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Introduction

I will discuss the stochastic coollng
systems in use at Fermilab and some of the
techniques that have been employed to meet
the particular requirements of the anti-
proton  source, Stochastlic ecooling at
Fermilab became of paramount importance about
5 years ago when the ant{-proton source group
at Fermilab abandoned the electron coolling
ring in favor of a high flux anti-proton
source which relled solely on stochastic
cocling tc achleve the phase space densities
necessary for colliding proton and anti-
proton beams. The design of the cooling
syastems was based, to a large extent, on the
ploneering work performed at CERN,
particularly at the Anti-proton
Accumulator [AA). However, the Fermilab
syatems have constituted a substantial
advance in the techniques of cooling
includling: large plckup arrays operating at
microwave frequencies, extensive use of
cryocgenlc techniques to reduce therma} noise,
super-conducting notc¢h filters, and the
development of tools for controlling and for
accurately phasing the system,

Description of the Cooling Systems

The ccoling systems for the anti-prcton
apurce fall intoc 3 groups. The first group
¢ontains the norizontal and vertical betatron
ccoling systems in the Debuncher ring. The

maln purpcse of the Debuncher - as {ts name
implies -~ 1s to perform an r.f. buneoh
rotatien on the Incoming anti-proton beam.
While this ring is not optimized for

stochastic cooling (the "mixing" is poor), it
is posaible to reduce the transverse
ewittance of the beam by a factcr of 3 in
each plane in 2 sec, The system conslsts of
4 subgroups of cryogenliecally cooled plckups
(PU's) each with {ta own cryogenlically cooled
pre-amplifier, a comblning network, medium
level amplifiers, a splitting network, and
travelling wave tube (TWT) power amplifiers
which power the 4 kigker array subgroups.
Some of the more 1important parameters of
either of the nearly identical horfizontal or
vertical systems are given in Table I. The
important design considerations for ‘these
systems are: fast cooling (high bandwidth),
good slgnal to noise ratio {(many pickups with
high Impedance and 1low thermal noise), and

high gain {many kicker loops with high
Impedance and high power),
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Table I. Debuncher Coolling Systems

Frequency band 2-4 GHz
Number of pickups 128

Plickup temperature Bo Ok
Pre-amp noise figure - T dB
Number cf TWT's 8

Number of Kickers 128

PU impedance 83 I}
PU sensitivity .79

Total power 1000 W

All the <cocling systems, ifncluding the
Debuncher systems, use 1/4 wavalength pilckups
and kickers In a parallel plate, atrip-line
geometry with a nominal impedance of 100 g.
Table I gives parameters of the plckup, but
the parameters apply equally to the kickers
since they are electrically identical to the
pickups. The pickup sensitivity 1s defined
as the "fractlon of Dbeam current which 1s
induced on the pickup plates.

Cne of the Jimportant considerations in
stochastlic cooling systems, particularly (n
the Debuncher aystems, is the need for low
thermal nolse. In order to reduce the
thermal noise "the back termination of the
Pleckup loops was cooled to liquid nitrogen
temperature. However, it i3 not sufficlent
to cool only the baeck termination since the
resistance associated with the ohmic losses
In copper can be the dominant source of nolse
the connecting and combining circults are not
also cooled, The preamplifier nolse flgure
tan also benefit from lower temperatures, so
the system was designed to be cryogenically
¢ooled from the pickup to the preamplifier,

The next group of
censtitutes  the stack
includes cooling in momentum and both
transverse planes. The transverse cooling
syatems are intended only to protect against
growth in the transverse beam size and to add
a small measure of flexidbility in operation.
These systems have not been commlasioned; the
analogous systems at the CERN AA have been,
to the best of my knowledge, largely
superfluous.

cooling aystems
tall systems and

The momentum cooling
is probabdbly the most
atochastic cooling systems. This system has
the same requirements a3 the Debuncher
systems for high galn and low noise, but has
the additional requirement of linearity over
a dynamic range of about 50 dB. In
particular, the noise power density at the
core muat be very low to avoid undesired
heating. This 1latter requirement is met by
using noteh filters which have a minimum
respense  at harmonics of the revelution
frequency. The schematic of the stack tail
system that appears on the control syatem
conscles fs shown in  figure 1, The stack
tall plckups are divided Into two groups
centered on slightly different energles. The
second group also provides the signals for

or stacklng system
demanding of the



the hoerizontally and vertically coollng
syatems, A similar schematic 1s shown iIn
figure 2 for the super-conducting filter.

