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DRIFT TUBE QUADRUPOLES* 

A.N. O t i s  and R. Damm 
Brookhaven Nat ional  Laboratory 

Upton, N e w  York 

In t roduct ion  

The 200-MeV proton l i n a c  i n j e c t o r  f o r  t h e  
Brookhaven AGS Conversion w i l l  have a focusing mag- 
n e t  i n  each of i t s  274 d r i f t  tubes .  A development 
program has been under way t o  produce t h e  requi red  
quadrupole magnet designs.  
power prototypes have been f a b r i c a t e d  and t e s t e d .  
It was found t h a t  t h e  pulsed magnet des ign  achieved 
s u b s t a n t i a l l y  higher  g r a d i e n t s  than the  dc powered 
design.  The pulsed magnet des ign  i s  a scaled-down 
v e r s i o n  of t h e  Danby-Jackson narrow quadrupole. 
Measurements of harmonic conten t  have been taken by 
t h e  AGS magnetic measurements group. Thermal tests 
have been conducted and t h e i r  r e s u l t s  a r e  d iscussed .  
A l l  tes ts  were performed on magnets designed t o  f i t  
i n t o  t h e  f i r s t  f u l l  d r i f t  tube of t h e  i n j e c t o r .  

Both dc and pulsed 

Core S e l e c t i o n  

It has  been shown by ChasmanY2 OhnumaY3 and 
G l u c k ~ t e r n , ~  t h a t  t h e  a b i l i t y  of l i n a c  d r i f t  tube 
quadrupole magnets t o  l i m i t  t h e  growth of  t r a n s -  
verse o s c i l l a t i o n s  and of beam emit tance depends 
s t r o n g l y  on t h e  magnitudes of  t h e  quadrupole f i e l d  
g r a d i e n t s  i n  t h e  low energy p o r t i o n  of t h e  acce ler -  
a t o r .  The r a t e  of increase  of t ransverse  o s c i l l a -  
t i o n  amplitude with mean proton energy i s  much less 
f o r  l a r g e  va lues  of quadrupole f i e l d  grad ien t  than 
f o r  r e l a t i v e l y  s m a l l  va lues .  Also, t h e  proton beam 
emit tance grows less r a p i d l y  with energy f o r  t h e  
r e l a t i v e l y  l a r g e  va lues  of quadrupole f i e l d  grad i -  
e n t .  For these  reasons,  a core  design1 charac te r -  
i zed  by good quadrupole f i e l d  q u a l i t y  a t  r e l a t i v e l y  
l a r g e  grad ien ts  has  been s e l e c t e d  f o r  i n s t a l l a t i o n  
i n  t h e  200-MeV l i n a c  d r i f t  tubes .  A ske tch  of t h e  
c r o s s  s e c t i o n  of t h i s  magnet i s  shown i n  F ig .  1. 
The width of t h e  slots between pole  t i p s  i s  t o o  
small  t o  conta in  copper tubing.  With s o l i d  copper 
wire c a r r y i n g  t h e  e x c i t a t i o n  c u r r e n t ,  t h e r e  is  a 
gain i n  packing f a c t o r ,  but  t h e  advantage of being 
a b l e  t o  cool  t h e  copper by flowing w a t e r  through 
tubing  i s  l o s t .  The cores  w i l l  be i n  good thermal  
contac t  with t h e  water-cooled d r i f t  tubes ,  but  t h e  
copper windings are thermally i n s u l a t e d  from t h e  
core.  For t h e s e  reasons,  t h e  magnets cannot be  
energized with d i r e c t  c u r r e n t .  A c u r r e n t  pu lse  
w i t h  a duty f a c t o r  of about 1% is  planned, and t h e  
shape of t h e  pulse  i s  such t h a t  t h e  cores  mst be 
laminated i n  order  t o  impede t h e  flow of eddy cur- 
r e n t s .  

