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Abstract

The Recycler ring was added to the Main Injector (M) project in 1997 as means to recover the
antiprotons remaining at the end of Tevatron stores and to serve as a second stage accumulator to
raise the maximum stack current. This report describes an electron cooling system with substan-
tially higher stack capacity than the Recycler stochastic cooling system which could be brought
into operation toward the end of Run I1. It isthe maor component of a program to double the de-
sign Run |1 luminosity and should have a positive effect on integrated luminosity soon after turn-
on. The upgrade potential isintended to meet the longer term needs of the Laboratory’sluminosity
upgrade program. The current experience with electron cooling is discussed to provide the ratio-
nale for the choice of design parameters and to make clear the needs for additional development
work. Both analytical and numerical development of the theory has been pursued to confirm that
the limits in principle are well beyond foreseen need. The specific hardware described is not the
only realization that has been considered, but it is in some ways the most conservative. The gen-
eral scheme of using an electrostatic accelerator with high efficiency charge recovery was actively
discussed inthe 1980's. Recent devel opments have served to build confidencein thisapproach, but,
by whatever means realized, a Recycler electron cooling system will require significant extension
of current practice. The Prospectusincorporatesthe ideas and understanding current 15 September
1998. Rapid progress toward a comprehensive development plan at this time meansthat its details
will aready differ from ideas now current.
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Chapter 1

| ntroduction

The Laboratory started in 1995 to investigate the application of electron cooling to 8 GeV an-
tiprotonsin the Recycler as a promising component of an upgrade of Tevatron luminosity beyond
theRun Il goals. Theideawasnot entirely new at that time; it had been proposed as an upgrade path
for the Accumulator as early as 1985, [1] and there had been some experimental work as well as
conceptual development.[2] The practice and principles are well established for ions with velocity
lessthan 0.8 ¢, i.e, for p-barsof lessthan aGeV or so. For ionsof higher velocity the fundamentals
are the same, but hardware development is required and the technical problemsdiffer.

TheRecycler isafixed 8 GeV kinetic energy antiproton storagering installed near the ceiling of
theMain Injector tunnel. It employsastochastic cooling system to collect multiplebatchesfromthe
Accumulator and re-cool antiprotonswhich remain at the end of Tevatron stores. Electron cooling
will improve cooling performance in the Recycler, permitting faster stacking and larger stacks. In
combination with other accelerator upgrades it will permit substantially greater luminosity in the
collider.

A charged particle traveling in an electron beam undergoes Coulomb scattering with the elec-
trons. Theresulting friction and velocity diffusion tend to bring such particlesinto thermal equilib-
rium with the electrons. If the particle kinetic energy in the beam frameis high in the comparison
with the electron temperature, diffusion isinsignificant and the particles are cooled. The method of
electron cooling was originally suggested by A. M. Budker. [3] It was devel oped and studied then
both theoretically and experimentally; an ample list of the references can be found in Ref. [4], for
example.

Electron cooling can reduce the spread in all three components of beam momentum simultane-
oudy. Itsprimary advantage over stochastic coolingisthat the cooling effect is practically indepen-
dent of antiproton beam intensity. It's greatest disadvantage is that the effect isvery weak until the
antiproton emittances are already closeto the valueswanted in the collider. Thus, the two processes
can be seen as complementary rather than competitive. Electron cooling will prove very powerful
in the Recycler as an add-on to the stochastic pre-cooling in the Antiproton Source and Recycler.

1.1 Roleof electron coolingin the collider upgrade

The Tevatron will continue to be the highest energy collider for severa years. To apply this
resource to the outstanding issues within its energy reach, Fermilab is committed to an upgrade
program which will sustain the historical increasein luminosity. Figure 1.1 displays the history of
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Figure 1.1: Tevatron collider luminosity history on a semi-log scale shows a 2.3 yr doubling time.
The open circles are projections to Run 11, Run |1 plus electron cooling, and later operation at
1033 cm 2571,

the typical average luminosity since 1989 and a projection through Run I1. Over the years 1989 —
97, average luminosity has increased from 0.32 to more than 2 pb~!/week; the original design lu-
minosity was 0.2 pb~!/week. Theincrease has been exponential with adoublingtime of ~ 2 years.
The first open point on the projection is the Run |1 goal of the combination of Main Injector and
Recycler. The second open point represents the initial goal for electron cooling at 80 pb~!/week.
The electron cooling approach described in thisreport is expected to be open to improvementsthat
will support operation at the 160 pb~!/week represented by the last point on the projection.

The projected luminosity growth depends on several developments. Electron cooling is part of
a comprehensive program to increase collider luminosity. The Main Injector will supply a higher
flux on the production target and brighter proton bunches for collision. It should also improve the
efficiency of antiproton acceleration somewhat. The Recycler will make a magjor contribution to
the antiproton supply by reclaiming those remaining at the end of stores and by allowing for the
accumulation of larger stacksthan the Accumulator can handle effectively. Beforethe Recycler was
added to the Main Injector project, the Run Il goal was 16 pb~!/week; the factor 2 — 3 to reach 40
pb~*/week comes directly from a corresponding increase in the number of antiprotonsavailablefor
astore. Theupgrade of the Recycler with electron cooling iskey to further increasein the antiproton
supply and consequent continued increase in the luminosity.

At eachincrementinluminosity theentirecollider beam scenariowill beempirically re-optimized



in accordance with the performanceof each part of the accelerator chain at the new flux; that iswhat
operators do. Therefore, it requires a number of assumptions to quantify the luminosity gain ex-
pected from the incremental improvement in any single component. For the purpose of illustrating
the payoff for electron cooling, a highly simplified argument will be used. The Recycler Techni-
cal Design Report[5] indicates that it is possible to sustain a program at 40 pb~!/wk with aflux of
2 - 10* p/hr and 10 eV's transfers from the Accumulator at two hour intervals. The maximum p
intensity in the Recycler is 4 - 10'2. Taking the total cross section o at 2 TeV to be 75 mb, thep's
are consumed for physics at the rate of 5.4 - 10'°h~!, which is 27% of the nominal p flux from the
Antiproton Source. Assume that the utilization ratio remains fixed and that, therefore, luminosity
is directly proportional to the number of antiprotons stored. Also assume that the Accumulator is
limited to stack intensity of 4-10*! or lessto maintainrate. Then as flux increases, the Accumulator
must be emptied more frequently. To handle higher flux at fixed bandwidth, the gain profile must
be flattened to give a stack distribution which is proportionally wider but has the same number of
p per eV at the peak. Thisis because flux ® « v /(dvy/dE), and, for constant flux over the width
of the distribution, the distribution is exponential )(E) ~ e/2. Thus, the width A and the flux
changein direct proportion. If the Accumulator stacks at twicethe Run |1 rate, 4 - 10't/hr, it can be
emptied of 4 - 10! piin 10 eV's once per hour.

It is shown in Chapter 4 that the electron cooling can reduce longitudinal emittance by 180
eV ghr moreor lessindependently of momentum spread. Itisalso shown in Chapter 5 that the equi-
libriumemittanceis7 eVswithafull stack, so that with desired stack emittance of 60 eV's, intrabeam
scattering does not reduce the stacking rate. The emittance that needs to be cooled during an eight
hour store cycle is approximately 10 eVsfor every batch plus the recycled beam which could be at
most 400 eV's. Run Il projects 144 eVs recycled emittance in 36 bunch operation based on filling
the Tevatron buckets; thisisaworst-case upper limit. The emittanceto berecycled isgoingto grow
with luminosity. If the proton beam, store length, and the initial p emittance remain the same, the
emittanceto be recycled will also grow linearly. Extrapolating from past experience and consi stent
with Recycler TDR projection, the values 133 eVs at initial peak luminosity £ = 2 - 1032 cm 2571
and 400 eVsat 103 areassumed. Granting all this, therelation between luminosity, £, and ampere-
meters of electron beam, C, islinear:

L =30C ,

wheretheluminosity isgivenin unitsof pb~!wk~!. Figure 1.2 plotsthisrelation up to luminosity of
200 pb~ts~!, roughly equivalent to peak luminosity of 10?3 cm—2s!. A floor of £ = 40pb~! wk!
is shown on the plot because below thislevel the stochastic cooling in the Recycler is sufficient by
itself; above this level the electron cooling will be used for the momentum cooling. The projec-
tion ignoresthe probability that electron cooling will likely be needed also for transverse cooling at
some point before the upper end of the plot and also assumes ideal performance from a new tech-
nology. The assumptions are rather speculative. Furthermore, the assumption on the effectiveness
of stochastic cooling inthe Accumulator at higher flux isthe most optimistic possible. Should emit-
tances from the Accumulator be higher for higher flux, the relation between luminosity and cooling
power would have apositive curvature, but in any case the recycled beam remains the predominant
factor over a wide luminosity range. Therefore, it does not make sense to determine the design
parameters directly from the preceding arguments. It appears more reasonable to work toward a
dightly optimistic extrapolation of the limited experience at Fermilab and elsewhere; the cost of
the cooler is not a strong function of the design current for currents of 500 mA or less. On the
other hand, the projection implies that the proposed system could evolveto satisfy the needs of the
collider well into the future. For example, the cooling necessary to recycle 3 - 10> 7 mm mrad

5



200.0

150.0 -

100.0 -

Tevatron luminosity [(pb wk)"-1]

50.0 -

L 1 L
0.0 1.0 2.0 3.0 4.0

0.0 : :
Cooling strength [A m]

Figure 1.2: Tevatron luminosity [pb~! /wk] vs. electron beam current [A] x cooling section length
[m] based proportionality between p supply and luminosity and ideal cooler performance

transverse emittance is 20 A m with a cooling region 5 of 200 m.

1.2 Recent developmentsin recirculation technology

Electron cooling of the 8 GeV antiprotonsin the Recycler ring requireshigh-quality dc electron
beam with the current of several hundred mA and kinetic energy of 4.3 MeV. The only technically
feasible way to attain such high electron currentsis through beam recirculation (charge recovery).
The recirculation principleis shown schematically in Figure 1.3. The primary current path isfrom
the cathode at the high voltage terminal potential to ground where the electron beam interacts with
the antiproton beam and cooling takes place, then to the collector located in theterminal, and finally
through the collector power supply back to the cathode. Take, for example, aterminal potential of
5 MV, acollector power supply voltage of 5 kV, and a beam current of 500 mA. Providing thereis
no current loss to ground, the real power needed to circulate the beam is 2.5 kW given by the beam
current times the collector voltage. The beam power, the 25 MW given by the beam current times
the terminal potential, represents stored energy and is reactive.

One of the principal goals of the R & D program started in 1995 is to develop and demon-
strate the technology to recirculate a suitable electron beam. The technical goal set for a proof-
of-principle demonstration using mostly existing egquipment was recirculation of a 200 mA beam
for the period of one hour. This goal was reached in June 1998: currents of 200 mA were main-
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tained for the periods of one hour (typical) without a single breakdown, 300 mA for 20 minutes,
and 680 mA for seconds. Although the recirculation tests used a1-1.5 MeV electron beam and the
Recycler electron cooling system requires a 4.3 MeV beam, the demonstration is relevant because
the increased energy does not involve fundamental changes in technology.

This demonstration was performed using a 2 MeV Pelletron accelerator (Van de Graaff type)
at National Electrostatics Corporation. The results of these tests demonstrate the feasibility of a
Pelletron-based dc recircul ating system capable of producing hundreds of milliamperesinthe MeV
energy range.

1.3 Thecomplementary piecesof the upgrade program

There are three additional upgrades beyond those contained inthe Run |1 plan which will bere-
quired torealize all of the luminosity gain which the electron cooling offers. Taken separately, they
appear to be on a scale that would permit each to be carried out by an appropriate Beams Division
department.

The dual use of the AP1 lineasa120 GeV lineto the production target and asan 8 GeV antipro-
ton line to the Recycler may limit the transfer frequency from Accumulator to Recycler to about
once every two hours. When the production rate is increased it will be necessary to unload the
Accumulator more often. If the existing AP3 lineis extended all the way to the Recycler with a
dedicated antiproton transfer line (AP5), the transfers could be carried out at whatever rate proved
optimum for the Accumulator cooling system, even every few seconds if desired. The dedicated
line relieves the Main Injector of time lost as an 8 GeV transfer line. When the Accumulator can
be emptied frequently, the stack tail system can be re-optimized for higher flux.

The Accumulator must of course stack at a higher rate. Modest gains in protons on target, ac-



ceptance in the antiproton lineto the Debuncher, ring acceptances, and cooling system performance
can be combined to raise the stacking rate from 20 to 40 mA/hr.

