.3 Fig. 2. 

%r!s 3:;eree field was designed to 8zoapensatu 
far thL-,e verti-al ddefo:iisi7; ?nd it was found 
:~l:cat this cl:-3m.p was cffcctive in retaining the 
gxality of t.I-e bean :h!i;l-.o~jt fl;rti;er ootica!. 
e I c 7111 %: :7 . 

"he next testi oyatem req~~ired moving the 
:,-A,:ector 2.; ct~:m Oi" t.hc :inx ,3x?s to :1llow 
';k installation of the cc~-.nr?i-I l',q" mnrrqi't o?. ..^ c) 
:;he o-;her side of t:ye linac as showr In Fig. 
3. 'Pi s a r 3; 3 n!-'c me 5 t -I :'I a j rco:nplcte-J and 'the 
3. 5 IceI bed:r. :':RS ret~:rr.c:? to the llna: afn-1 
t;Dc,<:;i:"i t,o I' r, :"e7" . _I In s~pt'?ml;l?r. mis be-im 

was sent into the experlmental area where it 
was 2sed for several :*leeks to investigate a-. 
arrangement for a resonance flnurescen;e 
experiment. 

At high energy no special ad,'ustmen',e due 
to the velocity of the electron beinr less 
than that of light need be made. :~owe~~e~. a+ 
our low energy these phase lags require 
special attention. In order to make the re- 
circulating scheme work at o,:r low ererf:ies 
a 'bypass' on the first return was constricted 
to provide the necessary phase correction on 
the first return and to alleviate the need for 
the first return to go through the linac 
cryostat. The 'bypass' hardware was installed 
and the beam was recirculated through the 
linac with the new hardware in Janl:ary, 13'.?. 
A second return path was installed and the 
beam was sent throilgh the linac 3 times to a 
final energy of 10 MeV a sh3rt time later. 

The only large components that are +leedeti 
for the six pass system are ;eru vacilllm c:,am- 
bers for the l?n" magnets. The other compo- 
nents that will be needed are d::plicates of 
proven compone::te that are in ..,se elsewhere in 
the system. The following section gives de- 
tails about some parts of the system and about 
some of the experiences invol\.ed in Their 
operation. 

General Des'zripkio:: 

The two pass system that l>:as tested 
beginning in September 13'2 is shown !r Fig. 
3. A 270 keV electron beam from the ,':w 'was 
deflected onto the accelerator axis nrti was 
accelerated In passkg throui?h the linac. In 
this test the return beam :dac sent snol!nd t/-e 
outside of the cryostat and directed tack to 
the linac axis by I'?" magnets. !Jo f3CI1Si!-.~ 
elements were used 

I. 
c.1 the retl;rn li 7e , "i-p 

active clamps provided all the foc,;sin;: that 
was required. The ret;:rn phase was tcontro1le-i 
by the PO3 it13.1 of tile 1,331 r:ial'.!lF;'t. 
of steerin!? coils (not shown) kare 

f-i n .71bF? 
2ced t3 

csrrect fcr stray r7a:net-L: f i F 16 :: f 184 7' ‘7 - J ,L 
?.ligr.nente. Althw.~;';; ihP 82 :a!.it:; '3" :;;-.j.r 
beam wa 0 rot as fgoo'i as erpect,3.S it :%:a~ 
s,;fr'ii-ieF!tly 1:sef 11 to be ::e,,f; in -he c:ip62r:.- 
mental area. 

The six pzss r:;st:r: 1: >:t-.c~,.:i ii-1 Fi- . )+ . 
At the present time the lgpass :‘a5 i-c+7 ':cim- 
pletcri ani! a i+npor;~r;; .:ecol-.? rfl~t~lr~~. l<"e 
arojln? the of,h,er sirie op 1;ke cryo,-‘tat :as CI i 
teen installed for opera';incr 1;:; sysL5m !91i-i-! 
three passes. Arranpements > are being; made :-o 
send this beam and the beams :i f ', C r C Iu b .z e a. : e 1; t 
passes into ihe expcri-,e~:tal ,iri::3 as i:71i:alc13 
jn the f-1 Cljn.l LLi,,(L'., . 3cs~~r:~-,!.~.;s I?" :::)[!:c' -;- 4-:-e 
na,;or conponenfs are i:ivcrl I..? :!;e frill ?.owI r 
s~l'cse~2iions. 
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InJector 

