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ft. Main, L. Smith, and J . Staples 
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ABSTRACT 

Vert ica l and longitudinal cooling has been achieved a t the FML 
200 HeV cooling r i n g . I n i t i a l longitudinal cooling times of 20 
seconds for I . S t 10° c i rculat ing protons are in approximate 
agreement with calculations based on measured system parameters. 
The cooling systems have an electronic bandwidth of - 300 HH2, 
t rave l l ing wave pickups and kickers and a notch f i l t e r using 
f l e x i b l e cable. The TV structures provide a good slgnal- to-noise 
r a t i o and reduce output power requirements. 

Experiments in stochastic cooling of protons have been carr ied out 11 ts*e ?00 **eV 
"cooler" ring at Fermi lab. * ' ' Both the longitudinal momentum spread a*d the 
ver t ica l beam emittance have been reduced in experiments Intended to develop ers-jipnent 
and expertise in the technique. 

The location of bean pickup and kick*r electrodes In the r ing is shown fit Figure i . 
The 3.75 m long ver t ica l pickup Is in a long stra ight section and the ver t i ca l kicker is 
downstream 3 i /4 radians in betatron phase advance. The longitudinal electrodes are one 
long dispersion-free stra ight section. The 200 HeV beam of 1.5 « 10r prctons has a 
revolution frequency of l.?6 MHz, a momentum \frequency) width of 0.J? percent (0 .13 
percent) , and an unnormaliied ver t i ca l eaittance of 2* 1 10 rad-mu 

PICKUP AND KICKER ELECTRODES 

Al l bean electrodes are traveling-wave structures. As these electrodes must c* 
vacuum bakeable to above 300 c C, we chose for reduced complexity and cost , and bet ter 
performance, the single traveling-wave structure rather tn**i an array of short gaps with 
external signal-adding networks. 

\ t 

t ' V . v j . m M -

Fig. 1: Layout OT cooling systeos in the -ooling ring. 

*) This work was supported by the Director, Office of Energy Research, Office of High 
Energy and Nuclear Physics, High Energy Physics Division of the U.S. Department of Energy 
under Contract No. H-7405-ENG-*8. 
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The longitudinal pickup is a 1.75 • I ig tri filar helii wound with 2.7 H*-d;ameter 
stainless steel wire. The pitch of the '.6 cm diameter helfx is chosen so the wave 
velocity matches the beam velocity, a . 0.566. Mounted fn a U.9 cm vacuum pipe, its 
transmission line impedance Z, is about 60 ohms. The downstream end 1s connected 
directly to the 50-ohm input of a low-noise preamplifier. The upstream termtaftion 
impedance is a free parameter to the extent that reflections of the snail upstream 
signals are tolerable. Me used a 50-ohm resistor, but this could be refrigerated or 
shorted to improve the ratio of signal to noise. 

In the frequency range well below cutoff the voltage response of the pickup of 
length / to beam current variations I( w) is 

» U , . *f't«> . (1 ) 

Equation 1 shows the des i rab le fea tu re of traveling-wave pickups that output power 
increases as the square of l eng th , w i thou t the complexity of adder networks. Also the 
output is the tttne d e r i v a t i v e of beam current s i g n a l , hence output power is proportional 
to w . Thus the i i g n a l - t o - n o i » e r a t i o i s poar at low frequency and improves at high 
f requency. We have not yet optimized tne frequency response of our system to take 
^Ovaitage of t h i s f a c t , with a preanp noise fac tor , SP, of ? db and back-terminated 
pickup, the noise power dens i t y 10 ' k t i s 6.SO * 10 watt /Hz. The ScnolUy 
<,iqm 1 power dens i ty is 

INTERMEDIATE AMPLIFIER POWER AMPLIFIER KICKER 

F i g . 2 : E l e c t r i c a l c o n f i g u r a t i o n nf the l o n g i t u d i n a l systeci. 



The vertical pickup 
lartiaily withdrawn 
from the vacuus chauber 
is shown with a temporary 
central support strut. 

F19. 1: Relative Jonentunn spread 
versus t'-aie for two values 
of grain 

for beam intensity N • 2 x 10 protons in the Feraflab coo'er ring. This gives a local 
signal-to-noise power ratio of 0.M at 250 Wiz, in reasonable agreement with an ob*erv 
value cf 0.13 allowing for uncertainty in the bean intensity. 

The 3.75 m long vertical pickup is a traveling-wave structure consisting of iwt) 
ladder lines placed symmetrically around the bean (Fig 3J. Arched cross pieces of 0.13 
ran nickel sheet are supported on O.Sl mt dia. tungsten wires. Sag of the lines is 
limited to 0.3 ran by 40 kG tension in each wire and a single support at center span. Th< 
differential signal wave impedance is 100 ohms; this is matched to the SO-ohtn 

For 2 * 10 protons in the ring the Schottn* preamplifier by a balun transformei. 
•signal wjwer density shtn^U tie *.Sfl » YS'1'* fc naXXf^r. arm at ?SO «*z t*»e ratio o* 
signal to noise power density should be 0.043. Observed values for these two Quant'tie 
agree within 30i. This agreement aay be partially coincidental as the Schottky pow?*' 
spectrum showed an unexplained Modulation with 2$ Wz periodicity. Such a periodicu/ 
could arise from electrical reflections or from the cell structure of the lines, bi/t 
electrical measurements have failed to give a quantitative explanation. 