The CDF and DO experimentsare being upgraded to handl e peak luminosity of 2-1032cm =2 s71.
Therefore, as the antiproton supply isincreased above the Run |1 design figure, the peak luminosity
must be controlled. By making the focusing of the beam at the detectors stronger as the emittances
increase and the intensity drops, it will be possible to maintain the luminosity near itsinitial peak
value for a substantial fraction of the store. The average luminosity for the store will then increase
nearly in proportion to the increased flux. This luminosity leveling can be achieved by a control
system program which slowly changes the current in the low-beta quads around the detectorswhile
controlling the Tevatron tunes, closed orbit, and chromaticities.

1.4 Scope of the project

The report describes the basic elements of an electron cooling system to be installed in the Re-
cycler during the Run 11 period. Although electron cooling iswell understood, the Recycler appli-
cation represents a major step in beam energy, to 8 GeV from less than 1 GeV. The step is large
enough that the high voltage generator, beam transport, and cooling region all require extension of
the state of the art. Therefore, about three years of research and development activity are likely to
precede introduction of any electron cooling equipment into the Recycler.

The R & D phase of the project has the following goals:

1. optimized system parameter set

2. areliable4.3 MeV electron beam

3. beam collector and transport to sustain a circulating current of at least 0.5 A

4. precise matching from discrete-el ement beam transport to continuous cooling region solenoid

5. a20m cooling section with uniform axial magnetic field with precision such that p transverse
angles <1074

6. beam instrumentation and control to maintain alignment and equal mean velocity of electron
and p beamsto precision <10~4, to measure beam temperature, to determine neutralization,
etc.

The laboratory developments are now being carried out at National Electrostatics Corp. in Middle-
ton WI and in the downstream end of the Wideband Lab experimental area at Fermilab. Thereis
sufficient space at Wideband to carry out the development work envisioned for the Recycler cool-
ing project. The hardware aspects of the development program are treated in detail in Chapters 6,
7, and 8 and the modeling aspects in Chapter 4. The goa of the development program is cooling
system hardware ready for installation into the Recycler.

The remainder of the work constitutes an accelerator improvement projects of moderate scale.
The basic tasks are

1. construction of an enclosure for the high voltage generator and an interconnection tunnel to
the M1 enclosure for the electron beam transport

2. installation of a Recycler lattice insertion for the cooling region
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3. installation of cooling section and el ectron beam transport

4. commissioning of the cooling system

5. construction of ap transport line from the Accumulator to the Recycler (AP5 line)
6. incremental improvementsto p Source to double throughput

Some aspects of these final phase tasks are considered in Chapters 5 and 9.

The emphasisin thisreportisonthe R & D aspects of the project. That emphasis accounts for
the substantial space devoted to fundamental principlesand the discussion of numerical and analyt-
ical models. The modeling has yielded a self-consistent set of basic system parametersto represent
the system concept and ageneral conclusion that the proposed redizationispracticable. TheR & D
program consists of a continuation of the modelling studiesin parallel with the experimental devel-
opment program to produce an adequate cooling system within a useful time.

A suitable technique must be identified and developed to produce bright electron beam of 4.3
MeV at about 500 mA. Although more than one hardware scheme has been considered, the path
with thefewest unresolved issues and reasonabl e prospectsisthe el ectrostatic accel erator with beam
recirculation to which this prospectusislimited. It providesanominal design fromwhichitisrea
sonable to expect development of a cooler that meets the programmatic goals of the Laboratory.
The provisional nature of some parameter choicesis not so fundamental and representsless concern
for the timely construction of a cooler facility than the need to establish experience with a suitable
technology. Theoretical work and modeling studies are proceeding to optimize such parameters as
p-bar beam radius, cooling section length, focusing strength for electron beam, electron current, et
al. Current laboratory studies of the high voltage dc systems and space charge dominated beam op-
ticsneed to be continued and intensified. Conceptually, thereisafair piece of parameter space open
for auseful cooler. Practically, where the final design lands will be established most expediently
by development tests.

The system concept which isdescribed in Chapter 3isadirect descendant of the original 1980's
scheme using an el ectrostati c accel erator with lumped-el ement beam transport to and from the cool -
ing interaction region. Although development of thistechnology is definitely needed, the apparent
cost/benefit ratio justifies some technical risk. The cooling device is being developed to provide
a multiplier of two or more on the collider physics productivity deriving from the Main Injector
project at afew hundreths of the Main Injector cost.



Chapter 2

Recyler Operating Scenario with Electron
Cooling

It isunnecessary to recapitul ate the complete scenario for Collider operation with the Main In-
jector and Recycler rings because electron cooling in the Recycler is consistent with the general
scheme described in Chapter 2 of the Recycler TDR[5] and Chapter 7 of the Run |1 Handbook][6].
In fact, becauseit is planned to introduce electron cooling into the end of Run |1 asit surpasses the
performanceof the stochastic cooling, theinitial scenario will differ primarily in details of Recycler
operation. Because the two cooling methods have different characteristics, the mode of Recycler
operation will be significantly different from the outset. For early operation, however, Recycler
inputs, outputs, and timing will be similar to the Run Il specifications. As performance improves
somewhat shorter stores may be preferred.

For descriptive purposes it is convenient to use approximate round numbers. Furthermore, a-
though some parameters are known with great accuracy, precise performance numbers would be
misleading at thisstage of development. Later chaptersdeal with the confidence limitson important
parameters and how to confront remaining open issues. In Table 2.1 onefinds the basic timing and
beam intensities related to Recycler operation without detail on efficiencies and losses. The three
parameter sets are Run |1 Recycler, the initial goa for electron cooling, and cooling approaching
goals of the TeV 33 upgrades; they correspond approximately to the three open squares on the plot
of collider luminosity versustimein Fig. 1.1. This report focuses on the the Run |1+ parameters,
the flanking columns provide relevant comparisons. In thistable some parameters have avaluefor
“recycling” and another valuefor “stacking”. Recycling appliesto the condition where the antipro-
tonsfrom the Tevatron have just arrived, the stack has been transferred to the Tevatron for the next
store, and the next batch from the Accumulator has not yet arrived. Stacking applies to the entire
time from the injection of the first Accumulator batch to shot setup. These stages of the Recycler
cycleare discussed individually below for the steady state that is attained after there has been afull
intensity store and timeto build up afull Accumulator stack. Sincethe aim of acycleisto produce
astored beam, anew cycle will be considered to begin with the end of experimental use so that the
first phase of aRecycler cycle will be shot setup. Figure2.1 illustratesthe number of antiprotonsin
the Recycler as afunction of time. It is drawn for half hour transfer interval and 40 - 10'° antipro-
tons/hour average stacking rate. The frequent Accumul ator-Recycler transfersrequire the proposed
antiproton line (AP5) to the Recycler so that the AP1 proton line and the M1 are not used for an-
tiproton transport. 1n the absence of the AP5 line, aless efficient mode of operation would be used;
three or four Accumulator-Recycler transfers would be made per storage cycle, each interrupting
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Figure 2.1: Recycler beam current over afull store cycle starting at the setup for anew store

antiproton production for an estimated fifteen minutes. The performance illustrated depends not
only on the development of the electron cooling but also on the detailed management of the longi-
tudinal phasespace of the several components of the beam with a broadband rf system. The use of
so-called barrier buckets for this purpose is described at length in the Recycler TDR.[5]

2.1 Shot setup

At this stage the Recycler hasastack from2-10*? (Runll)to4-10'? (Runli+) uniform around
the circumference except for an ion clearing gap. The gap isincreased to about 3/4 of the circum-
ference to receive nine Tevatron batches each containing on average eleven bunches with 132 ns
spacing totaling 1 — 3 - 102 antiprotons. Protons are scraped at 1 TeV and antiprotons are decel-
erated to 150 GeV and then decelerated to 8 GeV in the Main Injector in nine separate cycles. By
the time the bunches reach the Recycler their emittance can be nearly 2.5 eVs each. The barrier
bucket rf system isused to adiabaticlly debunch and compress each batchintoa+17 MeV segment
roughly 800 ns long. For the ninth and final batch just the necessary 1.6 1S gap remains. Protons
can then be reverse injected from the MI to check the tuneup for antiproton extraction. Once the
Tevatron isfilled with the proton bunches, the antiproton bunches can be extracted from the Recy-
cler in nine batcheswith the correct bunch spacing for the M1 and the Tevatron. The entirestack will
be extracted, leaving only the recently returned antiprotons at the end of the shot setup sequence.
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Table 2.1: Collider operating scenario with the Recycler and electron cooling

Run I Runlil +e.c. | —-TeV33

Tevatron p

number of pin store 25 5.0 10. 102

number of bunches 36 — 100 100 100

bunch spacing (minimum) 395 — 132 132 132 ns

length of store 7 7 7 hour

length of nominal store cycle 8 8 8 hour

initial transverse emittance 25 25 25 1075 m (rms)

initial bunch emittance 1.5 — 0.6 0.6 0.6 eVs

final transverse emittance 3.3 4.2 5.0 -107% m (rms)

final bunch emittance (maximum) 3.0—1.2 24 4.0 eVs

number of p recycled 14 2.8 5.0 -10*2

timeto load Recycler 15 15 15 min.
Antiproton Source

average p production rate 20 40 80 -10/hr

time between extractions (typical) 2.0 0.5 0.25 hr

number of p per batch (typical) 40 20 20 1010

number of batches 3 14 26

longitudinal emittance of batch 10 10 15 eVs

transverse emittance of batch 1.6 1.6 25 1075 m (rms)
Recycler

stochastic cooling time for recycling 7 1 1 hr

pre-recycling transverse emittance 3.3 4.2 50 1075 m (rms)

post-recycling transverse emittance 1.6 1.6 25 1079 m (rms)

pre-recycling longitudinal emittance 120 240 400 eVs

post-recycling longitudinal emittance 60 60 60 eVs

Steady state transverse emittance 1.6 1.6 1.6 1075 m (rms)

steady state longitudinal emittance 54 54 54 eVs

max. p beam 3.9 7.8 15. -10*2

12




Historically, the shot setup hastaken two hoursor more; the goal for Run 11 isget thisdown to forty-
five minutes. The length of the shot setup istaken as one hour in Table 2.1 cons stent with the level
of approximation adopted here. The total store cycle is taken as eight hours for initial operation
because thisis near the optimum established in the Recycler TDR and is operationally convenient.

2.2 Recycling

The beam returned from the M1 has transverse normalized emittance of asmuchas5—6-107°
m (rms). Thus by the time of the next shot it must be reduced by afactor of threeor so. The cooling
time for the outer part of this distribution using electrons is comparable to length of a store cycle.
However, with no other beam in the ring, the stochastic cooling system can provide the desired
transverse cooling in about an hour. Because the energy spread is substantial, asmuch as +12 MeV,
intrabeam scattering will not be a limit; therefore for the recycling phase the beam is distributed
over nearly the entire ring circumference to minimize the peak current. The transverse cooling is
expected to remain useful at Run 11+ levels, but the longitudinal cooling will become ineffective
astheintensity israised. The Accumulator continues to stack during this period. If the dedicated
antiproton line from Accumulator to Recycler is available, the first transfer would be made at the
end of the recycling period, about two hoursinto the cycle. Otherwise the first Accumulator batch
would be taken at about three hoursinto the cycle. A variant of this procedure may be needed if the
Accumulator can not continue to stack efficiently during the full stochastic pre-cooling period. Itis
possible to resume stacking from the Accumul ator while the transverse pre-cooling of the recycled
beam proceeds. The incrementsto the p current will progressively degrade the stochastic cooling,
but afew ~ 10% increments might be tolerable.

2.3 Stacking

Stacking in the Recycler is fundamentally a longitudinal phase space stacking of the Accumu-
lator batches. The momentum cooling must clear enough phase space between injections to ac-
commodate the the following one. The broadband rf system is used to open an azimuthal gap of
about one Accumulator circumference to receive a batch. The length of the batch is then adjusted
to match its momentum spread to that of the stack, after which the two are adiabatically combined
by slowly reducing the rf barrier. In order to maintain a steady state stacking, the momentum cool -
ing must reduce the spread of the augmented stack to its earlier value in the time between batches,
areduction in energy spread of 15— 20 %.