A 3X keV Texas Nu,:lear Corporation elec- 
tron gun with the capability of giving a DC 
current of 5 mA is normally operated at 270 
keV and at a current of no more than 0.6 mA 
The operatcon of she gun at these values 
proved more reliable than at the maximum 
capabilities of the gun. The voltage control 
of this gun was improved this last year 
because proper operation of the recirculation 
required better than 0.1% voltage stability. 
The original voltage control, which could not 
be used conveniently for changes of less than 
1 keV, was supplemented by a variable 3 kV 
power supply placed in series with the main 332 kV Supply. The total voltage, which is 
mo:nitored by a digital voltmeter, is now 
adtusted manually to be within 100 volts of 
the desired value. 

Xicrowave Electronics 

The microwave control system for the 
superconducting linac has been described pre- 
vious1y.3 The microwave system uses feedback 
stabilization methods to control the phase 
and amplitude of the rf fields in the linac 
and in the room temperature chopping and 
b,Gnching cavities. The system has achieved 
an rf amplitude 
il? 134 

stability of about two parts 
and a phase stability of about 0.5 

'degree. 

The longterrn stability of the system is 
sufficiently good that the beam is accelerated 
through th?ee passes without any adjustments 
after a short warm up of the electronics, 
even if the system had not been operated for 
several days. 

Chcppers 

The two chopper cavities operate at room 
temperature in a TM213 mode. One cavity de- 
flects the beam vertically while the other 
causes a larger horizontal deflection. An 8 
>;att transistor is adeq>Jate to supply the 1.3 
GHz signal to the vertical chopper and a lc)3 
:>;stt t.Lbe-type amplifier (Siemens YD 13FO) is 
.sed for the horizontal chopper. After the 

Ge?m pacses thrcwy,h these cavities it makes an 
elliptical scan across a l/!!'" chopping aper- 
ture in a l/4” thick water cooled copper 
plate and a phase bunch of il degrees is trans- 
nItted. 

In f 113 '3 t 3 r 

The Infleczion of the beam is accom- 
plished by the deflecting magnet which bends 
zhe beam 33O :-~cr;h to brins I: to the lina: 
axis, and an ir.fle-ting - magnet on the linac 
?:iis whit:h bends the electrons 30' south so 
;??I; t:hey travel. along the lina- ‘axis. Two 
~',hcr :omponente of the Inflector system on 
-,i?r li-!;itz axis are ~sec‘ to 'keep the recircu- 
latlnroel.ectroqe on the linac axis despite 
';:?>+ 7' i ':P:?d '.k.2t the 1974 Pole-ry lnsjected 
cean _ re-elves. 

LJ'iOC 

Ti-:2 Si:pCr!CC3L4~. -',*-tin,: licat2 c3:slst;s a." 
+;.,;c :cparatel;j pc:vered ::-c~5leratlng sections; 

the phase of the 3 X/2 capture section and the 
phase of the 13 X/2 main section are set in- 
dependently for efficient capture and acceler- 
ation. There is a mechanically adjustable 
coaxial E field tuner mounted at the exit of 
the capture section; the resonant frequency 
of the capture section can be taned to 1 Hz 
over a range of 0.3 NHz. As the llnae Is op- 
erating at present, the capture section in- 
creases the injected electron beam energy from 
270 keV to 750 keV; the main section then in- 
creases this energy to abo::t 3.5 MeV with an. 
energy resolution of 0.1%. The phase of thle 
capture section makes it incapable of adding 
much energy to the recirculated beam; as seer? 
by the recirculating beam, the phase differ- 
ence between the capture section and the main 
section is about oO". The 3.5 MeV recircu- 
lated beam gains about 3.0 MeV in the main 
section during the second traversal and 
emerges with an energy of about 6.5 MeV. The 
energy after the third pass through the linac 
was more than 9.5 MeV. An Eimac Varian one 
kilowatt C.W. kl-ystron is used to power the 
13 X/2 linac section. The smaller section is 
powered by one of the IOr) watt tube type 
amplifiers. 