Mechanical Assembly 

The same f a b r i c a t i o n  methods used i n  t h e  pro- 
duc t ion  of t h e  prototype magnets w i l l  be used t o  

* 
Work performed under t h e  auspices  of t h e  U.S. 
Atomic Energy C m i s s i o n .  

produce t h e  f i n a l  quadrupoles. 
d r i f t  tube quadrupole cores  are made of t h r e e  ba- 
s i c  pieces:  two laminated h a l f  cores  and a clamp- 
i n g  r i n g  (see Fig.  2 ) .  The laminat ions used f o r  
pro to types  were machined but t h e  laminations f o r  
f i n i s h e d  quadrupoles w i l l  be stamped from s t r i p  
s tock .  An oxide f in i sh’  i s  appl ied t o  them f o r  
in te r lamina t ion  r e s i s t a n c e .  The laminat ions a r e  
then degreased and sprayed, one s i d e  only,  with a 
laminat ing epoxy r e s i n  and oven d r i e d  a t  125OF 
f o r  e i g h t  hours. Before s tacking ,  the  laminations 
a r e  dipped i n t o  petroleum e t h e r  t o  remove any dus t  
o r  body o i l s  from t h e  bonding sur faces .  The l a m i -  
n a t i o n s  a r e  then s tacked ,  spring-loaded aga ins t  
t h e  mandrel, and t h e  epoxy r e s i n  i s  cured a t  320”F 
f o r  t h r e e  hours .  Next, the  stacked ha l f -cores  a r e  
soaked i n  an epoxy vapor s t r i p p e r  t o  remove any 
excess  r e s i n  which flows out  of t h e  j o i n t s  during 
t h e  curing cycle .  The ha l f -cores  a r e  then masked 
(OD, pole  t i p s  and b u t t  a r e a ) ,  heated t o  300°F f o r  
t h e  f l u i d i z e d  bed a p p l i c a t i o n  of t h e  co i l - to-core  
epoxy i n s u l a t i o n .  

The low energy 

The c o i l s  are wound us ing  12 gauge (0.081 i n  
diam) s o l i d  copper wire  with heavy formvar insu la-  
t i o n .  Spec ia l  bobbins have been developed and a r e  
motorized. The f i n i s h e d  c o i l s  are wound i n  two 
l a y e r s  with no e x t r a  i n s u l a t i o n  between t u r n s  o r  
l a y e r s .  Af te r  t h e  c o i l s  a r e  wound, they a r e  coat-  
ed w i t h  a quick-curing epoxy and are not removed 
from t h e  bobbin u n t i l  the  r e s i n  is  cured. This 
i n s u r e s  t h a t  the  c o i l s  w i l l  r e t a i n  t h e i r  shape 
a f t e r  removal from t h e  bobbin. The c o i l s  a r e  then 
inspec ted  f o r  breaks i n  the  i n s u l a t i o n ,  leads 
trimmed, and t h e i r  r e s i s t a n c e  and inductance mea- 
sured and recorded. Coi l s  f o r  a p a r t i c u l a r  quadru- 
pole  a r e  matched f o r  r e s i s t a n c e  and inductance i n  
order  t o  i n s u r e  symmetry. The c o i l s  a r e  then 
placed on t h e  ha l f -cores  and t h e  heated clamping 
r i n g  i s  placed around t h e  ha lves  f o r  a shr ink  f i t .  
The c o i l s  are then connected and t h e  assembly i s  
made ready f o r  t h e  p o t t i n g  process .  The quadru- 
poles  are vacuum-potted with a high thermal con- 
d u c t i v i t y  epoxy r e s i n  system. 

Current Pulse Generator 

It would seem t h a t  a good choice f o r  t h e  
shape of t h e  e x c i t a t i o n  cur ren t  pu lse  would be a 
t rapezoid.  
sen such t h a t  t h e  c o i l  vo l tage  i s  a comfortable 
margin below coi l - to-core  i n s u l a t i o n  breakdown. 
The t o p  of t h e  pulse  could be held a s  f l a t  a s  i s  
necessary.  A disadvantage of t h i s  wave shape i s  
t h a t  a combination of f a u l t s  might occur which 
would r e s u l t  i n  f a i l u r e  of t h e  pulse  t o  s top  ris- 
i n g  at t h e  top  of  t h e  t rapezoid.  
rent flow f o r  an appreciable  t i m e  i n t e r v a l  i s  
poss ib le .  
cons idera t ion  i n  t h i s  system because t h e  process  

