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A b s t r a c t 

A d e s c r i p t i o n i s g iven of a s e t - u p f o r s t u d y i n g e l e c t r o n c o o l i n g : 
t h e NAP-M p r o t o n s t o r a g e r i n g f o r e n e r g i e s up t o 150 MeV. 
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To carry out experiments on electron cooling/1/ a proton 
storage ring has been constructed at the Institute of Nuclear Physics 
(Siberian Division of the USSR Academy of Sciences), referred to as 
model N A P / 2 / , with the following design parameters: 

Accelerated particle energy Up to 150 MeV 
Injection energy 1.5 MeV 
Curvature radius 3 m 
Length of straight sections 7.1 m 
Betatron oscillation frequency QZ - 1.4 

1.2 
Factor of spatial packing of the orbits α - 0.8 
Transition energy 110 MeV 
Deflection magnet aperture Δz - 7 cm 

Δ r - 10 cm 
Guide field stability ΔB/B _ 1.10-4 
Number of straight sections 4 
Number of magnets 4 

Accelerating voltage frequency 

At injection 0.36 MHz 
At energy of 65 MeV 2.23 MHz 
Accelerating voltage 10 V 

The design work on the set-up and the production of individual 
assemblies were started in November 1971. In September 1973 operation 
commenced with a circulating beam. Up to April 1974, research was 
conducted into the proton beam and the storage ring's characteristics, 
and the final touches were put to the rf-system and computer control 
system. In May 1974 work commenced with two beams. 

The magnetic system of the accelerator contains four deflection 
magnets with a zero gradient and edge focusing (with a geometric 
angle of cut-off tg θ = 0.579) and eight correction elements located 
at the ends of the straight sections. The magnets are of the non-laminated 
type, made from Armco iron and have a O-shaped profile. 
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The magnet supp ly i s p rov ided by a dc g e n e r a t o r wi th a s t a b i l i z i n g 
system p r o v i d i n g a f i e l d s t a b i l i t y not worse t h a n 1 x 10-4 i n t h e 
o p e r a t i n g range of 0 .5 - 6 kA. At t h e same t i m e , t h e s t a b i l i z a t i o n 
system serves to control the magnetic field (by means of a reference 
voltage). 

The c o r r e c t i n g e l emen t s c o n t a i n d i p o l e , quadrupo le and sextupole w i n d i n g s . 
The quadrupo le wind ings a r e used f o r t u n i n g t h e b e t a t r o n o s c i l l a t i o n f r e q u e n c i e s t o w i t h i n ± 0 .05 t h r o u g h o u t t h e 

whole v a r i a t i o n range of t h e gu ide f i e l d . The d i p o l e magnets produce 
c o r r e c t i n g f i e l d s up t o 100 G, and h - z o r b i t c o r r e c t i o n can t h u s 
be a c h i e v e d . Apar t from t h e c o r r e c t i n g e l emen t s a t t h e i n j e c t i o n 
energy t h e r e a r e c o i l s f o r o r b i t c o r r e c t i o n , which p r o v i d e a means 
of v a r y i n g t h e gu ide f i e l d i n d e p e n d e n t l y i n t h e q u a d r a n t s t o w i t h i n ± 10-3. 

One of t h e s t r a i g h t s e c t i o n s c o n t a i n s t h e e l e c t r o n beam s e t - u p d e s c r i b e d i n / 3 / : 

Length of c o o l i n g s e c t i o n 1 m 
E l e c t r o n energy Up t o 100 KeV 
E l e c t r o n c u r r e n t up t o 1 A 
R e l a t i v e t r a n s v e r s e e l e c t r o n v e l o c i t y 5 × 10-3 

Energy s t a b i l i t y 1 × 10-4 

Accompanying l o n g i t u d i n a l magne t i c f i e l d 1 kG 

The s e t - u p p r o v i d e s f o r t h e r e c o v e r y of e l e c t r o n ene rgy , so 
t h a t t h e power used by t h e h i g h - v o l t a g e s o u r c e s i s no t g r e a t e r t h a n 
2 kW. Shaping of a beam with sma l l t r a n s v e r s e e l e c t r o n v e l o c i t i e s 
is achieved by means of a 3-electrode gun inserted in the longitudinal 
magnetic field/4/. The system of correcting coils provides a 
means f o r c o n t r o l l i n g t h e p o s i t i o n of t h e e l e c t r o n beam i n t h e 
cooling section, which is necessary for accurate impingement of both 
beams. 
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The p r o t o n i n j e c t o r used i s a pu l s ed e l e c t r o s t a t i c a c c e l e r a t o r 
wi th an energy of up t o 1.5 MeV: = 4 m i c r o s e c o n d s , I =1 mA. 
S i n g l e t u r n i n j e c t i o n i s u s e d , and t h e p a r t i c l e s a r e fed i n v e r t i c a l l y 
wi th an a n g l e of 3°30 ' by means of a p u l s e d e l e c t r o s t a t i c i n f l e c t o r . 