lsO" Magnets 

There are two matched I??" uniform field 
bending magnets, one to the west (i.e., the 
left on Fig. 1) and the other to the east cf 
the linac. The electron beam traverses the 
linac moving westward. It then er.ters the 
west magnet. moves in a semicircle, and 
emerges-traveling eastward. It travels east- 
ward 25 feet on a oath parallel to the linac 
axis, and it enters the-east magnet which 
returns the beam to the linac axis traveling 
westward 
T:lese 186" 

and ready for another traversal. 
magnets have a 1” gap; the pole 

pieces are 22 deep and 45" wide. The width 
will accommodate a recirculation system in 
which the beam passes through the linac 6 
times. The magnetic saturation properties of 
the magnets could allow the handling of a 
maximum beam energy of 69 !ileV if the energy 
gain per traversai- could be Increased to --- 
about 1~3 MeV in an imoroved linac. Each 1?1~'" 
magnet has an active. reverse-field clamp 
magnet which compensates for the vertical 
defocusing that otherwise would be introd~.~:ed 
by the 1%' deflection in the horizontal 
plane. The east l?qo magnet is mounte? on 
rollers and can be moved by a reversible 
motor so that the distance betsreen the west 
and east magnets can be ad.'usted to bring the 
recirculated beam. back to the linac i.n the 
proper phase for maximum acceleration. 

Active Field Clamps 

The usual 1;" 0 magnet r!efoc,lsec the beam 
ir the vertical plane d,;e to the fri:?ge field. 
The defocj:sing c,an be n!.;llified by in',ro- 
-li:cinig a short region of reverse fieldqby an 
active field clamp as sh0~;: in Tlg. Li-. "he 
short re[{ion of reverse field v?han:{es the 
angle of e::trance into the maf:tie:; (0.) to pro- 
duce a positive foclrslnlr ,ar.tIon. ? ,_I ,.+ansita- 
tively the strength for defocllsin,~ is deter- 
mined by the effective ertent (b) of the 
fringe field, and the radius of c:>rvat~;z-e (2) 
of the electron3 inside the ma;:net. The 
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focal length is given approximately by 

1 2 b 
7 rn 2. 
‘def in 

The positive focusing actin due to the re- 
verse field is given by the familiar relation 

1 
T= tan (a)/R. 

If R' is the effective radius of curvature of 
the beam in the reverse field and d' is the 
width of the f-Leld tan (a) E d'/R' . The 
clamp was designed to make d' 2 2b thus the 
condition for no net foc!lsing is 

1 
'net 

=&2+%, =o 

This oonditlon is satisfied if R'/R = 12. 
Thus the ratio of magnetic f!elds B/B' = 12. 
This ratio of fields was experimentally veri- 
fied as the ratio required for no defocusing. 
The ratio is independent of the energy of the 
beam as long as the radius of curvature R is 
much greater than b. This condition is sat- 
isfied for all the recirculating beams in the 
system. 

Cylindrical Lenses 

In earlier versions of the recirculating 
system the defocusing of the beam in the ver- 
tical plane was corrected by the use of 
quadrlupole pairs at each end of the straight 
se:tians. This yuadrupole system required 
precise positioning of the return beams with 
respect to the quacirupole axes. suc!l posi- 
tioning seemed particularly difficult when 
the energy gain of the linac was low since 
the horizontal positlo:is of the return beams 
would shift with energy. The critical de- 
pendence on the horizontal position of the 
beam is eliminated b:y cylindrical lenses 
which focus only in the-vertical direction 
;Ind have large Wlerances to the horizontal 
positions of the ret.drn beams. The cylindri- 
cal lenses also avoid the problems associated 
:siitk the quadr.ipole pairs In getting vertical 
focusing wlthout any horizontal focusing. 
The arrandenent of three uniform f-leld magnets 
~hirh make #ip the cylindrical lens are shown 
iri 315. 5. It is clear from the figure that 
'1 T. e ye ? ;; 33 net cisplacement or angular le- 
I'iectl.cn in the horizontal olane. However, 
1~. khe :;ertlcal plane, ,a foc;lsi:~g, strength of 
i;ar. (c)./R is ccntribl;ted at each Internal 
e,ige xhere the beam crosses a bcundary at a:1 
r~ncle c. R is she rsdlus cf c :rvature in the 
..i n I f s rm f i e 13 
( 8-i ) 

32 g 10 n s . In terms of the le:lgth 
'2 f : j1.e onall end ma;<nets, tan (al E 2,/R. 

?.i:t;s t,:-,e fo2,slr.r strength of the ~vstem, i3 3 n 
be v:~-prcr%e,? 73, 

;, --;7-‘wr~-,31 lW)S 1s ‘ICC,,1 I ,,, 1 i . .I on the bypass sho5t.n 
in ?ii:' . L an-l others "WI:7 b'? 'Jsed on the 
lki,-~ke r 0 7-i c r ret 1 rr. beams If ti-,ey ;'.re fni~73-l 
* 2 .r,e nc; '2 ,i :: 5-1 p;;, I . 