The value of once per half hour given for the frequency of batch transfers from Accumulator
to Recycler isan estimate for the optimum freguency. It limits the Accumulator stack to an inten-
sity at which the stochastic cooling systems should be working close to their highest cooling rates.
Electron cooling can be integrated more directly into the Run |1 scheme with less frequent trans-
fers, every two hoursfor example. Then thetransferswould likely be made at about three, five, and
seven hoursinto thecycle. To get thefull benefit of the electron cooling, morefrequent transfersare
required. For the half hour interval it isexpected that it will be best to start transfersin the second
hour and stop one hour before the end.
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Chapter 3

Nominal System Parameters

The physics principles of the cooling process are described at greater length in Chapter 4, but
most of the general features of an electron cooler can be understood from a qualitative description
of the scheme. The electron beam is accelerated to the same mean velocity as the antiprotons and
passed through a straight section in the Recycler. Itis prepared with the lowest practicable momen-
tum spread. In the coordinate frame moving at the common mean velocity there are a relatively
small fraction of antiprotons moving randomly among many electrons of much lower momentum.
The effect of the momentum exchange in the many Coulomb collisions of each antiproton isto pass
the energy of therandom motion from the antiprotonsto the electrons. The antiprotonscirculatefor
minutes or hours through this straight section while the electrons make a single pass and are col-
lected at potential close the electron gun potential. In the co-moving frame the process looks like
the exchange of heat between a hot, tenuous antiproton gas and a denser electron gas that is con-
tinuoudly circulated at low temperature. The kinetic energy of electrons that move at the same ve-
locity as 8 GeV antiprotonsis 4.3 MeV. The cooling rateis proportional to the electron current and
the length of the cooling straight section. Unfortunately, the Lorentz transformations that convert
the cooling rate in the beam frame to the rate in the laboratory frame introduce an inverse square
dependance on the antiproton energy. For this reason a design for medium energy will push hard
for high electron current and a long interaction region. However, the recycling scenario does not
require very fast cooling nor a very high phase space compression, so cooling system parameters
other than beam energy do not differ by afull order of magnitude from those already used for low
energy ions.

3.1 Cooler description

In Figure 3.1 is shown the general layout for the Recycler electron cooling system. A 4.3 MV
electrostatic accelerator is located in an underground enclosure just south of the MI-30 Service
Building. The accelerator depicted is a Pelletron, similar to the one used for recirculating beam
testsat National Electrostatics Corp. The electron beamline entersand leavesthe M1 tunnel through
a side tunnel near Q306. The beam transport includes vertical achromatic bends at the bottom of
the Pelletron, two right angle achromatic bends at the entrance into the Recycler tunnel, and a 180°
achromatic bend to return the beam from the end of the cooling region to the side tunnel. Figure
3.2 shows a schematic of the Pelletron including the high voltage terminal containing the electron
gun and collector, the acceleration and deceleration gradient columns, and the focusing solenoids
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Figure 3.1: Plan of the 4.3 MV electron cooling system

on the columns. It contains many standard NEC components, but would be custom-built for its
special application. The principa technical parameters of the cooler are given in Table 3.1.

The cooling section itself is shown as twenty metersin this scheme, but there is space to make
it up to about 80 m. The cooling section length can be increased if that is more practical than rais-
ing the current to upgrade performance. Leaving open space has the advantage of providing for the
convenient introductionand commissioning of asecond-generation cooler at alater date, adevel op-
ment that would combine the advantages of enhanced performancewith operational redundancy for
continued operation in the event of the failure of either cooler. The cooling sectioniscontainedina
continuous solenoid with axial field of about 50 G. There isamatching section at the upstream end
to adjust the beam to trgjectoriesin the solenoid. The beam at the gun must enclose the same flux
as the beam in the cooling section. Otherwise, the beam in the cooling section will have non-zero
mechanical angular momentum to conserve generalized momentum. Thus, the electron gunisalso
surrounded with a solenoid as shown in Fig. 3.2. The equality of enclosed fluxesis an additional
condition on the matching between the beam transport and the cooling section.

3.2 Antiproton beam parameters

Asindicated in Chapter 2, the Recycler accepts 8 GeV antiprotons from the Accumulator and
the Main Injector. Batches from the Accumulator and therecycled p's are stacked and cooled to the
emittance required for the collider. The entire stack is used to fill the Tevatron except for the most
recently returned p's, which have not had sufficient cooling time. The parametersfor thethreetypes
of beam in the Recycler are summarized in Table 3.2. Although the electron cooling can operate
during the hour of stochastic cooling of thereturned p's, the effect is small because emittanceistoo
large. The operation of the combined systems should be simulated, however, because the effect of
the electron cooling should be to improve the ratio of signal to noise in the longitudinal stochastic
cooling system by collecting the particles with low momentum error so that the signal produced
by them is at the center of the filter notches. There may be useful enhancement of the transverse
cooling as well.
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Table 3.1: Technical parameters of the cooler

Electrostatic Accelerator

terminal voltage 4.3 MV
terminal regulation +200 \%
charging capacity 400 1A
terminal capacitance (est.) 350 pF
circulated current 0.5 A
gun solenoid field 200 G
gun cathode diameter 0.5 cm
gun-terminal bias -50 kv
collector efficiency 99.995 %
collector-cathode bias 5 kv
beam diameter (typical) 0.8 cm
height of HV tank 7.3 m
outside diameter of HV tank 3.7 m
HV insulation - SF¢ 6.4 atm. abs.
column vacuum 10 nT
time for tank access, in & out 4 hr
Cooling Section
length 20 m
solenoid field <50 G
vacuum 0.1 nT
beam radius 0.6 cm
antiproton beam C-S 20 m
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Table 3.2: Antiproton beam parametersfor the Recycler

Stack
intensity (max) 5 102
normalized rms emittance (h & v) 16 |-107°m
total longitudinal emittance 54 eVs
Accumulator Batches
intensity (typical) 20 1010
normalized rms emittance (h & v) 16 |-107°m
total longitudinal emittance 10 eVs
number of batchesin stack (typical) | 14
batch injection interval (typical) 30 min.
Recycled Beam
intensity (typical) 22 | -10'?
(before stoch. cooling)
normalized rms emittance (h & V) 5 1075 m
total longitudinal emittance 240 eVs
(after stoch. cooling)
normalized rms emittance (h & v) 25 | -107%m
total longitudinal emittance 240 eVs

3.3 Recycler lattice

The Recycler described in the Technical Design Report[5] maintains nearly the same FODO fo-
cusing pattern in the M1-30 straight section asin the arcs, but the dispersion is matched to zero. To
install electron cooling, a matched insertion of the desired length and 3 value will be introduced.
The example shown in the TDR (Fig. 2.2.11) isfor a 100 m length of 200 m /3, which was devel-
opedto providethe highest practical S value. Thischoicewasmadeto providefor themost effective
transverse cooling. At that time, the el ectron beam was intended to do al of the cooling, and plan-
ning was intended to be compatible with the TeV 33 requirementsfor a stack of approximately 10'3
p’'s.

The design presented in thisreport is optimized for longitudinal cooling and has an initial goal
for astack of 5- 102, For thisintensity the transverse stochastic cooling is adequate for recycling.
It is demonstrated in Chapter 4 that the length and the 5 value for the cooling insertion should be
about equal to maximizethe rate of longitudinal cooling. The optimum choicefor the current plan
isa 25 m clear section with 3 = 20 m. The optics for this case have not yet been calculated, but
with plenty of space and the need to match only the S-functions, a solution is unlikely to be diffi-
cult. The added phase advancein the straight section should not be adynamical problemif it makes
an integer tune change. Such an insertion isless of a perturbation of the basic lattice than the TDR
example. The Recycler phase trombone can be used to compensate for small change in the frac-
tional tune. Because the tradeoff between cooling section length and electron beam current is one
of the matters open to adjustment in developing afull design, the design of the high-betainsertion
is aso subject to change. However, because some permanent magnets have been made for the 200
m high-( insertion, one goal of the conceptual design effort will be to evaluate the consequences
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of accepting the 200 m value as a design constraint.

Besides the elements for the 3-matching, which can be permanent magnets, powered trimswill
be required to achieve precise alignment of the antiprotons with the cooler axis. The tune shift
caused by the electron beam issmall, Av ~ 4 - 1075, so local correction isnot required. However,
it may be desirable to correct locally the x-y coupling introduced by the solenoid.

3.4 Performance

The performance of the cooler in agenera sense has been presented in terms of the scenario it
facilitates. This section provides more specific information on the design goals for cooling rates,
systemreliability, etc. The Pelletronisfavored asahigh voltage generator because it iswell proved
at least as an ion accelerator for nuclear physics. The high-gradient acceleration tubes are free of
organic materials and have good vacuum properties. Energy stability isexcellent (5-107°). MeV
level negative terminal machines have been made, although the experience with electronsis more
limited. Recirculation applications, e. g. free electron lasers, have not achieved the dc current that
electron cooling requires. Therefore, development of a useable cooler can be expected to require
thorough engineering throughout and months of commissioning. It is expected that the technical
obstacles to circulating hundreds of milliamperes can be overcome, but it is not smply a matter
of designing a suitably efficient collector. The whole system needs to be developed to efficiently
transport currents at this level and to maintain stable operation for hours at a time. It is not the
available charging current that limits acceptable beam loss but rather the need to maintain voltage
stability. Fortunately, however, the antiproton beam should survive a sudden loss of high voltage
with only dight disruption. The processof restoring the electron beam intensity will be slow enough
to beadiabatic. Therefore, an occasional sparkdown would not render the cooler useless. However,
longer loss of cooling would at |east delay the program and in amatter of hoursresult in the loss of
antiprotons.

So long asthetransverse emittance of the p beamis at the 10 7 mm mrad specified in Table 3.2,
the performance of the cooler for stacking can be summarized in a single number, 18 eVsh/A/m,
which gives the decrement in longitudinal emittance per hour normalized to an ampere of electron
beam in a one-meter cooling region. Thismeans, for example, that Accumulator batches of 10 eV's
could be stacked at about half-hour intervals with 55 mA electron beam in a 20 m cooling region.
The analysis of Chapter 5 shows the effect of intrabeam scattering (IBS) has a neglegible effect on
rate or momentum width in either stacking or recycling mode. The level of IBSisone of the few
accelerator physicsissues causing uncertainty in performance projections. The apparent margin of
safety for stacking in the nominal parameters would not be generous at the full design intensity if
theIBSiscorrectly evaluated in Refs. [5, 7] However, thereappearsto bean error inthework which
underlies both references (see Section 5.3).
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Chapter 4

Analytical and Numerical Modeling Studies

Degspite thirty years of theoretical and practical investigation (see for example the references
in [4, 8]), there remain practically important questions to be resolved or, at least, requiring more
detailed or accurate results. In particular, the optimization of the cooling of a specified particle
distribution should be developed more fully.[9] This subject is addressed in Section 4.2.2. Asan
introduction the cooling system requirements are first estimated with a smplified version of the
model used later in Section 4.2.

The focus of calculationsin the conceptual design process has been to establish values for im-
portant system parameters, estimate acceptable tolerances, identify potentia problems, and delin-
eate the areas of greatest uncertainty. Recycler electron cooling is pushing far into a new regime
of beam energy, but Run 11 goals do not lead to major extrapolation in other parameters or the un-
derlying physics. The regime in which the proposed system will operate makes it more simple to
analyze than atypical low energy cooling system. Even asimplified version of the model permits
useful estimation of the cooling rates, longitudinal drag, and the sensitivity of these to parameter
changes.

4.1 Elementary Model

What isasimplified physical model for low energy coolingisactually morerealistic for the Fer-
milab proposal which does not employ a strong solenoid in the cooling region or carry the cooling
process to the stage where p velocity spread is small compared to the spread in electron velocity.
In this case the el ectron-antiproton collisions are smple Rutherford scattering, and the effect of the
electron velocity distributionis minor. The cooling interaction is described in the beam frame, that
is, in a coordinate system moving with the mean velocity common to the protons and electrons. In
this frame a tenuous distribution of p's moving in random directions at low speed is scattered by
more numerous electrons which are also moving in all directions but even more slowly. The situa-
tion is analogous to the introduction of a hot p gasinto a cool electron gas. In thisview the cooling
hardware isarefrigerator which circulates an electron fluid to provide aheat sink of infinite capac-
ity, hencethe evocative nameelectron cooling. However, the system isaheterogeneousnon-neutral
plasma, and the velocity distributions are non-isotropic; the definition of temperature for relativis-
tic beams and the concept of thermal equilibration do not smplify the analysis. It is sufficient to
analyze the interaction as the non-relativistic Coulomb scattering of single p’s with a distribution
of electrons. The only collective plasma effect taken into account is limitation of the impact pa-
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rameter for the collisions by the Debye screening radius. This approach has been described in both
research papers and reviews, for example references [8] and [10]. No one reference derives al of
the expressions used here, but reference[11] provides more detail from the same point of view and
reference [8] isarather complete review.

If aquantity £(u, x) issome function of the center of mass scattering angle y and relative ve-
locity u in the Coulomb scattering, the average rate of change of L is

(L) = n*//ua(u,x) L(u, x) g() dudy

where n* isthe volume density of the electrons, ¢ isthe Rutherford cross section, and ¢ isthe nor-
malized velocity distribution of the electrons. Quantities like the density » and p momentum p,
which will be referred to both lab and beam frames will be given the superscript x for the beam
frame. Other quantities like the electron velocity « and relative velocity « which always refer to

the beam frame will not be superscripted. When £ is Apy, (L) is the average frictional or cool-

ing force F*. The component of Ap; along p;; gives the cooling, the transverse components add
in quadrature to give a concomitant diffusion. The diffusion coefficients are given by the same in-
tegral with £ = Apz ; Apr .. The diffusion of the p by the electrons is not practically significant.
However, thescattering of ap by the p— intrabeam scattering— isan important source of diffusion
whichistreated in Section 5.3 using this approach.