One of the major complications of this device
fa the need for a phase-locked loop te
stacilize the noteh frequency. Some
parameters which characterize the stack tail
systems are given in Table II.
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Figure 1, The controls system schematic of
the stack tall cocling system.
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Figure 2. The
(expanded view) of the
tall cooling ayatem.

Table II. Stack Tall Ccoling Syatems
H v Ap/p
Frequency Band 1-2 1-2 1-2 GHz
Number of plckups 32 32 162 o
Pickup temperature 80 80 80 K
Pre-amp nolse flgure .4 . 4 .4 4B
Number of TWT'a z2 1 40
Number of Kickers 34 32 160
FU Impedance 109 70 109 Q
PU sensitivity .06 .96 .85
Total power 200 10 1500 W

The last group of «cooling systems - the
core cooling aystems - are, by comparliscn,
easy to design and build, The only major
conslideration for these systems is that they
utilize as much bandwidth as possible. These
systems must have sufficient «ccoling to
compensate any heating by the stack tail
systems. The bandwidth of these systems zlso
determines the ultimate phase space density
achieved: the final density should depend on
the point of equilibrium between stochastic
cooling and heating due to intra-beam
scattering. Since the cooling becomes weaker
a3 the momentum spread decreases and since
the lIntra-eam scattering increases with
decreasing momentum spread, the final
momentum spread is rather well defined.
Parameters for the core cocling systems are
given in Table III.

The core momentum plckup consists of two
arrays of plekups at siightly different radfi
in a reglon of high dispersion. A difference

signal 1is obtained which ts zeroc for
partlcles in the core - half way between the
tWwe arrays. The ore momentum pliekup Is
cooled to about 80 "K because it is in the
same 2atralight secticn as the stack tail
pickups. The amplifier, however, operates at

reom temperature,

Table III. Core Cooling Systems

Ap/p H or ¥
Frequency band 2-4 2-4 GHz
Number of pleckups 32 8 o
Pickup temperature - 100 K
Pre~amp noise figure 2 2 dB
Number of TWT's 1 1
Number of Kickers 3z 8
PU impedance 93 §3 1
Pickup sensitivity .59 .79
Total power 20 10 W

Performance ¢f the Cooling Systems

While the control system does not
directly affect the performance of the
system, it can be a source of convenlence or
one of frustration, The control progran
attempts to make a nearly transparent
interface between the operator and the
cooling system. The 1interaction is via
graphical displays such as are shown in
figures 1 and 2, Readback of most of the
important parameters s available on this
display in a falrly high density format, but
with the informatfon organized so that the
logical relaticnship of the devices is
readlly apparent. The display f{s very much
akin to a conventfonal circult diagram except
that switeh positicns, ete., represent the
current state of the system, Control is
achieved by placing the cursor over the
desired device. Devices are controlled via a

kneb, a button, or typed information
depending on the device. This approach has
greatly facilitated the operation of the

cooling systems and 1s so much admired that a
number of other accelerator systems at
Fermilab are borrowing this concept.



During the development of these systems,
the plckup sensitivity was measured using low
energy electron test Dbeams. These tests
generally confirmed our understanding of the
behavior of the plckups, The nolise figures
of the pre-amplifiers were measured in bench
tests. The results of measurements on the
2-4 GHz preamplifiers are shown in figure 3,
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Figure 3, Measured noise figure for the

2-4 GHz band cryogenically cocled ampl&flers.
The normal operating temperature is B0 K.