The kickers are of similar construction to the pickups but with differences 
appropriate to the beam dimensions and available space. 

F.LECTR0NICS 
_3 The wide-band amplifier systera is shown in figure 7. The vertical and 

longitudinal systems use commercially available solid state aisplifiers and are tie sa^ 
except for paired output amplifiers to drive the vertical kicker, and the addition of a 
notch filter, band pass filters, and more delay in the longitudinal system. The vertical 
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system time delay fron pickup to dicker mist be 137 nsec. Of t h i s . 82 nsec is in cables 
and 55 nsec in c i r c u i t r y . The 35-watt output ampl i f ier delay is 32 nsec ami is * s * t in 
gain from 10 KHr to 300 ttfz. However, the phase lag is « " a t 250 MHz and Increases 
rapidly above that frequency. The preamplifier responds to 500 HHz and as used with an 
input coaxial switch has a noise f igure of 2 dB. Overall act ive gain of the system is 
?39 dB ( longitudinal) with typ ica l ly 120 dB net e l e c t r i c a l ga in . 

The longitudinal notch f i l t e r is a shorted 118 ra cable of 7/8-inch Andrews 

air - insulated Heliax wound on a large soool witn a remotely-variable delay between the 
cable and the shorted end. To offset losses of the Helta* a compensation network similar 

a. t to one devised at CEHN is used. Thi* network, supplied by collaborators from Argonne 

National Laboratory, improves the notch depth at ?83> Hmr from 18 08 to 3? (S3. 

EXPERIMENTAL RESULTS 

Momentum cooling >t high gain produced a best 1/e cooling t ine of 53 seconds; a" 
example with ?1 seconds is shown in rtgure 4 . The i n i t i a l nofflentuffl spread of 0.?? was 
reduced to 0.03 with about a watts of cower into the k icker . With 7 d3 less g a n , the 
cooling time increased to 50 seconds and f 'nat aomentum spread was 0.018 Cor O.OH In 
frequency) (F ig . 5 } . He hj«e indications that a primary factor determining the l imit ing 
width is r iople in the storage r ing guide f i e l d magnets caused mainly by ltn*» voltage 
variations from tne 8 6eV booster synchrotron operation. 

Stochastic acceleration with the notch f i l t e« -enoved provides information en l n * 
system time delay, gain, and frequency response. Uie can also observe acceleration m 
the co-nc'tete system by displacing the notch frequency af ter tne beao is cooled. The 
acceleration rate of the narrowed bean to*ara the ne» notcti frequency is t«e noiseless 
cooling r j t e . This observed rate agrees well with numerical predictions. 

vomentjro cooling without a nctch f i l t e r was also observer. By selecting a ticw delay 

at which the stochastic acceleration passes steep'y through a n u l l , the oeara wil? coo) 
"oward thar. null (or heat away froo i t if po lar i ty is reversed). The cooling rales are 
slower and the data has -̂ ot yet been analyzed. 

Fig. D: Longituainal Schotti-y scans before and ar ter cooling sncwirio a "actor o' 
13 reduction in nonentun width. 
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Cooling in the vertical direction has just been achieved and observations are very 

limited. The tine to reduce the vertical width by a factor of two (a facto.' of four in 
emittance) Is approximately 20 seconds. This is observed on a profile Monitor5 

detecting the ionization of background gas. The normalized gain function g is about 0.01 
in this case and power to the kicker is in the milliwatt range. 

An incidental result of vertical coolieg is a dramatic increase in the lifetime of 
the circulating beam. The uncooled beam lifetime, typically of the order of one minute 
(e-folding time), increased by 1-2 orders of magnitude with cooling. One oust note that 
this occurrs with no direct radial cooling. There 1s no monitor for radial beam width* 
but one night conclude that vertical-radial coupling is reducing radial losses. 

A computer code using the Fokker-Planck equation has been written at L8L. This code 
includes many of the frequency-dependent characteristics of the electronic systems used. 
The code permits the notch filter to be accurately modelled, including the effects of 
notch frequency dispersion with harmonic number, and losses. Realistic simulation of Hie 
system gain and phase errors is included. The code provides numerical predictions and is 
being used to guide us in understanding and upgrading the systems. 

CONCLUSION 

It tvas notable that cooling was obtained with only minor adjustments after 
installation of the two systems. This was possible even though the apparatus was 
designed for operation with abc^L ten times greater beam intensity, a circumstance that 
limited observations and performance. The traveling-wave pickuos have provided a sienal 
power many times that possible with an array of discrete pickups occupying the same pain 
length. The electronic systems have been completely reliable. While tests of this 
cooling apparatus at 200 HeVwill continue, the emphasis mjst shift toward the 
development and design of cooling systems for the Femilab Collider project. To this 
end, a test facility with modulated electron beam is being assembled at LSL to *fd in the 
development of high-e pickups needed for this next project. 
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