The angular integration for the friction force can be performed along with an approximate inte-
gration over impact parameter to give

F*=F.Al |
where
F, = 47 (remc?)*n*/m
A= 10g<bmax/bmin) )
and

- U, el
I:/gg(v)dgv .

F, is ascaling constant with dimensions force x velocity?, the Coulomb log A contains the ratio
of the maximum to minimum impact parameters b possible for the collisions, and the collision in-
tegral I embodies the integration over electron velocities. The constants ¢, m, and r. have their
conventional meaning of velocity of light, electron mass, and classical el ectron radiusrespectively.
A isweakly dependent on « and isgenerally removed from the vel ocity integral as shown here. The
argument of thelog varies about as the cube of therelative velocity, but the appropriate vel ocity de-
pends on whether one is considering the longitudinal or transverse component of the friction. The
value generally liesin therange A = 10 4+ 4 with lower valuesfor the longitudinal case and higher
for the transverse.

Itisvery useful to observethat the velocity space integral I isthe same asthe coordinate Space
integral for the Coulomb force between a point charge at position v, and an extended distribution
of charges at positions . This so-called Coulomb analogy makes atrove of potential theory results
and familiar concepts applicable to the analysis of the cooling process. For example, one infers
immediately that

I=a/v®  (for u>v)
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Table 4.1: Transformation of variables between |aboratory and beam frames

Lab Frame Beam Frame
velocity Vg v/

Uy vy /7y

v, vl + e
coordinates | dx dx*

dy dy*

dz dz* /v

dt ~dt*
density n = dN/dzdydz | yn*
momentum | p, o

Py 2

p: PL
force F, Er/y

F, F, y* /v

F. F*
diffusion D, D% [~

Dy vDj

regardless of g. The most important range of « in the Recycler application turns out to be uv sO
calculations which include the integration over the electron velocity distribution will be somewhat
more accurate than the cold electron beam formulas developed in this section. More significant,
however, is the omission of variation in p velocity arising from betatron oscillation. Average fric-
tion should include averaging over betatron phases; this deficiency isremedied in section 4.2.

Moreuseful thantheforce F* itself in eval uati ng system parameterswill becertain related quan-
tities transformed to the lab frame. The beam frame is chosen with the z* axisin the direction of
the mean beam velocity v = [c¢. The lab frame has the same orientation but moves with respect to
the beam frame at avelocity —v. A tabulation of the effects of the Lorentz transformation for this
specia caseis collected in Table 4.1. In the preceding development no allowance has been made
for thefact that cooling takes place only for p'sin the cooling section; the end results must include
areduction of theforceby theration = ¢. /¢ of cooling section length to Recycler circumference.
This packing factor for the cooling unfortunately can hardly exceed afew percent for astoragering;
itis< 0.01 for the Recycler design. It will be apracticein this section to include the factor  when
expressing quantitiesin the lab frame but not to include it in beam frame expressions.

Because force is dp/dt, the force on a particle divided by its momentum is the instantaneous
fractional rate of change of momentum, i. e., the cooling rate. For thelarge v, case,

F* = Fo ATy /0;3
S0, using the non-relativistic expression for the momentum, the rateis
a* = FoA/(myu}?)
In this case one can obtain the time dependence of the velocity by direct integration of the force
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equation:
= s LA
mp
For the t* value
t*

stop = mpU;§ (3F0A)

the p velocity would be zero if the v—* force law carried through to small v}. Even though it does
not signify thetimefor complete cooling, ¢, isuseful becauseit hasthefull scaling propertiesfor
the cooling time and because it approximatesthetime required to achieve the cooling needed for the
Recycler system, viz, thetimeto lower p velocity spread to about that of the electrons. Notice that
thop = (a)~'/3, where the subscript o denotesthe rate evaluated at v7;,. Thelab frame expression
is

Lstop = ”ympvgf (3F,An)

It is not especially complicated to express v;; in terms of |ab frame variables, but a convenient ap-
proximation is to replace i with v, which typicaly constitutes the greater part of it and is ex-
pressiblein the particularly smple form

*
vy =ceL/my

where e, istheinvariant emittance containing all of the beam of interest and r, isthe radius of the
p beam in the cooling section. The approximated ¢y,

Lstop = ”ympcgei (3FOA777"§)

has the same practical usefulness asthe original expression. The constant F, incorporatesthe beam
frameelectron density n* which introducesanother power of - when expressed intermsof lab frame
density; see Table 4.1. Writing all of this out explicitly one has

v2a*Beet
12m3rpreAnlery

tstop = ;
where quantities not previoudy defined are the el ectron beam radius a, el ectron charge (> 0) e, the
classical radius of the proton r,, and the electron beam current ..

The maximum rate of longitudinal drag, i. e, the rate at which the p beam as a whole can be
accelerated or decelerated by sweeping the electron beam energy, is

4z
dt

max

RD = = F]\|max®

Table 4.1 shows that Fi=Fy; however, the cooling fraction » must be introduced. Thus,
Rp = nmeaXﬁC = nFOA[HmaxﬁC
I has a maximum value of approximately A7 when the p velocity and the maximum electron

velocity are equal leading to
Rp = F,AnBc/A?%
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Thelongitudinal cooling rate o isasomewhat different quantity. Itisobtained by transforming
the beam frame rate o/ given above to the laboratory frame and correcting for the fraction  of the
circumference occupied by the cooling section:

nEoAl)

*
TMpUy|

o = najj /[y =

This quantity givesthe rate at which the momentum spread is reduced and thus the effectiveness of
the momentum stacking used to accumulate multiple injections from the Antiproton Source. The
[imit of longitudinal cooling isfound by comparing thisrate to the diffusion rates from various scat-
tering and noise sources. The equilibrium with intrabeam scattering is evaluated explicitly in sec-
tion 5.3. Asfor ¢, thereisaso the factor of 4! contained in F.,.

Theroughest approximationfor /; isjust 1/v*2. Inthisapproximation, therateoy iso (Ap/p)~!
or the forceisindependent of Ap/p. Therefore, the cooling will eliminate Ap at a constant rate re-
gardless of the fractional spread, and the cooling proceeds linearly so long as the longitudinal p
velocity exceeds that of the electrons. This conclusion is not an accident of over-simplification; it
remainstruein the detailed analysis aswell. The elimination of a non-essential parameter makesit
simpler to specify an appropriate system and is the reason that it is convenient to express the lon-
gitudinal cooling ratein eVs/sin Table 4.3.

4.1.1 Estimating Recycler electron cooling system parameters

In Table 4.2 are listed the system and beam parameters representing anominal design. Some of
these parameters like beam energy and Recycler circumference are known to great precision and
are not subject to optimization. Other quantities like input emittances are not so precisely known
but are also taken as fixed for now, athough they might be adjusted in a complete optimization of
the scenario. Some parameters relating to the electron cooling system are set for the conceptual
design on the basis of what appears practicable; it may be possible to relax some requirementsin
the course of afull design optimization. There is also a somewhat arbitrary selection of the both
transverse and longitudinal emittance for the recycling mode. The longitudinal emittance is taken
at the value expected for Tevatron beam at the end of storeswhilethe transverse emittance istaken
at half of the expected value, because the transverse stochastic cooling is expected to be effective
even if the longitudinal cooling is not.

Thereisadiscussion of the overall accumul ation and recycling scenario in Chapter 2 which may
be consulted for origins of, and caveats on, the injection frequency, cycle, etc. The results demon-
strate that for recycling it is advantageous to exploit the complementary strength of the stochastic
cooling until intensity needs swamp it and the electron cooling capability has been increased by
something like afactor of three. The particular choice of electron beam current and cooling section
length is provisional. The length has been taken considerably longer than what has been used for
low energy coolers but less than a quarter of the available straight section. The 500 mA is chosen
as areasonable value to attempt on the basis of some preliminary experience. It should be under-
stood that, except at arather detailed level, the cooling rate scales only with the product of the two.
Thus, the choice, for example, of higher current and proportionally shorter cooling section would
not have afirst order effect on the model analysis. However, technically the choice may be crucial.
Higher performance than this conceptual design offersis likely to come more easily from higher
beam current than larger diameter electron beam and alonger cooling interaction region.
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Table 4.2: Beam and system parameters

€1

AE

p energy 8.94 GeVv
pey (60, normalized)

stacking 10 7 mmmrad

recycling 15 7 mmmrad
p energy spread (+20)

stacking +3 MeV

recycling +12 MeV
number of p (total) 5 -10%2
number of p (per injection)

stacking 2 10t

recycling 25 102
electron beam radius 0.0060 m
cathode radius 0.0025 m
elect. trans. emit. rms norm. 1 107 m
electron beam current 500 mA
electron energy stability +200 ev
length of cooling section 20 m
ring circumference 3319 m
p Courant-Snyder 3, and 3, 20 m

Recycler injection frequency

stacking 2 h-!
recycling 0.12 h=t
ring vacuum ~ 0.1 nTorr
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Table 4.3: Model parameters

input
E. electron energy 4.87 MeV
16} Lorentz beta of beam frame 0.994
vy Lorentz gamma of beam frame 9.526
ABz long. e. vel. spread, beam frame  4.134 -107°
AB:,  trans. €. vel. spread, beam frame  4.356 -10~*
x max. p beam radius 0.0056 m
~ . trans. pvel., beam frame
stacking 1.777 1073
recycling 2176 1073
By long. p vel. in beam frame
stacking 3.375 107
recycling 1.350 -1073
output
Lstop cooling time
stacking 22.85 min
recycling 36.42 min
e longitudinal cooling rate 6.39 1072 eVss!
(units discussed in text)
recycling 148 -107* st
Rp longitudinal drag
stacking 482 1072 MeVis
recycling 6.67 1072 MeV/s

4.1.2 Coolingtime

The cooling time (t.p,) isgivenin Table4.3 for both the recycling and the stacking modes. This
table also records that
U;L > @“ZAL > AH ,

but only in the last inequality is there afull order of magnitude difference. Therefore, the formula
for t.0p 1S @pproximate on account of both the first two relations, especially for stacking from the
Accumulator. However, little or no transverse cooling is needed in this mode, so ¢, = 0.38 hr
servesprimarily to reassurethat thereisno grossinadequacy in the cooling power. For therecycling
mode, the .61 hr estimate isrelevant to the timerequired to restore the transverse emittance of used
p’s after the stochastic precooling. Recycling with just the electron cooling of this power would be
marginal; however, the stochastic cooling makes the proposed scenario an acceptableinitial mode.
Thethird power dependance of ¢, on p velocity makesit clear that transverse emittanceisacritical
consideration, especially for recycling.

4.1.3 Longitudinal drag and longitudinal cooling rate

The purpose of the electron cooling in the stacking modeis to reduce the momentum spread of
abatch from the antiproton source plustheinitial stack back to the initial stack momentum spread
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before the next batch comes along. In this condition stacking is in equilibrium with cooling and
can in principle proceed for many batches. The longitudinal cooling rateisgivenin Table 4.3. Ex-
pressed in the more usual unit s—! itiscloseto t;t})p /3 as one expects from the ssimplest estimate of
the cooling force (see Section 4.1).

The system parameter list might be augmented by a quantity f representing the fraction of the
azimuth occupied by the stack. Thisnumber will be affected by the size of gap needed for ion clear-
ing and, during injection, by theinjection gap. Thereisfreedom to adjust the momentum spread of
the cooled stack, the cooling recycled beam, and the newly injected batch which can each be main-
tained in separate azimuthal sectors by the barrier bucket rf. Because the longitudinal cooling force
is practically independent of v,, | or, equivaently Ap, , the rate of longitudinal phase space area
reduction is proportional to the length of the sector occupied. Therefore, as much of the circum-
ference should be used for the beam as possible. All of the beam should be combined in asingle
partition except during the injection process during which the momentum spread of injected batch
and stack must be equalized.

Another mode in which stacking could be carried out is by sweeping the electron beam energy
through the batch momentum, using the beam asan accel erator or decel erator in much the sameway
asrf stacking is carried out but without the disruption of the stack. Thedrag rate R, givenin Table
4.3 gives the maximum rate at which the energy can be changed. If barrier bucket manipulationis
used to lay the batch above and below the full length of the stack, the required sweep is the batch
energy spread divided by the ratio of batch to stack length, half from below and half from above.
The sweep rate in the tabl e appears to make this mode advantageous for getting the highest possible
stacking rate, but part of the stack is not being cooled during the electron beam energy change.
Furthermore, the tendency for the beam to devel op a high momentum density just at the electron
may lead to intrabeam scattering strong enough to scatter some p’s back into the range from which
they had been removed. The sweeping mode is not considered further in this report, but it should
not be summarily dismissed without a better understanding. It could be aviable alternate approach
if available cooling power falls short of expectations.