The signal to nolse ratio for the actual
Debuncher pickup and pre-amplifler system was
measured with a § GeV proton beam. This
measurement is made wusing a relatively hignh
intensity beam (1.5 x 10°? particles) and
obaerving the power spectrum with low
resolution (3 MHz bandwidth). This technique
eliminates uncertainty due to line shape but
requires a (small} subtraction of the common
node (momentum) signal. The ratic of power
with beam and no beam ylelds directly the
signal plus noise to signal ratlo from which
the signal to ncise ratio can be extracted.
The measured signal to noise ratio Is shown
in figure 4 for the four vertical pilckup
subsystems., Since the Debuncher systems ecool
transversely, the slideband povwer is
proportlional to the average beam size-about
3n mm-mrad when this data was taken. For a
3n mm-mrad average beam size the design goal
was -12 dB. The dataz are about 1-2 dB higher
than the theoretically predicted signal to

noise ratios. The discrepancy c¢an be
explained {f either the losses {n the PU
combining network were overestimated or ifr

the beam slze were taken was underestimated,

Debuncher (V) Signal to Noise Ralio
o]

~~ 1 T T T T T T T T

o

ke o 4
~

) " 3 Ve q
| %] ]
14

¢ | o : 8 a )
L-10- 2 g 4 A
0 &

Z e v o] -

&

0 L AR
-

—_ l- .
o

o)

o i 7
U)_go 1 I 1 L I i L il 1

2.0 2.4 2.8 32 3.6 4.0
Frequency (GHz)

Figure 4, Measured signal to noise ratio for
the Debuncher plckups and eryogenic

ampliflers, The ratio i3 plotted for the
nominal design current of 10 ua but derived
from measurements at high beam intensities.

A less precise, but
lmpressi{ve, measurement of the signal to
neise ratio Is  shown in  figure 5 where the
signal from about 9 x 107 particles stands
about 8 dB above the noise floor when all
pleckups are added together and the resclution
bandwidth 1s set 1low encugh to see the
betatron 1lines. The ©beam 1intensity and
momentum spread are essentially the design
values for the anti-proton beam after bunch
rotation.
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Figure 5, Two betatron sidebands at 3 GH:z
obtained by summing all the pickups.

A significant problem in achieving good
performance Iin large cooling systems I3 to
properly adjust the galn and phase of the
feedback. Measurements are madg ualing the
beam transfer function technique and an
automatic network analyzer 3ystem
{(Hewlett-Packard model B404C). In this



technique the open loop gain of the cooling
system {8 measured by applying a 3ine wave
excltation to the kicker and observing the
excitation {amplitude and phase) of the beam
with the pickup thrcugh the electronics of
the cooling system. A typlical measurement of
this funetion Dbetween a plekup and kicker
array for a scnottky band near 3 GHz {a shown
in figure 6. The twoe double peak structures
correspend to the upper and lower betatron
sidebands., The double peak structure results
from the fact that the real or reslistive part
of the beam response c¢comes a amall number of
particles with oscillation frequencies nearly
equal to the applied slgnal from the network
analyzer. These particles d¢ not survive the
measurement process because of the very amall
linewidth of the sweep oscillator, which is a

ayntreslzed frequency source run in a
continuous wWave (e.w.) mode and stepped
through 3 aseri{es of d¢ilscrete frequencies,
Exactly 1in the center of the betatron

sidepband, the response
- which is nct measuredg,
the particles which would in other
circumstances give the response - hence the
appearance 2f a notch In the response. The
fact that the measurement {s only sensitive
to the Imaginary part of the beam response is
of no conseguence, and the beam distributlion
is not noticeably affected by the
measurement,

i1s entirely resistive
due to the demise of
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Figure 6. Gain (top) and phase (bottom)
response of the open 1lo0op Debuncher (V)
cooling system at one sideband near 3.4 GHz.