The b a k e a b l e vacuum chamber i s made of s t a i n l e s s s t e e l . I t s 
d e s i g n i s such t h a t chamber b a k e - o u t can be e f f e c t e d wi thou t dismantling t h e magne t s . 

The h e a t i n g t e m p e r a t u r e i s up t o 300° C. The vacuum i s produced by 10 m a g n e t i c - d i s c h a r g e pumps wi th 
an o u t p u t of 300 l / s e c and s o r p t i o n pumps wi th t i t a n i u m s p u t t e r i n g p r o v i d i n g a 

vacuum i n t h e main p a r t of t h e s t o r a g e r i n g of 5 x 10-11 t o r r . The 
i n j e c t o r a c c e l e r a t i n g t u b e , which i s c h a r a c t e r i z e d by a p r e s s u r e of 
t h e o r d e r of 10-6 t o r r , i s connec ted t o t h e s t o r a g e r i n g by a channe l 
i n which d i f f e r e n t i a l pumping t a k e s p l a c e , t h u s b r i n g i n g t h e p r e s s u r e 
down by f o u r o r d e r s of magn i tude . 

The vacuum i n t h e e l e c t r o n beam i n s t a l l a t i o n i s p rov ided by 
two m a g n e t i c - d i s c h a r g e pumps wi th an o u t p u t of 150 and 300 l / s e c 
and two s o r p t i o n pumps. In a d d i t i o n , t h e r e a r e m a g n e t i c - d i s c h a r g e 
pumps d i s t r i b u t e d a l o n g t h e e l e c t r o n - o p t i c a l t r a c k , o p e r a t i n g i n t h e 
i n s t a l l a t i o n ' s own f i e l d . U n f o r t u n a t e l y , i f t h e e l e c t r o n beam i s 
switched on when the distributed pumps are operating, it has been 
found that there is a rapid decay of the proton beam /5/. Consequently the 
experiments for electron cooling had to be carried out when 
t h e d i s t r i b u t e d pumps were s w i t c h e d of f . When t h e r e i s no e l e c t r o n 
beam and t h e d i s t r i b u t e d pumps a r e swi tched o f f , t h e p r e s s u r e a t t h e 
mee t ing r e g i o n i s of t h e o r d e r of 1 - 2 x 10-8 t o r r . I n j e c t i o n of t h e e l e c t r o n beam l e a d s t o d e t e r i o r a t i o n of 
the vacuum at themeeting region by an order of magnitude which determines a meanvalue of the vacuum 
around the ring of 2 x 10-9 torr. 

The accelerating system of the storage ring consists of a 
m a s t e r o s c i l l a t o r , a power a m p l i f i e r and a c a v i t y . A b lock d iagram 
of t h e r f - s y s t e m i s shown i n f i g u r e 2 . The c o n t r o l l i n g e lement f o r 
v a r y i n g l i n e a r l y t h e o s c i l l a t o r ' s f r equency i s a H a l l e f f e c t 
detector Β (t). To compensate for the delay of this signal in the 
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control circuits use is made of the voltage from a coil (t). 

P r e c i s e t u n i n g of t h e f requency i s c a r r i e d out by means of t h e beam 
c o o r d i n a t e . The feedback c i r c u i t t h r o u g h t h e d i f f e r e n t i a l p i c k - u p 
e l e c t r o d e c o n t a i n s an i n t e g r a t i n g a m p l i f i e r and s u p p r e s s e s t h e 
" e r r o r s " i n the c o o r d i n a t e by k 16000 t imes a t a ze ro f r equency 
and by k 40 t i m e s a t f r e q u e n c i e s of 1 - 50 Hz. Rapid phase 
f r equency t u n i n g i s o b t a i n e d by a second f e e d - b a c k c i r c u i t t h r o u g h 
an integral pick-up electrode. Use of the feed-back lowers the requirements 
imposed on the background level and on the stability of 
t h e magne t i c f i e l d and of t h e r f - s y s t e m by k t i m e s . The f e e d - b a c k 
system operates satisfactorily at currents of more than 30 microamperes at the injection energy. 

