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STOCHASTIC COOLING OF 200 Me¥ PROTONS')

Glen Lambertson, J. Bisognano, W. Flood, L.J. Laslett, C. Leemamn, 3. Leskovar, C.C. Lo,
R. Main, L. Saith, and J. Staples

Larence Berkeley Laboratory, Berkeley, CA, 94720, USA

ABSTRACT

Vertical and longitudinal cooling has been achieved at the FREAL

200 MeV cooling ring, Initiai longitudinal cooling tizmes of 20

seconds for 1.5 x l(ﬁ circulating protons are in approrimate

agreement with calculations based on measured system paramelers.

The cooling systems have an electronic bandwidth of ~ 300 Mz,

travelling wave pickups and kickers and & notch filter using

flexible cable. The TW structures provide a good signgl-to-noise

ratio and reduce output power requiresents.

Experiments in stocnastic cooling of protons have been carried out 17 tie 200 MeY

"cooler” ring at Fenihn." 2.) Both the lengitudinal momentum spread ard the
vertical heam emittance have been reduced in experiments intended Lo develop equipment

and expertise in the technique.

The location of beam pickup and kicksr electrodes in the ring fs shown a Figure i.
The 3.75 m long vertical pickup is in 3 long straight section and the vertical kicter is
downsiream 3:/4 radians tn betatron phase advance. The longitudinal electrodes sre one
long dispersion-free straight section. Ihe 200 MeY beam of 1.5 x 108 protons has a
revolution frequency of 1.26 MHz, & somentum (frequency) width of 0.2 percent (0.13
percent), snd an unnormalized vertical emittance of 2¢ 2 Ill’5 rad-m,

PICKUP AND KICKER ELECTRODES

All bean electrodes are traveling-wave structures. As these electrodes must ue
vacuus bakeable to above 300° C, we chose for reduced complexity and cost, and betler
performance, the single traveling-wave Structure rather tira an array of short gaps with

external signal-adding networks.
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Fig. 1: Layout of cooling systems ir tie -ooling ring.

*} This work was supportad by the Director, Dffice of Energy Research, Office of High
Energy and Nuclear Physics, High Energy Physics Division of the U.S. Departrent of Energy
under Contract No. W-7405-ENG-28.

-1-



The longitudinal pickup is a 1.75 m 1-2g trifilar heli: wound with 2.7 mm-diameter
stainless steel wire. The pitch of the ~.6 ca diameter helix is chosen 50 the wave
velocity matches tke beam velocity, 8 = 0.566. Mounted in 2 14.9 c® vacuum pipe, its
transmission line impedance Z, is about 60 ohas. The downstreac end is connected
directly to the S0-oha input of 3 low-noise preamplifier. The upstream terminztion
impedance i5 a free parameter to the extent that raflections of the small upstream
signals are tolerable. We used a 50-ohm resistor, but this could be refrigerated or
shorted to improve the ratic of signal to noise.

In the frequency range well below cutoff the voltage response of the pickup of
length £ to beam current variations [{w) is

Vi) o dulfite) m

v 8C

Equation 1 shows the desirable feature of traveling-wave pickups that outpul power
increases as the square of length, without the complexity of adder networks. Also the
output is the time darivative of besm current signal, hence output power i proportional
to ...? . Thus the signal-to-noise ratio is poor at low frequency and improves at high
frequency. We have not yet optimtzed tne frequency response of our system to take
a0ventage of this fact. With a preamp noise factor, X5, of 2 db and back-terminated
pickup, the noise power density lﬂ“”m kY is 6.50 x 10‘?' watt/Hz. The Schottiy
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Fig. Z: Electrical confic_ration of the longitudinal system,
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is shown with a tecporary Fig. 3: Relative momentune sercad

central support strut, versus tice for two values

of grain!

for beam intensity N = 2 2 106 orotons in the Fermilab cooler ring. This gives a tocal
signal-to-noise power ratio of O.14 at 250 MHz, in reasonable agreewent with an obsers"
valuge cf 0,13 allowing for uncertainty in the beam intensity.

The 3.75 m long vertical pickup is a traveling-wave structure <onsistieg of Iwo
Yadder lines placed symetrically around the beam (Fig 3). Arched cross pieces of 0.13
mm nicke! sheet are supported on 0.51 mm dia. tungsten wires. Sag of tne lines is
limited to 0.3 mm by 40 kG tension in each wire and a single support at ceater span. The
differential signal wave impedance is 100 oh@s; this is matched to the 50-ohm
preamplifier by a balun transforeer. For 2 x le protonas 1n the ring the Schottaw
signal power densily should pe .50 2 !0'” 2 walljwz, ané at 250 ¥z 1mE ratio of
signal to noise power density should be 0.043. Observed values for these twd quanfitie;
agree within 303, This agreement may be partially coincidental as the Schottky power
spectrum showed an unexplained modulation with 25 MMz periodicity. Such a periodiciiy
could arise from electrical reflections or from the cell structure of the lines, but
electrical measurements have failed to give 2 quantitative explanation.