;2 -; 3 i-1 c -7 LJ. 

I:1 tre :1x pass :‘ystcm tke phase la; on 
:y<y ?I-+; .-,-.t,<;-FL p;jj;ll* cory:-ps:;*!s to ,>rJ:y! 

than a half wavelength and some way of getting 
these electrons back into synchronism ::ad to 
be devised. A separate channel for the first 
return beam in which the path 1erg:h col;ld be 
varied by a half wavelength has bee-1 installed 
and operated successfully. It Is referred to 
as a 'bypass' since it bends the first return 
beam outward 30 degrees to pass around the 
accelerator cryostat and back by means of 2 
bending magnets as shown on Fig. 4. The 
arrangement can acccmmodate deflection angles 
of + 1.2 degrees around 3C degrees corre- 
spoEding to phase advance of 1N + 55 deErePs. 
Although the-maximum phase advanSze of 1:'s 
degrees is somewhat less than the lag in the 
straight section it is more than adeq;.:ate 
since other adjustments reduce the required 
phase correcti& to about gno. Adjustnents 
in the fields of the l?O" mamets and in their -- 
spacing are used to bring the--&d and 3rd 
beams to the required phase. The renaining 
hth and 5th return beams need onlv small 
corrections that can be accomplished ;h'ith 
small changes in the strlps of field coverini?; 
only the outer portions of these semicircular 
paths without affecting the first three. 

Buncher 

A buncher cavity has been installed in 
the injector beam line lmmedlately after the 
chopper aperture. Altho;:h it has not bee-. 
;:sed in operations so far It can increase the 
avaiMole current by a factor of 1'3 with some 
deterioration of the energy uniformity of the 
injected beam, If the power in the chopper 
cavities is reduced so that a I'S' bL:nch will 
pass through the chopper aperture the buncher 
will give the beam an energy spread 2r 5.2'c 
keV and will contract ;he bunch to 1.2' at 
the entrance to the linac capture section. 

Discussion 

'?he linac has been operated reliabl:~ 
without disassembling the cryostat anal uith- 
out other major difficulties for a period of 
one year. During this time tkLe field level 
remained stable and unchanfred anii it was __ 
possible 50 try OUZ some of the ideas in- 
volved in recirculating the beam a ,:.r.ber of 
times. 

In setting up the magnets for recir-: II--,- 
tin,- _ of the team, the tiqo lCY,o r:!ai:retc -&jere 
ad,justcd to have equal fields. The~small 
deflecting magnets were ad,:l,sted to :er,ter 
the electron beams 1-c i!-Le diffe?e,-t c?,a~n~1s 
with the ai;! of portable ra'5:3tl~~~m~?i?ors 
<an;: EeO viesiscreens :t:Ihi3l- co;ld be p .t Ir:*:o 
the team path at vario‘.s poi,~ts by p-.e jmatir: 
operators. C n i3 e :; h e "ic?lds Iii f;l-e n!;;-~rJ?:s 
were ad,lusted they were left 

,~ .- 
02 e3'ltl.i :cl;.sl;,- 

to avoid difflS:ulties with hy-terisis. 

Tne threading of the ret,,rn beams b7:31!< 
through the nccelerntlns ~cctlon ?,s#-l to be 
done by steering '2oiZ.s on +;!:<z cep,-:rztc y'; r.-, 
sect-ions. These beams ‘;c : 1 rl 1: 9 -,I .‘P ‘1. , .,-7 I. ‘1 
1; h t.5 1.1:ia 3 3 xi s ‘1 c 2 r the E.:i\i7Fl.:c3i+ So 1i.e :1 p - 
t ire se,;tlon by s';eerI.:~~: -,h6m o'-1-o a ~.i~r--S... ,, 
screen plZCCd above the nori>al. ::ra,‘e-:C,orjes 
of the other beams. T:-.e xt ,r~ ~;~rct-.z+~s i-77.i' /u,. 
only vertically for1,::1:.:~ eli.me:yt:: 1 . >"".f i 1 ,; ,- ;.3 "e 
!ICC-i t3 con'rol tl:e vcr:i?a:. tlzr: gf f--i: 
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k’eams . The horizontal aspect of the beams 
are affected or.ly by the linac and some weak 
,3:adr:poles on the iinao axis. 