The o p e r a t i o n a l c y c l e i s c o n t r o l l e d by an "Odra-1304" computer . 
The o p e r a t i o n a l cyc l e has t h e f o l l o w i n g a p p e a r a n c e . P r o t o n s a r e 
i n j e c t e d i n t o a r i s i n g magne t i c f i e l d . The moment of i n j e c t i o n i s 
synch ron i zed by t h e l e v e l of t h e f i e l d from a YaMR d e t e c t o r wi th an 
a c c u r a c y of ΔB / B 10-4. The p a t t e r n of c u r r e n t r i s e i n t h e 
magnets and c o r r e c t i n g e l emen t s i s c o n t r o l l e d by t h e computer and i s 
de t e rmined by a t a b u l a t i o n p r e v i o u s l y i n s e r t e d i n t h e o p e r a t i n g 
memory of t h e machine . When t h e f i e l d l e v e l s out i n t o a p l a t e a u , t h e 
r f - f r e q u e n c y i s swi tched of f , t h e l o n g i t u d i n a l magne t i c f i e l d i s 
swi tched on a s w e l l a s t h e f a s t ( e l e c t r o n ) h e a t i n g of t h e beam ca thode 
i n t h e e l e c t r o n beam i n s t a l l a t i o n ; t h e c o o l i n g p r o c e s s t h e n b e g i n s . 
During t h i s t ime t h e computer i s used f o r p r o c e s s i n g t h e e x p e r i m e n t a l 
r e s u l t s . 

Normal ly , t h e t ime r e q u i r e d f o r a c c e l e r a t i n g t o an energy of 
t h e o r d e r of 100 MeV i s about 30 s e c o n d s , t h e f i e l d r i s e t ime 
i n c r e a s i n g t w i c e a s energy i s a c q u i r e d by t h e p r o t o n . The i n i t i a l 
r a t e of t h e r i s e - 150 G/sec - i s a p p a r e n t l y l i m i t e d by t h e l a g g i n g 
of t h e f i e l d behind t h e c u r r e n t owing t o i n d u c t i o n p r o c e s s e s i n t h e 
i r o n . Measurements have shown t h a t t h e l a g v a r i e s wi th t h e d e r i v a t i v e 
of t h e f i e l d i n acco rdance wi th Δ6B(G)=4 X 10-2 ( G / s e c ) . 
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The beam position is controlled by ten aperture probes and by-eight pick-up stations. 
The aperture probes are used simultaneously 
f o r o b s e r v i n g t h e d imens ions and p o s i t i o n of the beam d u r i n g the 
f i r s t r e v o l u t i o n ; f o r t h i s , t h e y a r e equipped wi th p l a t e s coa t ed with 
a l u m i n e s c e n t m a t e r i a l . O b s e r v a t i o n i s e f f e c t e d from a d i s t a n c e by 
t e l e v i s i o n cameras . The p i c k - u p s t a t i o n s a r e connec ted by t h e g e n e r a l 
e l e c t r o n i c system f o r d a t a p r o c e s s i n g and t h e o r b i t p r o f i l e i s displayed on an o s c i l l o g r a p h s c r e e n . 

For measur ing t h e t r a n s v e r s e d imens ions of t h e a c c e l e r a t e d 
( c o o l e d ) beam, a p a r t i c l e decay method i s u s e d . The r a d i a l d imension 
i s measured by an a p e r t u r e probe which i n t e r s e c t s wi th t h e p r o t o n 
beam, and the protons scattered on its edge are recorded by a scintillation 
counter at the other end of the section (/5/ figure 4). 
The vertical dimension is measured by an aperture probe with a scintillation 
counter which intersects the proton beam vertically. The 
s i g n a l from t h e c o u n t e r p r o v i d e s an e s t i m a t e of t h e d imens ions and 
p o s i t i o n of t h e beam's c e n t r e of g r a v i t y . The method h a s now been 
improved: a dev i ce i s b e i n g produced which e n a b l e s i n t e r s e c t i o n of 
t h e beam by a 1-micron d i a m e t e r q u a r t z f i l a m e n t a t a speed of approximately 7 m / s e c . 