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

ELECTRONICS

The wide-band amplifier sysu.ma is shown in Figure 2. The vertical an¢
longitudinal systems use commercially available solia state amplifiers and are tne same
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 frow pickup to kicker aust be 137 nsec. Of this, 82 nsec is in Cables
and 55 nsec in circuitry. The 35-watt ostput amplifier delay is 32 nsec and is flat n
gain from 10 ¥z to 300 ¥iz. However, the phase lag fs 45 at 250 Miz and fincreases
rapidly above that frequency. The preacpiifier responds to 500 MMz and as used xith an
input coaxial switch has a noise figure of 2 dB. Owverall active gain of the system is
239 o8 (longitudinal) with typically 120 dB net electrical gain.

The longitudinal sotch filter is a shorted 118 m cable of 7/8-inch Andrews
air-insulated Heliax wound on & large spool witn a remotely-variable delay between Uhe
cable and the shorted end. Tc offset losses of the Heliax a compensation metwork similar
to ane devised at CERH“ is used. This network, supplied by collaborato—s from Argonne
National Laboratory, improves the notch depth at 732 Mz from 18 dB to 37 3.

EXPERIMENTAL RESULTS

Momentum cooling 2t high gaia produced a best 1/e -ooling time of i3 seccnds; an
example with ?1 seconds i3 shown in [igure 4, The mitial momentun spread of 0,27 was
reduced to 0.03 with about 4 watts of power inta the kicker. With 7 ¢3 less ga'n, the
cooling time increased to 50 seconds and final momentum spread was 0.218 (or 0.0 in
frequescy) {Fig. 5). ¥We hiwe indications that a primary factor determining the 1imiling
width is ripple in the storage ving guide field magnets caused maialy by line yolyage
variations from tne 8 GeY booster synchrotron operation.

Stochastic acceleration with the notch filter -ernved provides informatipn o tne
system time delay, gain, and frequency response. Une can also observe acceleratign in
the comriete system by displacing the notch frequency after the beam 1§ cooled. The
acceiaration rate of the narrowed beam Lomara the mew notch frequency 14 the noiseless
cooling rite. This observed rate agrees well with numarical predictions.

Vomentum cooling without a notch filter was also nbserveu. By selecting & time deiay
at whicn the stochastic acceleration passes steep'y through a null, the peam wil! coo!
“owara that null {or heat away from it if polarity is reversed). The cooiing rates are
slower and the data has ~ot yet been analyzed.

Fig. 5: Longituginal Schattiy scans before and atter cooling snowing a Tactor o7
13 reduction in norentun width,
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Cooling in the vertical direction has just been achieved and observations are very
limited. The time to reduce the vertical width by a factor of two {(a facto- of four in
emittance} is approximately 20 secends. This is observed on 3 profile monitor”
detecting the ionization of background gas. The norsalized gain function g is about 0.01
in this case and power to the kicker is in the milliwatt range.

An fincidenta) result of vertical coolirg is a dramatic increase in the lifetime of
the circulating bean. The unccoled beam lifetime, typically of the order of one minute
(e-folding time), increased by 1-2 orders of magnitude with cooling. One must note that
this occurrs with no direct radial cooling. There is no monitor for radial beam width,
but one might 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 cf the electronic systems used,
The code permits the notch filter to be accurately modelled, including the effects of
notch frequency dispersion with harmonic nusber, and losses. Realistic simulation of the
system gain and phase errors is included. The code provides mumerical predictions ana is
being used to guide us in understanding and upgrading the systems.

CONCLUSION

It was notable that cooling was abtained with only minor adjustments after
installation of the two systems. This was possible even though the apparatus was
designed for operation with abou. ten times greater beam intensity, 3 circumstance that
limited observations and performance. The traveling.mave pickups have provided a signal
power many times chat possible with an array of discrete pickups occupying the same patn
length. The electronic systems have been coupletely reliable. While rests of tmis
cooling apparatus at 200 MeV will continue, the esphasis must shift toward the
development and design of cooling systems for the Fermilad Collider project. To this
end, 2 test facility with modulated electron bezs is being asserbled at LEL to aig in the
development of high-g pickups needed for this next project.
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