Althoi,ch we expectEd some difficulty i? 
operating tile 30" bypass for transportlag r;he 
first re'c;zn beam around the cryostai;, the 
beam was reti:r:-.ed co the linac without sig- 
:,ificant Z,:stortion or in'zrease ir, si,ze. 
S I. 2 c e t 3 i 9 bypass was easily managed a seco-d 
temporary 'bypass aro::nd the other side of the 
crvostat xas nade fo? the second retllrn beam 
To-avoid t::e dlfl"ic:ilty of opening p the 
cryostat a.-:d directir:e the beaT throljgh it as 
inilicate3 in Fqg 4 Ai>. . 

It may be :lseE.;l to mention two problems 
which delayed successful attempts at recir- 
~L13tiO.l. The first was due to fliuct-;atior.s 
ir, the er.ergy of the accelerated bea-n which 
7aie i; difficult to control the return beams 
with sufficient accuracy. These fluct:lafions 
xere traced to \lariatio?s in tl-e injection 
e:lersy and t!-:e resultant variations of the 
i?.lection phase into the linac. This dif'fi- 
,1 'ity xas removed when ",he injeci;or voltage 
was mno:-itored by a precision digital volt- 
meter and an additional small power supply 
was installed to provide a fi::e ad.'ustmeEt to 
:he voltage which was tken manually kept to 
xlthin ,?.'?j$ of the desired in,jector voltage. 
The sect:d problem was an irregular shlftinr; 
cf the position of the 2",? keV ir..jected beam 
as sbserbeci on view screens along the beam 
trajectolry. This movement was traced to 
sther E,eO viewscreens which were Zhargin,g up 
~~3 -?,ei'leczlng the electron beam even if they 
tijex r.ot Lntercepting the beam. This ef.'f'e,:t 
';:a~ eliminated by covering the viewscreens 
with a wire mesh. The only :-emaining varia- 
tier'. in beam position is a small 60 HZ 
xodulation which seems to te due to stray 
fields in the region of the electron gun. 

A difficulty which is still not examined 
T:ery well was an obse?ved ii?c:ease of the 
energy spread of the tw:ce accelerated beam. 
P;;rt 05' the energy spread was TounG to be 
xsss:lated with variaiions in the phase 
~?~O"~r~n~e between the -apture section and _ -iA 
;he r;ain accelerating sectloc. For the re- 
m-!-cJ:a-:elj b+av t,tlf? nhase ilfference is about 
:; 1; O 53 lizat 
ritt1e 

the capt.ire secticn contributes 
:o the energy cf the return bearr.. Any 

jitter in the phase relative to the acceler- 
Lit,in;; section, however, resillts In a large 
.-~er,;y jitter _. cf about 15 keV/degree. Part 
of the p:?aee dltter seems to te due to 
f:-oq;cnsy :hn2-;cs In t? e mcapt:;re cectlc- 
,: ;i i se -: by cibrationn 3f the txncr. The 
'-nerzv va?latio:s assozlated with this zitter 
:*:3,;ld te neg:li,zl‘;le ir' the capt>Gre section 
.oa-*.> pl,x& on the in,;cctor 3x1s -ather than ,. _ ̂  - 
3.: tb.2 Iin?c axi::. 

In alditlon to -o-npletlng the six pass 
:;y/~-*,~,,y f ,:;Llrc plans incl;xle the ?eprocec:in~ 
;f r,i!Ibi;m 3i" -,-elerator sections. We expect, 
t? get hi-her C, val:~es wki-h ~111 allow ;on- 
:, ;. .??‘A 3 : < ; ; _ 3ee~at13r. at ensrgy gains of C.!? 
:";~-;/'~oc)f; . ;:e ~31.;:~ pian tc. in~:rease tile 
?n,'e8-;:or erlcr:;y into the linac so as to <I I 1 
13 p I' m t t2 t, he scceleratcr sections in tte p-e- 
L .zr +- c: Y;'O L: tn" ;i s 3 .1 sirl;le section. 

Conclusion 

The supe--ond,Jctlng linac has been oper- 
ating reliably with an energy gain per pass 
of 3 MeV. The beam has been recirculated for 
second and third passes through the linac a?.d 
no major obstacles are expecte3 in e:cten:ling 
the recirculation scheme to six passes. 
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