The c o o l i n g p r o c e s s i s accompanied by t h e f o r m a t i o n of n e u t r a l 
atoms of hydrogen as a r e s u l t of p r o t o n and e l e c t r o n r e - c o m b i n a t i o n 
i n t h e i n t e r a c t i n g beams. These atoms ( n e u t r a l ) which have t h e ene rgy 
of p r o t o n s , a r e e j e c t e d th rough a s p e c i a l window i n t h e vacuum chamber 

( w a l l t h i c k n e s s 0 .2 mm) and r e c o r d e d by a t e l e s c o p e wi th scintillation and 
Geiger counters. This method is used for adjusting the 
cooling rate/5/. For measuring the spatial distribution of the 
n e u t r a l s t h e Geiger c o u n t e r s a r e r e p l a c e d by p r o p o r t i o n a l c o u n t e r s . 
The proton current is measured in several ways: by a Rogowski 
loop, an integral pick-up electrode, a magnetometer and also by 
s p i l l i n g t h e beam on t o a probe p l a t e . 
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The p a r a m e t e r s of t h e magne t ic sys tem were i n v e s t i g a t e d by t h e 
behaviour of the beam in the storage ring. Measurement of the betatron 
frequencies with the well-known method of resonance build-up 
p rov ided t h e f o l l o w i n g v a l u e s a t t h e optimum l i f e - t i m e Qh = 1 .3 , 
QX = 1 . 2 3 ; t h e measurements (∂h/∂ws ) and (∂ws/∂b)E enab led 
a d e t e r m i n a t i o n of t h e v a l u e α = 0 . 8 , w h i c h c o r r e s p o n d s wi th t h e 
t r a n s i t i o n energy of 110 MeV. The c o u p l i n g of r a d i a l and v e r t i c a l 
b e t a t r o n o s c i l l a t i o n s proved to be u n e x p e c t e d l y h i g h . 

The f o l l o w i n g v a l u e s were o b t a i n e d : p r o t o n beam l i f e - t i m e 
(when r f - s y s t e m was swi t ched o f f ) : up t o 7 seconds a t t h e i n j e c t i o n 
e n e r g y , and up t o 600 seconds a t an ene rgy of 65 MeV; p r o t o n c u r r e n t : 
up t o 120 mic ro-amperes (3 x 108 p a r t i c l e s ) , which opens up t h e way 
f o r expe r imen t s on e l e c t r o n c o o l i n g . 
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F i g . 1 . Layout of NAP-M p r o t o n s t o r a g e r i n g . 

1 . Magnets 
2 . E l e c t r o n beam i n s t a l l a t i o n 
3 . C o r r e c t i n g magnet 
4 . Probe wi th s c i n t i l l a t i o n c o u n t e r 
5 . Magnesium j e t 
6 . Vacuum v a l v e s 
7. Magnetometer 
8 . C a v i t y 
9 . D e f l e c t o r 

10 . I n f l e c t o r 
1 1 . I n l e t magnet 
12 . P i c k - u p s t a t i o n 
1 3 . Octupole l e n s 
14 . Quadrupole l e n s 
1 5 . T e l e v i s i o n camera 
16. A p e r t u r e probe 
17 . I n j e c t i o n channe l 
18 . Rogowski loop 
1 9 . Geode t i c mark 
20 . N e u t r a l c o u n t e r s 



F i g . 2 . Block d iagram of t h e r f - s y s t e m 

1 . D i f f e r e n t i a l p i c k - u p e l e c t r o d e 
2 . Coord ina t e 
3 . I n t e g r a l p i c k - u p e l e c t r o d e 
4. Phase d e t e c t o r 
5 . D i v i d e r 1/10 
6 . R e s o n a t o r 
7 . Ha l l e f f e c t d e t e c t o r 
8 . Summator 
9 . Coi l 

1 0 . Heterodyne f r equency 
1 1 . O s c i l l a t o r 1 20-23 MHz 
12 . Mixer 
1 3 . Power a m p l i f i e r 
1 4 . O s c i l l a t o r 2 20 MHz ± Δ 
15 . O s c i l l a t o r 20,0045 MHz 
16 . Mixer 
17 . Phase d e t e c t o r 
18 . Acous t i c s i g n a l 