An ideal system_ would have uniform gain
and a phase of 180 at the center of e¢ach
betatron sideband. The actual gain and phase
1s easily measured by measuring slightly to
either stde of the betatron line {(near one of
the peaks in figure 6). One such measurement
of the upper and lower s2idebands 13 shown in
figures 7 and B for the wupper and lower
sldebands separately, The measurement shows
generally flat phase over the band except at
the band edges {(where the gain is rolling
off}. The syatem delay has not yet been
adjusted properly to achieve coeling. It 1is
believed that most of the phase deviation can
be compensated with appropriate filter'lng6
The lower sideband Is approximateliy 70
advanced in phase from the wupper one. This
effect 13 expected alnce the betatron phase
advance from pickup to kicker0 is about036
less than an odd multiple of 90 (2x36=72 1s
the expected difference}. When all pickups

and kickers are added together, the
difference Iin phase between upper and lower
sidebands 13 nearly zero. The different

betatron phases of the
kicker arrays causes a non-ideal addition of
arrays whose sum 1Is reduced by typlcally 5%
from a perfectly in-phase addition.
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Figure 7. Galn (top) and phase (bottom)
response ¢f the open 1loop Debuncher (V) at
the peak of every tenth lower aideband from 2
to 4 GHz.
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Figure 8, Sain (top) and phase (bottom)
respense of the open locp Debuncher (V) at
the peak of every tenth upper sideband from 2
Lo 4 GH=z,

Networkx analyzer measurements can De
used to define an effective cocoling rate of a
system relative to an otherwise ldentical
system with an {deal flat gain and phase over
the nominal systen bandwidth, By thisa
eriterion the Debuncher network analyzer
measurements jindicate that the expected
cooling rate of this system is roughly 374 of
the hypothetical ideal. 0f ecourse, the
cooling rate can be measured directly also.
Figure 9 shows the beam emittance as a
function of time with a beam intensity of
approximately 10° particles 1n the machine.
The emittance was deflned as 6g?/8 where o
was measuﬁed by a micro-channel plate proflle
detector., The observed cooling time of 2.3
seconds s conslatent with the expectatlons
from the network analyzer measurements,
measured signal to noise ratios, and kicker
strength. When this data was taken only 1/2
the kickers were Inatalled; the cooling time
under neormal conditions should be about
1.4 sec,
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Figure 9. Debuncher em{ttance as a function

of time as measured by the micrc-channel
plate profile monitor.

While the performance o©of the Debuncher
cooling systems is generally consistent with
the expectations from theory, there are some
mysteries. The strangest phenomenon sc far
cbserved 1s the relative atrengths of the
kicker subsyatems. The kickers are grouped
into 4 arrays, each of whieh is driven by 2
TWT's. The relative strength of each kicker
subgroups waa measured by applying
approximately 100 W of nolse power to each of
the TWT's {n turn. For each of the B TWT's
the rate of 1Increase In the beam emittance
was measured. It was observed that on each
2f the 4 arrays the TWT that drove the
upstream portion of the array produced a
heating rate approximately 2x that of the TWT
that drove the downstream portlon. At this
point It is not poasible to say whether this
13 caused by some trivial error in matching

electrical lengths {say, 1Internally 1in the
kicker tank} or whether there 1is some more
subtle feature of kicker behavior which is

not understcod,

A peculiarity of the momentum ccoling in
the stack tail is that rather precise filters
are required, as was mentloned earlier. The
requirements of a minimum notch depth of
25 dB at 1590 harmonfcs_ with a rms frequency
dispersion of 2 x 10 ®* for each of three
filters were met using auper conducting
cable. The notch depth across the band (s
shown in figure 10 and the dispersion is
shown in figure 11, These filters have given
no signiflcant cperational problems so far.
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Figure 10. Staeck tail filter notch depth as
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(6=af/f) as a

The performance of the stack tail system
has not been as well studied as that of the
Cebuncher. The system has never stacked at a
rate of more than a few per c¢ent of the
deaign rate of 10 particles per hour, The
low stacking rates are thought to be due to
the lack of a good system test rather than a
problem with the system. The maximum anti-
proton flux achieved was 10°® particles per
hour and a good stacking test with protons
was not made. However, the galn and phase
flatness appear to be good, and the observed
stack proflle seems to agree well with the
design calculations as shown in figure 12,
The cbserved discontinuity in slope half way
up the stack tail was probably caused by an
interruption in the {njected anti-proton
flux, During the anti-proton tests more than
50% of the vparticles deposited at the stack
tail (and perhaps 100%) were cooled into the
core. Additional tests this fall will tell
the story, but {f there are problems with
this system {t i3 expected that they will be

associated with much higher intensities
{(instabiljities or possaibly beam heating
problems).,
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Figure 12, Stack tall profile as a function
of frequency. Shown on the inset is the
design profile as a function of energy (there