The r i s e  and f a l l  t i m e s  could be cho- 

Excessive cur- 

Pro tec t ion  of t h e  magnets i s  a primary 
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of rep lac ing  one of them a f t e r  it has been sea led  
up i n  a d r i f t  tube  is  extremely c o s t l y  i n  terms of 
downtime. Therefore ,  a t t e n t i o n  has  been concen- 
t r a t e d  on a type of pu lse  generator  which does not  
need t o  contain a power source o r  an energy source 
of s u f f i c i e n t  magnitude t o  damage a magnet. A 
charged capac i tor  bank i s  switched across  t h e  mag- 
n e t  winding with an SCR, and t h e  LC c i r c u i t  formed 
i n  t h i s  way goes through one-half cyc le  of o s c i l -  
l a t i o n .  
bank becomes s tored  i n  t h e  quadrupole f i e l d  one- 
q u a r t e r  cyc le  a f t e r  c l o s i n g  t h e  switch,  and t h e  
c l o s u r e  i s  timed such t h a t  t h e  peak of  t h e  cur ren t  
pulse i s  coincident  with t h e  c e n t e r  of t h e  l i n a c  
beam pulse .  The pulse  width, o r  resonant  frequen- 
cy, i s  determined by t h e  maximum al lowable var ia -  
t i o n  of magnetic f i e l d  dur ing  t h e  t i m e  t h a t  t h e  
beam i s  present .  
expected of t h i s  i n j e c t o r  is 200 ps. 
choice of pu lse  width i s  2.25 m s ,  which r e s u l t s  i n  
a v a r i a t i o n  of p l u s  and minus 1% about t h e  mean 
magnetic f i e l d  level dur ing  a 200 ps t i m e  i n t e r v a l  
centered a t  the  peak of t h e  pulse .  A c i r c u i t  capa- 
b l e  of genera t ing  t h i s  pu lse  shape a t  10 pulses  per 
second and of s u f f i c i e n t  amplitude t o  s a t u r a t e  t h e  
core  has  been designed and b u i l t .  The important 
c i r c u i t  d e t a i l s  are similar t o  those  of a system 
developed by Larson6 and are n o t  repeated here .  

Most of t h e  energy s tored  i n  t h e  c a p a c i t o r  

The maximum pulse  width p r e s e n t l y  
A t e n t a t i v e  

Techniques f o r  f l a t t e n i n g  t h e  top  of t h e  s inus-  
o i d a l  cur ren t  pu lse  are being explored so t h a t  a 
h igher  degree of f l a t n e s s  dur ing  t h e  l i n a c  pulse  can 
be achieved without increas ing  o v e r - a l l  pu lse  width. 

Thermal Tests 

Thermal tes ts  have been performed on prototype 
magnets. 
water-cooled j a c k e t  (maintained a t  75OF) t o  simu- 
l a te  t h e  cool ing condi t ions  of a quadrupole mounted 
i n  a d r i f t  tube. The present  design of the d r i f t  
tube  body incorpora tes  a cool ing channel brazed in-  
t o  t h e  body. 
cooled by t h e  same coolant .  The quadrupole depends 
upon h e a t  conduction across  i t s  l o c a t i n g  s u r f a c e s  
f o r  i t s  cool ing.  Dc power was d i s s i p a t e d  i n  t h e  
magnet c o i l s  and t h e  change of c o i l  r e s i s t a n c e  as a 
func t ion  of d i s s i p a t e d  power was measured. The 
change i n  c o i l  temperature was then c a l c u l a t e d .  
F igure  3 shows t h e  r e s u l t s .  In t h e  s h o r t  d r i f t  
tubes  at t h e  l o w  energy end of t h e  l i n a c ,  where 
l a r g e  grad ien ts  are requi red ,  and where t h e  l e a s t  
cool ing  area i s  a v a i l a b l e ,  30 W i s  expected t o  be 
d i s s i p a t e d  per magnet. This  corresponds to a cop- 
per  c o i l  temperature of 869, which i s  w e l l  below 
t h e  l i m i t s  of m a t e r i a l s  used i n  t h e  f a b r i c a t i o n  of 
t h e  assembled quadrupoles. 
tube  quadrupoles w i l l  r e q u i r e  lower magnetic f i e l d  
g r a d i e n t s ,  thus  lower d i s s i p a t e d  power l e v e l s ,  and 
w i l l  have l a r g e r  a reas  a v a i l a b l e  f o r  cool ing  sur -  
f a c e s .  