4.1.4 Sensitivity of performanceto the choice of parameters

System performance has been evaluated with a particular choice of system parameters for two
sets of beam parameters, one for stacking from the Antiproton Source and one for recycling from
the Tevatron. Treated here isthe sengitivity of that performance to major system parameters.

The specification on accelerating voltage regulation as +200 V was based on what the man-
ufacturer and users of Pelletron type Van de Graaff accelerators quote as the present state of the
art. However, until the longitudinal velocity error, either ow or fast, becomes comparable to the
transverse velocity spread, the effect on performanceis small. Because

v = cAU/(BU)

an energy drift or jitter of O(10~*) or 500 V would be acceptable.

The transverse temperature in the cooling section could in principle be lower than the cathode
temperature because the beam radius is larger than the cathode radius, but there are various likely
sources of transverse velocity growth including non-uniform emission, nonlinear fields near the
cathode, redistribution of spacecharge free energy, transport aberrations, etc. The specified valueis
such that the transverse electron velocity is comparable to the longitudina p velocity in the beam
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frame. For large A |,
Qoe X A2 o T,

but aslongas A | isafactor of two or so smaller than 3, | , thelossin longitudinal cooling issmall.
Thus, from the standpoint of stacking time the temperature could be several times greater. To pre-
serve transverse cooling capability for recycling, A, should be lessthan 5 - 10~ alowing 7', up
to <2000 K. Therefore, even though electron beam temperature is a sensitive parameter, there is
considerable margin for non-ideal electron transport.

Besides random thermal velocity, there are other ways in which the electron beam can have
greater transverse velocity in the beam frame. These include beam-beam alignment, stray magnetic
field, and space charge spread. Allowing transverse velocity from beam alignment to be no more
than A | /2 givesan alignment requirement of AY < 3, /2. Thisis100 urad for nominal parameters
but could be relaxed to 250 prad or so with arelaxed requirement for 7', . The results obtained in
Section 4.2 arejust a bit more restrictive than these estimates.

The preceding approximate analysis shows that the provisional parameters, i.e., conceptual de-
sign choices, lie in an appropriate region of the parameter space with room in every direction to
refine and optimize. The confidence in the adequacy of the available parameter space is founded
on the margin by which the predictions exceed minimum requirements and the sensitivity of the
predictions to the parameters. The next section describes the current state of the modelling work
and supportsthe generalizations above. Animportant message from the results of the smple model
isthat the challenge of the project is stable, dependable electron current, not exquisitely small elec-
tron emittance, incredible voltage regulation, or few microradian level beam alignment. In each
of these latter matters there are incrementa quantitative gains to be made over time. However, to
get the show on the road, it is electrostatic accelerator technology that must be mastered first and
foremost.

4.2 Detailed Analysis

Longitudinal and transverse cooling rates are calculated analytically for a particle executing be-
tatron oscillations in a storage ring. The formulas obtained are compared with numerical results.
Particular attention is paid to the case where transverse relative velocities dominate over longitu-
dinal. Exact analytical results for finite electron temperatures are presented. Longitudinal cooling
timefor aGaussian beam is cal cul ated as afunction of apercentage of un-cooled particles; the opti-
mum size of the electron beam iscalculated. The resultsobtained are applied to the Recycler cooler
parameters; the cooling time, the optimum parameters and the tolerances are cal culated.

Various particles are cooled at different rates, but practically it isimportant to know how long
one has to wait until all or ailmost all the particles are cooled. In fact, the answer depends on the
definition of “amost all”. Electron cooling acts such that the higher the particle velocity relative
to the electron beam, the less efficiently it is cooled. Thus, however long the particles are cooled,
aportion of them could have practically the same velocities as at the beginning of the process. In
other words, the time required for the beam cooling depends on the acceptable percentage of the
insufficiently cooled particles; it increaseswithout boundswhen this percentage goesto zero. These
un-cooled tails of the particle distribution are referred to here as a loss percentage.

The calculation of the beam cooling timeis the first goal of this chapter. To this end, accurate
formulas for single particle rates are needed. For the particles executing the betatron oscillations,
these formulas are derived in the Section 4.2.1; the analytical expressions obtained are compared
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with numerical results, and an agreement better than 10% is demonstrated. The electron longitudi-
nal and transverse temperatures are taken into account there. One of the resultsis existence of an
optimum transverse temperature of the electrons, where the longitudinal cooling rateis40% higher
than at the zero-temperature limit. The results of this chapter refine some of the known rate esti-
mations [4].

The beam loss as function of the time of cooling is calculated anaytically in Section 4.2.2 for
the longitudinal cooling. This alows finding an optimum electron beam radius, minimizing the
required time of cooling for agiven loss. The optimum beam radius and the required cooling time
are calculated there for a homogeneous electron density distribution within the beam radius.

In Appendix A, the shape of the electron beam profile optimizing the longitudinal cooling is
found for cold el ectron beam. The gaininacomparison with the homogeneousdensity optimization
isfound to be about 60%.

In Sections4.2.3 and Appendix B theresultsobtained are applied to the Recycler cooler scheme[12,
13]. The optimum parameters and tolerances are calculated, the results are summarized in the ta-
bles.

4.2.1 Singleparticlerates

The friction force acting on the particle in the beam frame can be expressed as follows:

drne*Le Au

T =— T (4.1)

where n is electron density, e? isthe product of the electron and the particle charges, m is electron

mass, L¢ isthe Coulomb logarithm and Au isthe particle-electron velocity. This force causes a

dow change of the actions for the particles due to their interaction with the el ectron beam within a

certain part of their trgjectory in the storage ring. The transverse actions .J, , and phases v, ,, are
defined to correspond to normalized emittances:

T =/ 2Jmﬁf/(’75) COs waﬁa = — \V 2J$/(ﬁf75) Sinwﬂf (42)

and similarly for the y direction. Here 3y = 3, = 3, is the Courant-Snyder beta-function. With
B} = 0 inthe cooler, only the transformation (4.2) is needed. The actions J,. , are defined so that
the rms normalized emittances ¢, , are the average values:

<Ja:,y> =€y -

Particle velocities in the beam frame are given by the Lorentz transformation; in the units where
the velocity of light ¢ = 1 they become

Uy = B2 = v, costhy; u, = Bop/p = v,; uP = ul + “32/ +u? . 4.3

When the longitudinal motion of the cooled particlesis free, the role of the longitudinal action is
played by the momentum deviation §p/p. In this case, the cooling rates can be determined as |og-
arithmic time derivatives of the actions

-1 idt]ac -1 __ 1 dép/p

__ _ 1 dop/p 44
Ta T, dt Sp/p dt (44)
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averaged over the betatron oscillations.
Because of thefriction (4.1), therates have nonzero values. For the cold el ectron beam they can

be expressed as
a2 (Fouy) = A(Ie/e)rerpn [ Lo 2u3
Ty = Y2 alz) = By2a? NERR) 45)
1= _lwvzﬁﬁfﬁww<£9> |
: v By2a \ud/

where a isthe electron beam radius, I. isthe electron current, e isthe electron charge, r., r, arethe
electron and particle classical radii and 7 is the fraction of the orbit occupied by the cooler. The
angle brackets stand for the betatron averaging:

@):/:[zmﬁgﬁﬁ

Longitudinal Ratefor Cold Electrons

Here the electron beam ismainly considered to be cold, meaning that the electron velocitiesin
the beam frame are small in comparison with the corresponding velocities of the cooled particles.
The longitudinal rate (4.4) is proportional to the averaged inverse cube of the particle velocity:

1 1L m/2 pm/2 dip,dip,
<_> - _/ 2 2 : (4.6)
u3 w2 Jowj2 J=ns2 (v2sin® 1, + U; sin® ¢, 4 v2)3/2

This integra can be calculated analytically for both limiting cases. v, > v, and, aternatively,
v, < v,. Inthefirst case, the integral over phases converges at |¢,| < v,/v, < 1, and can be
calculated by the subgtitution sin ¢y = 1 and an expansion of the integrations on the whole real

s 1 1 d,d 2
DL
u? 72 oo Jooo (V202 + 022 +02)32 w40,

In the opposite case, v, < v,. Theresultisobvious: (1/u3) = 1/v3. Thetransition between these
aternativesis smooth; asimple way to join them can betried as

<i3> - ! . (4.8)
W [0 /2 + ) (032 + 02)
This givesfor the longitudinal rate

1 2 (Ie/e)rerpnly

—Z cr (4.9)
TA232Jer) Judy(6p/P)
with )
Jo = Jo(L4 (2/m)(v2/02)) = Jo + (2/7) 88 (0p/p)* /7 - (4.10)

Here L is the Coulomb logarithm cal culated with the longitudinal velocity as the argument, and

J.. istheinvariant corresponding to the electron beam radius: a = /2.J.6¢/(v03).
The Coulomb logarithm isafunction of the relative velocity between the particle and the elec-
tron beam,; its argument normally scales as the velocity cubed. If the longitudinal velocity is small
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in comparison with the transverse vel ocity amplitudes, the particleis mainly cooled when itstrans-
verse velocity is smaller or comparable with the longitudinal one. Therefore, the logarithm has to
be calculated with the longitudinal velocity asits argument in this case. In the opposite situation,
therelativevelocity isequal to thelongitudinal one; hence, again, thelogarithm hasto be cal culated
for thelongitudinal velocity. Thus, it can be concluded that in any case the longitudinal cooling rate
must be evaluated with the Coulomb logarithm taken for the longitudinal velocity as its argument
[14]. Theintegral (4.6) wascal culated numerically for v, = 0.1and0.03 < /v2 +v2 < 1, 0.03 <
arctan(v, /v,;) < 7/2—0.03 and compared with the analytical approximation (4.8); theresultsare
presentedinFigs. 4.1, 4.2. The agreement between the analytical and numerical calculationsallows
the use of the analytical expressions (4.8, 4.9) for any relations between longitudinal and transverse
velocities of the cooled particles.
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Figure 4.1: Longitudinal cooling time as a function of the total transverse amplitude v, =
U2+ 05, for v, = v,, v, = 0.1, arbitrary units.

Longitudinal ratefor flattened distribution

When thelongitudinal velocity issmall, v? < v? , theexpression for thelongitudinal rate (4.9)
issmplified:

2 Ue/e)rernly

T T2B%0e/ 1y (6p/p)

Thedependence ! « (dp/p)~* meansthat thelongitudinal cooling forceactually does not depend
on themomentum offset. It also meansthat thelocally determined cooling time, (EQ. 4.4) isequal
to the integral full-stop cooling time. In fact, the result (4.11) comes mainly from those phases of
the particle betatron oscillations where it almost stops, v, < v./v,,. That is why the electron

(4.11)

31



LONGITUDINAL COOLING TIME

0.1 : : . . : : :
Vz=0.1, VX2 + Vy"2=1 numeric +
+ analytic -------
T
. + + F \*\\\
> HN
37 Ny
‘2 A \\4*
5 ¥ A
=
< // \\+
) * N
£ \
> ¥ .
£ /
S /
S + +
+/ \
/ \+
0.01 L L 1 1 1 | !
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
atan(Vy/Vx)

Figure4.2: Longitudinal cooling time asafunction of adistribution of the transverse energy among
the two degrees of freedomwith 2 + v2 = 1., v, = 0.1, arbitrary units.

beam has to be wide enough to cover the amplitudes of the cooled particles. The particle cooling
time as afunction of the electron beam size has a singularity at the maximum particle offset, when

a = /22 +y2, withz,, = /2J,6¢/(70). Fora > /22, + y2,, the cooling time grows with the

radiusin proportion to a? because of the electron density decrease. It grows much faster when the
radius goes down below the singularity, a < /22, + y2,. This dependenceis shown on Fig. 4.3 for
acase of equal betatron amplitudes, v, = v, a v, = 0.1v, and v, = 0.25v,. It can be concluded
that the particleswith oscillation amplitudes greater than the el ectron beam arelost from the useful
stack.