1s a relative aign between energy and
fregquency).
Even with the low anti-proton

Intensities available last year some problems
were observed with the stack tail system.
One particular problem was betatron heating
of particles in the core when the stack tafl
system was on. The problem was solved by
increasing the gain of the core cooling
betatron system so that the cooling rate of
the core aystem exceeded the heating of the
stack tail systen. This soclution, however,

is not entirely s3atlsfactory since the
maximum allowed gain {and available cooling
rate) of the core system 1is inversely

proportional to the number of stored
particles. The stack tall kickers c¢onsist of
two lcop palrs - half of these pairs are
oriented vertically and half are horilzontal.
Ideally each loop in the pair is excited with
equal strength. Mismatches, however, wlll
cause particle deflections - i.e., betatron
heating. Each loeop i3 excited by a TWT
signal which is split approximately in half
by a  hybrid coupler, In the 1initial
construction of the system, [t was overloocked
that these hybrids, by the nature of their
construction, have systematic, freguency
dependent, amplitude and phase errors between
the two output ports. The hybrids were all
installed such the polarity of the errors was
the same for all kickers., It is clearly a
significant improvement to reverse the
pelarity of half the hybrids leaving only the
smaller, residual, random error, It has been
calculated that the systematic errors in the
hybrids are consistent with the heating rates
obrerved, but it remains to be seen whether
the hybrids were the only significant scurce
of betatron heatling.



Plans for the future

evidence that the
Debuncher systems are working nearly as well
as had Tbeen expected. The accumulator
syst=u5 have no known problems, but have been
poorly exerclsed. Clearly, the most
important short term goal will be to stack
and store high intensity beams in the
accumulator.

There is good

further into the
naturally led to ask
be done. Proton-
still "in their

Looking somewhat
future, however, one is
whether a better Jjob can
anti-proton colliders are

inrancy - ran  the
For the anti-proton
luminosity wmeans higher anti-proton flux,
Wwhich requires higher stochastic —c¢ooling
bandwidths. We are encouraged to think along
these lines because of our good experience
witrn microwaves at what now seem like long
wavelengtha, The design of TeV I was driven
by ar attempt to build a powerful anti-proton
souUrce but , at the same time, not
extrapolating too far frem the CERN
experlence. If anything, It seems that we
may have been too conservative, One of the
striking things about our TeV I experlience f{s
that we have encountered no serlious technlical
difficulties {of course we may still have
some surprises in satore for us!).

lumlnosity be increased?
sgurce Increased

Currently we are considering the
possibility of an wupgrade program for the
anti-proton source which will allow a

lncrease in flux teo 5x10,, anti-protons per

hour., This flux would require an increase 1in
the Debuncher cooling bandwidth from 2-4 GHz
te 4-8  GHz, A factor of 2 {increase in

bandwidth in the DBebuncher 1is
handle 4 times the flux
factor improves by a factor of 2 alsoc wWwith
the increase in frequency. In the
accumulator, however, the stack tafl system
will have to increase from 1-2 to 4-8 GHz., A
core cosling system bandwidth of 8-16 GHz may
be feasible but is not necessarily
indiapensable,

adequate to
because the mixing

Conclusion

The stochastic cooling systems for the

TeV 1 project are allive and appear to be
healthy, The performance of the Debuncher
cooling systems seems to be rather well

understood on the basis of experiments and lIs
consistent with the design expectaticons. The
accumulator systems appear to be working
adequately but have been tested rather
poorly. If our experlence continues to be as
promiaing as it seems now, we will be
encouraged to investigate improving our

sgurce by Increasing the Dbandwldth of thne
cooling systems.
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