The assembled magnets were placed i n  a 

The d r i f t  tube and quadrupole are 

Higher energy d r i f t  

F i e l d  Measurements 

Since some of t h e  magnets are t o  be used a t  or  
near  t h e  h ighes t  g r a d i e n t s  they a r e  capable  of pro- 
v id ing ,  t h e  degree of degrada t ion  of quadrupole 
f i e l d  q u a l i t y  a t  high gradien ts  i s  of i n t e r e s t .  

The harmonic content7 a s  measured wi th  a search 
c o i l  long enough t o  i n t e r c e p t  the f u l l  length of 
t h e  f r i n g e  f i e l d  i s  taken as a measure of quadru- 
pole  f i e l d  q u a l i t y .  Prel iminary measurements 
have shown t h a t  the higher  harmonics a r e  a l l  less 
than one-half of one percent  of the quadrupole 
component, a t  least up t o  grad ien ts  of 6000 G/cm 
(Fig. 1). These measurements were made a t  a r a d i -  
us  equal  t o  80% of t h e  d i s t a n c e  from a x i s  t o  pole  
t i p .  This study i s  t o  be continued a t  higher  gra-  
d i e n t s .  

Another s u b j e c t  t o  be inves t iga ted  i s  t h e  
e f f e c t s  of t h e  flow of eddy c u r r e n t s  i n  t h e  lam- 
ina ted  pole  t i p s .  The choices  of cur ren t  pu lse  
shape 
enced 

l ines 

and of laminat ion th ickness  may be i n f l u -  
by t h e  r e s u l t s  of t h i s  s tudy.  

Other f i e l d  measurements t o  be made a r e :  

(1) 
p a r a l l e l  t o  t h e  a x i s ,  as i n  Fig. 4 .  

(2) 

2 as a func t ion  of displacement along 

(aB,)/(ax) dz as measured with a 
long c o i l ,  pos i t foned  a t  known r a d i i ,  

(3) 2 v s .  ampere-turns a t  var ious  poin ts  
i n  t h e  f i e l d ,  as i n  Fig. 5. 

(4) Forces between magnets i n  neighboring 
d r i f t  tubes .  

(5) P o s i t i o n  of t h e  c e n t e r  of t h e  quadru- 
pole  f i e l d  with r e s p e c t  t o  t h e  geometric c e n t e r  of 
t h e  magnet. 

The overlapping f r i n g e  f i e l d s  of neighboring 
magnets are t o  be explored wi th  small c o i l s  and 
with s m a l l  H a l l  c r y s t a l s .  

The measurements wi th  search  c o i l s  a r e  made 
by i n t e g r a t i n g  t h e  v o l t a g e  which t h e  pulsed f i e l d  
induces i n  t h e  c o i l .  
t o r  i s  t h e  f l u x  i n t e r c e p t e d  by the area  of t h e  
c o i l ,  o r  t h e  average f l u x  d e n s i t y  i n  t h e  region 
enclosed by t h e  c o i l .  

The output  of t h e  in tegra-  

Ac knowledment s 

The des igners  of t h e  magnet's core  (G. Danby 
and J. Jackson) supervised t h e  work reported i n  
F ig .  1 which led  t o  t h e  s e l e c t i o n  of  optimum s l o t  
widths .  Most of the magnetic measurements have 
been done by 3. Weisenbloom. W. Rasmussen's s k i l l  
i n  winding long search c o i l s  with hundreds of 
t u r n s  of No. 50 gauge w i r e  has  made poss ib le  t h e  
s i x t h  harmonic content  measurements of Fig.  1. 
Suggest ions o f f e r e d  by R. Larson, J. B i t t n e r ,  
J .  Sheehan and many o t h e r s  a r e  g r a t e f u l l y  acknowl- 
edged. 
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Fig. 1. Sixth harmonic content vs. slot width. 
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Fig. 2. Magnet components. 

I COPPER TEMPERATURE VS DISSIPATED POWER 
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Fig. 3. Copper temperature vs. dissipated power. 
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B VS 2 MEASURED S n m  FROM 
POLE TIP FACE 

i - I" 
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SATURATION CHARACTERISTIC BENEATH FACE 
OF POLE TIP 

14 

N i 22 TURNS/ POLE 

Fig. 5.  Pole tip saturation. 

Fig. 4. B v s .  z. 
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