Up to this point, the electron velocities in the beam frame were considered negligible. When
both particle and electron longitudinal velocities are small in comparison with both of their trans-
verse velocities, the cooling rate can be calculated analytically for arbitrary relations between the
transverse velocities. This case can be referred to as aflattened distribution. Assuming f(«, 7, ) to
be a normalized electron distribution over the 3D velocities W = (w,, w,, w,) and the transverse
(2D) coordinates, = (x,y), thelongitudinal rate (4.5) can be presented as follows:

1 47 (1, L of(, r -
oLy w(le/e)rerpnLe /dwf(ui, TL)juz w,) (4.12)
v By? i@ — wlPu,

with

/ Podr, f(i@,7) =1 .
For the flattened distribution, |u,, — w, | > |u, — w,|, theintegral over the electron transverse
velocities«, ismainly contributed by thevicinity of the particletransversevelocity «/, = u,, and
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Figure 4.3: Longitudinal cooling time as afunction of the electron beam radius. The betatron am-
plitudes assumed to be equal, v, = v,. Two sets of the plotted points correspond to different lon-
gitudinal velocities, v, = 0.1v, and v, = 0.25v,. Thetimeistaken in arbitrary units, theradiusis
in the units of the amplitude offset =,,, = v, 5;/(57).

thisintegral can be taken:

4 8rx*(I/e)rerynLe < ) B >
T, = 57 /dwzf(um, Uy, W,)SON(u, — w,) /u, ) . (4.13)
Assuming the distribution to be factorized as f (W, 7 ) = f1 (W, 7. ) f.(w.), thelongitudinal inte-
gra [ dw. f.(w,)sgn(u, — w,)/u, can be taken separately for the limiting cases of one or another
longitudinal velocity dominating:

. ] i Jus] > Aw,
/dwzfz(wz)sgn(uz —wz)/uz = { fz(O) if |Uz| < Aw, (4.14)

where Aw, isthewidth of the longitudinal electron distribution. It isconvenient here to determine
thiswidthas Aw, = 1/£.(0). Then, thetwo limitsin the Eqg. 4.14 can bejoined by an approximate
formula

/ dw, f.(w.)Sgn(ws — w,) /w, = 1/, (4.15)

U, = \Ju?+ Aw?, Aw,=1/f,(0).

For a Gaussian distribution with the rms velocity 1w, thiseffective width is Aw, = v/2mw,. Sub-
stituting Eq. 4.15in 4.13, theresult is
. 8r*(IL./e)rer,nLe L
T, 1 572&212 <fL(uL,TL)> . (416)
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The last result expresses the cooling rate in terms of the electron distribution function taken at the
particle’strajectory and averaged (...) over the particle oscillations. Thisformulamay be used for
both homogeneous and inhomogeneous el ectron distributions f, (i, , 7 ) aswell.

For certain cases, the betatron averagingin Eq. 4.16 can be performed analytically. In particular,
it can be donefor the homogeneousdistribution over thetransverse coordinates+'; withintheradius
a, and Gaussian distribution over the transverse velocities w, withthermsw, , i.e.

Ly exp(—wt/(207))
= . 4.17
fL(wL,TL) 2’/T2UAJ2LCL2 ( )

Using an integral representation of the modified Bessel function,

lo(r) = {exp(k cosp))

the result for the rate can be expressed as

e)rerpynL -
= m@%vyfﬁaf VAW (iR )A(/ (40?)) (4.18)
where the specia function A(x) = 272 exp(—2z)12(z) has been introduced. The plot of this
functionisshown in Fig. 4.4. The asymptotic A(oco) = 1 correspondsto zero-temperature electron
beam, described by Eqg. 4.11. Itisinteresting that the rate from Eq. 4.18 increases with the electron
transverse temperature up to w? = vfjjy /3, where the rate has a temperature maximum. When
the temperature increases more, the rate goes down as the inverse temperature. At thistemperature
optimum, therateis40% higher than at zero-temperaturelimit. Such rate enhancement with higher
transverse temperature has not been reported, but it appears that there may be something to gain by
looking for the optimum.

Transverseratefor cold e ectron beam

A general analytical expression for the transverse integral in Egs. 4.5, viz,, {(1/u?)(2u2/v?)),
probably does not exist. It can be evaluated, however for various limit cases, where one of the ve-
locitiesis much higher than others. Then, one or another variant to join these limit solutions can be
tried and compared with the exact numerical results. Without going into details of the calculations,
an approximate formulaof such akind is presented below:

((1/u)(2u2/v2)) = (4.19)

1 14 1In(0,/9,) if 0, > 0y
GER IS otherwise ’

with v, , = ,/v2  + vZ. A comparison of the numerical and the analytical calculationsis shownin
Figs. 4.5, 4.6.

4.2.2 Beam cooling time

Up to this section, the rates of single particleswere of the interest. The values calculated above
are functions of the particle actions. However, the cooled particles have a certain distribution over
the actions, and a rather high percentage of the particles must be cooled. Thus, the beam cooling
times need to be calculated when the single-particle times are already known. Then, the param-
eters of the cooler can be optimized to have a minimum for the beam cooling time within given
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Figure4.4: Function A(z) = 27 x exp (—2x)13(x)

constraints, and also tolerances can be found. The problem israther extensive; the consideration is
limited here to the case of the longitudinal cooling with small longitudinal velocity,

VI, (4.20)
atypical casefor relativistic beams.

Various particles are cooled with different rates. For a given time ¢, only a certain part of the
beam can be cooled; particles with low rates 7—! < ¢! are not cooled sufficiently and would be
lost if the cooling were stopped at that time and the beam were removed from its phase space. The
longer the cooling, theless are thelosses, and visa-versa. Thus, the beam cooling timeisafunction
of the tolerablelosses. Thistime can be calculated in the following way: first, for agiven time the
loss percentage is evaluated and, second, the timeisfound from here to give the desirable | osses.

To accomplish this program, the cooled particle distribution has to be specified as well as the
properties of the cooling electron beam. The losses are evaluated below with the assumption of a
Gaussian distribution for the cooled particles and constant density within the circle 22 + y? < a?
for the electron beam. Small losses are of interest; thisgivesasmall parameter for the problem and
allows amost all the calculations to be carried out analytically.

Because of the small longitudinal velocity, particles are effectively cooled longitudinally only
when they are almost stopped transversely, that is when they have a maximum offset from the axis.
That is why the particles which stop transversely beyond the electron beam boundary have rates a
factor of ~ v, /v, , < 1 lower than the particles stopping within the electron beam. This condition
of the effective cooling can be expressed as

wh 4 yp, < a, (4.21)
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Figure 4.5: Transverse (x) cooling time as a function of the total transverse amplitude v; =
\/ V2 + v, for v, = vy, v, = 0.1, arbitrary units.

with z,,, v, Standing for the amplitudesof the betatron oscillationsin the cooler. The particlesstop-
ping outside the electron beam can be considered as lost; for more details see the subsection 4.2.1
and Fig. 4.3.

Therefore, the losses consist of two parts. The first one includes the inside particles Eq. 4.21
with velocitiestoo high to be cooled in agiven time. The second part includesthe outside particles,
i.e. ones satisfying the condition opposite to Eq. 4.21.

To smplify the formulas, it is convenient to go to dimensionless variables, expressed in units
inherent to the problem. Thetransverse actions J,,,, J. will be assumed to be expressed in the units
of thermsnormalized emittancee = ¢, = ¢,; thelongitudinal velocity v, can be expressed interms
of itsrmsvauev,,,,s = 3(5p/p)rms. Theradiusof the electron beam « (or the corresponding action
J.) has to be optimized; therefore, the time unit should be independent of it. The time unit ¢, can
betaken as an inverserate (Eq. 4.11) with J, = J, = J. = €:

2 (Le/e)rerpnLy
T2 3%€(0p/P)rms
This scaling time has the dependence (dp/p)~! characterigtic of the single particle rate noted in
Section 4.1. Therefore, the beam cooling rate will aso have the property that the decrement in op

(or 6 F) isindependent of dp and constant in time.
Assuming all the values are expressed in dimensionless variables, the particle’s cooling timeis

(4.23)

tyt = (4.22)

r=v/Tpdy e .

For afixed cooling timet, the particleswith v, > v = t/(J.,/J,J,,) arenot sufficiently cooled
and are effectively lost. The corresponding portion of the loss percentage A, is calculated by
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Figure 4.6: Transverse (z) cooling time as a function of a distribution of the transverse energy
among the two degrees of freedomwith v + v = 1., v, = 0.1, arbitrary units.

means of an integration over the particle distribution:

=

When the losses are small, A;,, < 1, the value of the longitudinal integral is dominated by the
contribution from the vicinity of itslower limit v, = v, and the resulting transverse integrals can
be evaluated by the saddle-point method. It then follows that

dJodJ, exp (—J, — J,) / Tdv.exp(—0/2) . (4.24)
e+ Jy<Je v

A, =2y /3exp(—3J,) . (4.25)

The value
J,=2713(t)J.)%3 (4.26)

is the saddle-point of the integral over the transverse actions (Eq. 4.24). The losses come mainly
from the vicinity of the saddle-point, where J, = J, = J, and

v, = v =t/(JeJy). (4.27)

The second part of the losses arises from the particles stopping outside the electron beam, as
was noted above:

Bou= [/ dJudJyexp (—J, — J,) - (4.28)
ac+Jy >Je
Thisintegral can be evaluated exactly; keeping the same accuracy asfor Eq. 4.25, it becomes

Aout =J. exXp (_Je) : (429)
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Thetotal losses A, results from the sum of both inside and outside parts:
Ay =24/ /3exp (=3J,) + Jeexp (—J.) . (4.30)

From Eq. 4.26 and J, = «?/22, the right hand side of the expression obtained is a function
of both the electron beam radius and the time of cooling, (Note that x,, is the betatron amplitude
associated with the rms emittance ¢, so x2, = 222, ..) Assuming the losses to be fixed at a certain
tolerablelevel, the cooling time as afunction of the electron beam radius can be found. The radius
corresponding to the minimum cooling timeis the optimum. The plots for the cooling time versus
the electron beam radius are presented in Fig. 4.7, for 5%, 10% and 15% of losses. The electron
beam radiusisin units of the cooled beam rmsamplitude z,,, = \/2¢(;/(87), thetimeisin units of
the parameter ¢, introduced in Eq. 4.22. The optimum electron beam radius lies within the rather

narrow interval 2.1 < a/z,, < 2.4 for any loss percentage between 5% and 15%.
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Figure4.7: Time of cooling required for the given losses as a function of the electron beam radius.
The timeisin units of the parameter ¢, (EQ. 4.22), the electron beam radiusis in units of the rms

amplitude of the cooled beam x,,, = \/2¢8;/(57).

4.2.3 Resultsfor the conceptual design parameters

Electron cooling isto be used for longitudinal stacking of anti-protonsin the Recycler storage
ring.[5, 12, 13] After stacking, thep’sareinjected inthe Tevatron. The consideration of theprevious
section gives the optimum for the electron beam radius and for the resulting beam cooling time.

Certain results can be derived for misalignment tolerances. Assume that because of misalign-
ments the electron beam acquires a coherent angle 6., giving atransverse velocity for the electron
inthebeam frameu., = v(0.. Itseffect isasuppression of the cooling ratesfor the small velocity
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particles, v,,. < wu., given by Eq. 45 with ((1/«*)) = 1/u3, . The result would still be tol-
erable, if the cooling time for these particles were smaller then the beam cooling time considered
in the previous section. This condition can be expressed in terms of the rms betatron amplitudes

Ve y = 1/207v€/(By), longitudinal velocity v, = 5(dp/p),ms and the dimensionless el ectron emit-
tance J.:

ter < (m03vst/(2J0)), O = uer /(75), (4.31)

wheret isthe (optimized) dimensionless beam cooling time. Thisformulagivesthetolerablelevel
for the stray electron velocity u. . With agiven emittance, it scales as 3, /°.

The sourcesfor the stray electron velocity u., mainly depend on the cooler specifications; ade-
tailed consideration of thisitem goes beyond the scope of this chapter. However, some sources can
be considered without going into details of the electron cooler construction; such is a stray trans-
verse magnetic field B, on the electron trajectory. To suppress such fields, the correctors can be
installed with acertain periodicity /,, which givesaminimal wave number for the stray field space
harmonics k£ = 27 /l,. From here, the amplitude of the forced electron oscillations can be found:

Uel = (Br/e)rels/(2m), (4.32)

where electrons are assumed to have a Larmour period > [,. EQ. 4.31 givesthetolerable level for
the stray field B, .

The parametersobtained for the el ectron cool er cal culated at the nominal design electron current
and cooling length are given in Table 4.4, where some general parameters of the Recycler and thep
beam are presented for convenience. From the point of view of longitudinal cooling, the optimum
value for the beta-function at the cooler is the length of the cooling section. For higher values of

the beta-function, the cooling rate does not depend on it, but all the sizesincrease as ﬁ}/ ? and the

tolerances decrease as ﬁf_l/ % Theentry for thelongitudinal cooling rateisjust the reciprocal of the
given cooling time in units that manifest the independence of energy decrement on energy spread.

4.2.4 Numerical model for complete scenario

The numerical integration used to obtain the results tabulated in the Table 4.4 is too detailed
to use for following a distribution of particles through hours of cooling to provide an overall pro-
cess simulation. However, it was shown that the analytical single particle rate formulas are rather
accurate. Using these formulas in a macroparticle phase space tracking routine makes a good nu-
merical model practical. When only cooling is taking place, the time steps can be scaled according
to cooling rates, when rf manipulations are being carried out, the time steps have the scale of the
synchrotron oscillation period. Even the shorter time intervals can be many beam circulation peri-
ods. By considering thefull six-dimensional phase space distribution, such acalculation will reflect
the progressiveimprovement inlongitudinal rate asthe transverse componentsare cooled. The util-
ity of such amodel isto check that the whole scenario fits together as advertised and that choices
made along the way don’t have unanticipated disadvantages. It will be helpful in tightening up
performance predictions, checking important Recycler parameterslike rf voltagelimits, evaluating
stack dilution during the injection process, etc.
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Table 4.4: Electron cooling in the Recycler

Parameter Symbol | 5y =200m | 3y = 20m Unit
Circumference C 33194 m
Pbar momentum P 8.9 GeV/c
Normalized rms emittance € 1.6 mm-mrad
Cooler length l, 20 m
Electron current 1. 0.5 A
Losses Ay %
Beam cooling time t 15 min
constant longitudinal cooling rate | do E/dt 180 eV/h
Electron beam radius a 1.9 0.57 cm
Electron angle 0. <40 <80 urad
Electron temperature, tolerable ma? <0.1 <1 eVv
Electron temperature, optimum ma? 0.03 0.3 eV
Electron momentum spread (dp/p)e <1-107*
Corrector-corrector interval ls m
Stray magnetic field By < 40 < 80 mGs
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Chapter 5

Related Accelerator Physics | ssues

The push toward higher luminosity raisesimportant accel erator physics questionsnot only about
electron cooling in the Recycler, but also about other components of the collider complex that must
be modified or improved to cope with higher flux and closer bunch spacing. All of these matters
have received attention at some level under such labels as TeV 33,[ 15] luminosity upgrade,[ 16] and
Fermi I11.[17] The cited references provide substantial materia on the overall scenario and critical
issues for subsystems. This chapter draws from the referencesto provide a coherent setting for the
electron cooling project. Theissueswhich directly impinge on electron cooling are treated in some
detail.

5.1 Antiproton production enhancement

It is the perspective of this report that electron cooling is the technological means to surpass
the luminosity goals of the Run Il plan. However, the cooling, of course, serves only to open the
pipeline, not to fill it. A number of possibilities have been identified for increasing raw antiproton
production and the usable fraction of it for Run I1. Some of the same measures can be further de-
veloped and exploited to provide flux beyond Run |1 specifications. The most practical meansto a
factor of two or soin net flux islikely to be a combination of small gains from several approaches.
What follows in this section is basically a catalog of the means under development or being dis-
cussed along with estimates of potential gain. A summary of the measures intended for Run 11 is
provided in Table 5.1. Critical discussion of the merits and economics of the techniquesis largely
beyond the scope of thisreport; theaim is primarily to establish that issues are being addressed and
that the outlook is favorable.

An immediate source of gain is the Main Injector itself. Its larger aperture and faster cycle
time increase the number of protons per hour on the p target by 150% and someday, using multiple
Booster batches, by as much as 400% over Run Ib parameters. Not al of this gain isimmediately
useable. In order to minimize damage to the target, the spot size of the proton beam will haveto be
increased, thereby reducing the antiproton yield. The scenarios listed below addressregaining this
yield as well asincreasing the acceptance and improving the handling of the antiprotons produced.

5.1.1 Target Station Upgrades

Theincreasein energy deposited in the target because of the Main Injector increasesin protons
on target force an enlargement of the size of the beam hitting the antiproton target. A sweeping
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system is planned to spread the energy deposition over alarger area of the target. This allowsthe
addition of a proton focusing lithium lens to return the spot to 0.1 mm.

5.1.2 Antiproton Acceptance Upgrades

In order to accept more of the antiprotons produced, several changes are being considered for
the systems between the target and the Debuncher. The optics of the AP2 line does not seem to
be well matched between the target and the Debuncher. If thisis addressed it should increase the
admittance of the Debuncher from 177 mm mr to 26 = mm mr. Further improvementsmay increase
thisto 32 7 mm mr. A scenario has been identified to increase the momentum acceptance from 4.0
t0 4.9%. Thereisaproposal to increase the gradient in the Li lens from 750 T/m to 900 T/m and
possibly as high as 1300 T/m. Taken together, these steps would ideally result in a 223% increase
in antiproton acceptance.

5.1.3 Debuncher cooling

Through Run Ib, the Debuncher stochastic cooling systems (horizontal, vertical and momen-
tum) all worked at 2—4 GHz. It is planned to change thisto 4-8 GHz to be able to handle antiproton
fluxes planned for Run Il and beyond.

5.1.4 Accumulator Stacktail Upgrade

The stacktail system in the accumulator has previously operated at 1-2 GHz for both betatron
and momentum. Work is being doneto increase thisto 2—4 GHz which would double the maximum
flux it could handle. A changein the lattice is necessary to facilitate this. An increase to 4-8 GHz
is possible but would require more extensive redesign and devel opment.

5.1.5 Accumulator Core Upgrade

The core cooling systems in the Accumulator must cool the stack to 100 mm mr for transfer
within 5-10 minutes (5% of stacking time). The performance of this system at the end of Run Ib
was not sufficient for the requirements of thefuture. Meeting those requirementsis planned through
improvementsin the performance of various components of the existing system rather than imple-
menting a new one.

5.2 Stochastic Cooling Calculations

Electron cooling and stochastic cooling are complementary in principle, and, at least during the
earliest operation of the electron cooling system, that complementarity will be exploited by using
the stochastic cooling for the large transverse emittance of the recycled antiprotons whereas the
electron cooling will be optimized for longitudinal cooling to increase the stacking rate and maxi-
mum stack current.

This report considers the performance of stochastic cooling for the purpose of establishing cri-
teriafor electron cooling. It isimportant to know what the beam parameters will be for the beam
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Table 5.1: Run |1 accelerator improvementsto enhance p flux

target for improvement value improved value | p flux gain factor
p on target 4.8-10%/n 1.2-10%/h 15
proton lens and beam sweeping none yes 1.15-1.20
optics match of AP-2 177 mmmr | 267 mmmr 1.56
misc. admittance improvements | 260 mmmr | 327 mm mr 1.30
momentum acceptance 4.0% 49% 1.23
collection lens gradient 750 T/m 900 T/m 111
further gradient increase 900 T/m 1300 T/m 1.17
Debuncher cooling 2-4 GHz 4-8 GHz needed with above
Accumulator stack tail cooling 1-2 GHz 24 GHz needed with above
Accumulator core cooling 4-8 GHz optimizegain | needed with above
ultimate stacking rate 7.2-10%h | 30.3-10'h 3.20
Note that timing of implementation of these steps varies, that some are not
independent of others, and that the final gain is not necessarily the product

of the preceding gains.

injected from the Accumulator at the Run 11 level and beyond. Also the effectiveness of the lon-
gitudinal stochastic cooling in the Recycler determines the stacking rate and ultimate sustainable
stack. Therefore, the level at which the electron cooling project should plan to switch from devel-
opment to an operational system depends on how well the stochastic system can do. In the longer
term it will also be necessary to understand at what intensity the transverse stochastic cooling may
be completely incapacitated. At that point the el ectron cooling system must provide cooling of large
transverse velocities, and the hardware requirements become substantially more challenging.

5.2.1 Recycler stochastic cooling revisited

The same program used in modeling the antiproton stacking in the Accumulator[18] has been
applied to the Recycler stacking of Accumulator batches. Table 5.2 tabulates the Recycler ultimate
stack and, in parentheses, the fraction thereof within the design goal of 54 eV's to be injected into
the Tevatron. Thefour rowsarefor four different intervals between injection into the Recycler. The
first two columns correspond to Accumulator stacking as specified for Run Il (see Table 2.1). The
first reflects the use of azimuthal compression to 25% of the full circumference in the Recycler to
reduce the effect of intrabeam scattering. Thismode and the diffusion constant chosen to represent
thelongitudinal IBSare consistent with theunderstanding of IBS contained intheRecycler TDR[5].
The analysisin Section 5.3 establishes that the constant istoo large and the scaling with azimuthal
compression questionable. In columnstwo and threethe azimuthal compress on remains constant at
79% where theremaining 21% iskept clear for transfersand barrier bucket manipulation. Thethird
column corresponds to double the Run Il flux, the initial goal of electron cooling. The emittances
of the injected beam are the samefor all cases. Because only afraction of the stack lieswithin the
target longitudinal emittance, the s mulation must takeinto account not only the beam being stacked
from the Accumulator and that returned from the Tevatron, but also the tails left behind when the
new beam was put into the Tevatron.

One concludesfromthe Tablethat the Recycler with stochastic cooling can achieve Run |1 goals
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Table 5.2: Ultimate stack intensity and ultimate intensity within 54 eVsin units of 102 antiprotons
combining Accumulator injection and return from Tevatron

Acc. Inj. Intrvl. | Runll compr. | Run Il nocompr. | Twice Run |1 flux
min. | total | 54eVs |total | 54eVs |tota | 54eVs
40 | 3.28 | 2.26(.69) | 4.87 | 2.92(.60) | 8.20 | 3.28 (.40)
60 | 3.25 | 2.60(.80) | 5.07 | 3.04 (.60) | 8.49 | 3.48(.42)
120 | 3.21 | 2.89(.90) | 4.95 | 3.17 (.64) | 7.96 | 3.74(.47)
140 | 3.01 | 274(91) | - -

by receiving beam every one to two hours with or without the compression technique. More fre-
guent transfers, which some of the source improvements depend on, will not not be as effective.
As demand for antiprotons increases beyond initial Run 11 fluxes, stochastic cooling falls behind
and plateaus well below what isrequired for double the Run Il flux. A large part of the problemis
the un-extracted tails. According to the smulations, when the recycled beam is returned from the
Tevatron, the tails remaining from the transfer to the Tevatron are pushed farther out in momentum
space to make room for the returned beam. It requires eight hours to smooth out the distribution,
justintimefor the next transfer. Approximately half of thebeamisinthissituation, essentially lost,
being pushed back and forth on the outer edges of the distribution. With electron cooling therewill
be no un-extracted stack tailsto interfere with cooling the beam returned from the Tevatron. Taken
at face value, the figures for twice the input flux show that the stochastic cooling fails to achieve
the stacking goals.

5.2.2 Initial Cooling of Recycled Beam

As explained in Section 2.2, antiprotons returned to the Recycler from the Tevatron may be
cooled for one to two hours before transfers from the Accumulator are resumed. Earlier injection
from the Accumulator is possible with somelossin effectiveness of the pre-cooling; atrade-off can
be made between pre-cooling and Accumulator performance. The longitudinal stochastic cooling
program used above, was applied to this situation as well. The results are shown in Figure 5.1 for
stacking at 20 minute intervals.

With Run Il parameters, 1.48 - 102 antiprotons returned from the Tevatron, about 80% of the
beam is cooled into the central 54 eVs within an hour and a half. This matches well with the op-
erating scenario stated. For twice the amount returned, 2.5 - 102, the scenario does not work; it
requires three hours of cooling to sweep 80% of the beam into the central 54 eVs.

Figure5.2 further illustrates the difficultiesthe system has dealing with the increased amount of
beam. The top left plot shows the cooling of 1.48 - 102 particles returned from the Tevatron. The
curvesareplotted at 20 minuteintervalsfor three hours. The momentumisbinnedin 0.4 MeV bins.
The initia distribution is approximately +£10 MeV in 80% of the circumference of the Recycler.
The pair of dashed lines delineate the central 54 €V's within which the particles should reside to be
sent back to the Tevatron for the next store. Asshown in Fig. 5.1, about 88% of the beam makes it
within that window in two hours.

The top right plot shows the cooling of 2.5 - 102 particles. The plot is about the same as the
top left except for vertical scale. It takes 3 hoursto cool just 80% of the beam to within the central
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Figure5.1: Stochastic momentum cooling of p'srecycled from the Tevatron, intensity and fraction
of intensity useable vs. timefor 1.4 - 10'2 recycled (Run I1) and 2.8 - 1012
(Run1l+).

54 eVs. The lower plot is a bin-by-bin ratio of the two upper plots for each of the time intervals.
Initialy, theratiois1.68 acrossall bins. Astime progresses, the higher intensity tailslag their lower
intensity counterparts and the ratio in the tailsincreases. Similarly, the movement into the central
binsis dower for the high intensity case and theratio is depressed.

The stochastic cooling calcuations for the Recycler reported in this subsection were made on
the basis of the understanding of the longitudinal intrabeam scattering represented by the Recycler
TDR.[5] They must be repeated with the new IBS evaluation described in section 5.3. These and
the corresponding transverse cooling cases are needed to provide a better basisfor thedesign by in-
dicating the minimum useful performancefor the electron cooling and providing early information
on the effectiveness of the stochastic precooling.
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5.2.3 Anticipated emittance from the Accumulator at 40— 100 - 10'° p/ hr

The Run Il Handbook[6] states that the emittances must be less than 107 mm mrad and 10 eVs.
These emittances apply to aflux of 20- 10'° p/hr. Asit becomes necessary to increase Accumulator
throughput, it will be emptied more frequently and the gain profile modified to enhance stacking.
Under these conditions one expects that the transverse emittance to be higher, but whether it will
be possible to compensate this with the amount of transverse el ectron cooling plannedis not certain
without moreinformation on the Accumulator upgrades. It iscurrently assumed that improvements
to the present systems plus frequent transfers will maintain transverse emittance near the historical
value at the 40 - 10'%/hr rate. Asthe rates go higher, it may be practical to improve the transverse
cooling along with the necessary improvements in the longitudinal cooling.

5.3 Intrabeam scatteringin the Recycler

Theintrabeam Coulomb scattering (1BS) drivesthe antiproton distribution toward thermal equi-
librium. Consequently, therelatively hot degrees of freedom (for the Recycler, transverse) are cooled,
and the cold one (longitudinal) isheated. General formulasfor the intrabeam scattering [19, 20] are
rather complicated and are generally used by means of computer programs. The purpose of thissec-
tion isto derive ahandy formulafor the IBS longitudinal diffusion. The following approximations
are used:

e Thelongitudinal temperature of antiprotonsis much lower than the transverse. In fact, they
differ by afactor of 4 —40.

e Thedispersion size of the antiproton beam can be neglected. For thelongitudinal 95% phase
space area A = 240 eV's, the rms momentum spread Ap/p = 7 - 10~*, assuming the whole
ring occupation. The average dispersion of the Recycler D = 70 cm, which gives 0.5 mm of
dispersion size, while the betatron rms beam radiusis 4 — 6 times higher.

e The smooth approximation is applied. Actually, the Recycler lattice is rather smooth; the
beam envel ope oscillates with an amplitude ~ +30%.

In a collision aparticle gets alongitudinal velocity kick; in the beam frame
v, = 2rycos0/(pu), v, =0, (0v.)? =2r2/(p*u?),

where r,, isthe classical proton radius, ¢ is the angle between the longitudinal axis and a plane of
the relative motion, p isthe |mpact parameter, u is the relative velocity, the bar (...) stands for the
averaging over 0; al the expressions assume ¢ = 1. From here, the IBS diffusion coefficient D =
d(Ap/p)?/dtin the laboratory frameisfound asaresult of an integration over theimpact parameter
and over the velocities of the scattered particles v,. Thisresult hasto be averaged over the betatron
phases ¢, 1, of the antiproton considered:

47T7"2L /W/2 /W/2 dwmdwy/dQWfL(F’ﬁ?)
/2] x/2 V=2 (1)

U= (vgsint,, vy siney); 7= —(vy cOS Yy, vy cOSYy) /(Yws)
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with L; as the IBS Coulomb logarithm and w;, as the betatron frequency for the both degrees of
freedom. The relativistic factor v appears here because of the time transformation in going to the
laboratory frame. The transverse distribution of the antiprotonsis assumed to be Gaussian,

FL(F ) = ny exp(—r?/(2ap)) exp(—v3/(2v1)) /(2myv])

wheren, = (I,/e)/(2m3a) isthe beam density at the axisin the laboratory frame, I, is the peak
antiproton current. In this case, the diffusion coefficient is rewritten as

_ 4Win§LﬁI
V6%,

Here a dimensionless transverse factor was introduced:

/W/2 / - d%dwy exp(—7"2/(2a§))/alzv2 exp(_f}%/(%i)) (5.3)

w/2 J=x/2 21, |U — Vs

(5.2)

with a, = v, /(yws). This factor can be easily calculated for the limit casesv > v, orv < vy
then the results might be joined by a proper analytical expression. The following formula

3
_ = vl (5.4)
T\ (02 402 + 202 /) (02 + 203 /) (02 + 203 /)

gives an exact result for the limit cases; its inaccuracy in the intermediate area, v ~ v, isnot
worse than 20%.

The longitudinal distribution of the antiprotonsis determined by the competitive action of the
diffusion and the cooling force rewritten below for the sake of convenience:

d(ATYZ/p) = —F,  (Ap/p) >0 (5.5)
with 8(1. /e) I
_ 8(Ic/e)rerpnLy

b= T3%y2a2v,v, (56)

The evolution of the longitudinal distribution function f| is described by the Fokker-Planck equa-
tion:
ofy Dof /

Here the symbol w = Ap/p isintroduced to smplify the notation. Taking into account that both
the cooling force £ and the diffusion do not depend on the momentum w, a stationary solution of
this equation is found:

f](w) = exp(~w/w)/w, @ =D/(2F) . (5.8)

From here, the lower limit for the longitudinal 95% emittance (phase space area) A, iS presented
as
Apin = 6wl, = 3DI,/F (5.9)
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where [, is the length of the antiproton beam bounded by the barrier voltage pulses. Substitution
the expressions for the diffusion coefficient (5.2) and the force (5.6) permits rewriting thislimitin
the following form:

3rvyplyI, ry Ly a?  Tu,

min — - 5 = . 5.10
A 4[677 Te LH a]%j j Ui ( )

Accordingtothisresult, thelimit emittance A,,;, doesnot change with thelongitudinal compression
of the antiproton beam; it depends only on the product 7,/, = I,C. Thusit applies also equally to
the stacking and recycling processes. The maximum value of the transverse velocity factor 7 is
reached at v, = v, = /(1 +/5)/mvL ~ v, With T, = 0.24, which gives for the project basic
parameters A, = 7 eVs.

54 Stability of the Antiproton Beam

In general, antiproton beam stability is considered in the Recycler Technical Design Report.[5]
Here, only the influence of the el ectron beam on these phenomenais discussed. The stability of the
electron beam itself is discussed in the context of a cooling section with lumped focusing elements
in Appendix B. The factorswhich could be relevant for p stability are listed below.

1. The space charge of the el ectron beam causes a betatron tune shift for the circulated antipro-
tons: (L))ol
e)r
Av, = —Lrl] 511
Y 2mea? 323 .11
where I, isthe electron current, r,, isthe proton classical radius, /.. isthe cooler length, 3, is
the beta-function in the cooler, « is the electron beam radius. Substitution here of the basic
project parameters shows that this tune shift is not significant, Av, = 0.4 - 1074,

2. Thelongitudina cooling shrinks the momentum spread. This, in general, could reduce Lan-
dau damping and drive coherent instabilities. To prevent longitudinal microwave instability,
it is sufficient to have the rms momentum spread Ap/p satisfying to the Keil-Schnell condi-

tion
N A
Ap/p > ’/M (5.12)
2myn

where |Z/n| is the reduced longitudinal impedance, and , = 1/9? — 1/47 isthe phase dlip
factor. For the project parameters, with the space charge impedance |Z/n| = 129 it gives
Ap/p >5-107°.

3. Thelongitudina cooling can hardly influence the transverse beam stability in the Recycler
case. Thereason isthat therelative spread of the revolution frequenciesisinsignificant even
without cooling. For the resistive wall instability, the most dangerous longitudina mode
number is the integer part of the betatron tune, n = 25, which corresponds to the longitu-
dinal frequency spread factor

nAwp/wo = nnAp/p < 1-107% (5.13)
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Thisvalue hasto be compared with the shift of theincoherent betatron tune from the coherent
tune due to the antiproton beam space charge (Ladlett tune shift):

B Nry,
N 4 By2e,
wheree,, isthenormalized rmsemittance. For thenominal design, onefindsAv;, = 0.5-1072.

The revolution frequency spread factor (5.13) isonly ~ 0.02 of this number; such a small
value can hardly be significant.

AI/L

(5.14)

. The electron beam introduces in the ring additional longitudinal and transverse impedances
[21]. Both of these values are much smaller than the corresponding expected values for the
ring, so they can be neglected.

. Thetransverse cooling rateisinversely proportional to the relative el ectron-antiproton vel oc-
ity cubed; the dlow antiprotonsare cooled very fast. If the electron beamis of agood quality,
these fast-cooled antiprotonsare condensed in asmall core. This core could be space-charge
dominated and so unstable. Recent experimentsat CELSIUS, Uppsala[22], support this ex-
planation for the cooled beam instabilities observed on several cooling facilities. To prevent
such instahilities, the transverse velocity of the electron beam could be regulated at the en-
trance of the cooling section.
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Chapter 6

Laboratory Studies

6.1 Electron beam recirculation

This section describesthe successful recirculation of adc electron beam at energies1—1.4 MeV
and currentsin excess of 300 mA with typical relative losses of 1 —2x 1075, Currents of 200 mA
were maintained for the periods of one hour (typical) without a single breakdown, 300 mA for 20
minutes.

In 1995 Fermilab started an R&D program in electron cooling that has two principal goals:
(1) to determine the feasibility of electron cooling the 8 GeV antiprotons; and (2) to develop and
demonstrate the necessary technology. The primary technical problemisto generate ahigh-quality,
monochromatic, dc, multi-MeV electron beam of 200 mA or greater. The only technically feasible
way to attain such high electron currents is through beam recirculation (charge recovery). High-
efficiency recirculation of a1l MeV, 1 A, dc electron beam was first demonstrated in 1987 [23] by
INP, Novosibirsk using a continuous solenoidal field which provided beam focusing. Presence of
a solenoid makes such a system cumbersome and not easily extendible to the several MeV range.
Another approach, suggested and tested by a group from UCSB [24], is to utilize an electrostatic
accelerator with discrete focusing elements. The UCSB group has demonstrated recirculation of
a pulsed (several microseconds) 1.25 A electron beam using a 3 MeV Pelletron accelerator (Van
de Graaff type) at Nationa Electrostatics Corporation (NEC). The results of this demonstration be-
came a basis for a Fermilab-led collaborative effort which attained recirculation of a 2 MeV, 105
mA beam with 11 p/A losses sustainable for one to ten minutes|[25]. Recirculation tests, described
in the present paper, were performed on the same accelerator as described in Refs. [24] and [25]
with shorter 2 MV acceleration and decel eration tubes, a new electron gun and collector [26], as
well as a different beam line. Figure 1.3 shows a simplified electrical schematic of the recircula
tion test. Figure 6.1 shows the test beamline layout. Table 6.1 summarizes the important system
parameters.

This system employs an electrostatic HV supply like a Van de Graaff with maximum charging
current of afew hundred microamperes. The electron gun can be operated in both emission and
space charge limited regime with a control electrode being always negatively biased with respect
to the cathode. Figure 6.2 shows the mechanical schematic of the electron gun. The electron beam
line consists of a 7.5 m long channel with discrete focusing elements (Ienses and a bending magnet)
flanked by small aperture (2.54 cm id) acceleration and deceleration tubes.
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Figure 6.1: Recirculation system beamline layout
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Table 6.1: Recirculation system parameters

Parameter Symbol Value Units
Pelletron VVoltage Uy 1-1.4 MV
Max. Recirculated Beam Current I 680 mA
Typical Vacuum p 1x10~7 | Torr
Relative Losses AI/IL, | 1-2x107°

Electron Gun
Cathode Radius Te 17 mm
Gun Perveance P 0.07 nPerv
Anode Voltage Ua <50 kv
Control Voltage Uc

beam off —Ux/13

beam on —U4/100

Electron Collector

Collector Voltage Ucor, <5 kV
Relative Losses (30 keV test bench) 3x10°6

A (scale 1:2)

Figure 6.2: Mechanical schematic of the electron gun: 1 - cathode, 2 - control electrode, and 3 -
gun anode. Dimensions are in millimeters.
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6.1.1 Stability

A salient attribute of thisrecirculation test is relatively weak focusing: typical focal length of
the beamline elements is about one meter. Note, that in traditional low energy electron cooling
systems thisvalueis 1 — 10 mm and electron trgjectories do not depend on the beam energy. The
system, described in Ref. [23], had atypical focal length of 5 cm and this allowed it to sustain 3%
energy fluctuations. One of the consequences of the weak focusing is that particle trajectories, as
well as beam losses, strongly depend on the particle’s energy (Fig. 6.3). In the event of an energy
fluctuation that exceeds severa kilovolts, the voltage on the Pelletron dropsinstantly (" crashes’) to
avery low level. The mechanism of acrash can be described as follows. An energy fluctuation or
other perturbation causes someinitial beam loss. If losses occur in the acceleration or deceleration
tube, it takes only a couple of microamperes to significantly redistribute grading potentials on the
tube. Asthetubeelectrodes charge up, the divergence of the beamincreases, whichin turnincreases
beam |osses and so on. During thisprocessthe Pelletron voltagedropsto atypical level of 200kV. If
the gunisnot shut off immediately after such acrash, the system becomes stabl e at thislow voltage:
some of the tube el ectrodes become charged up to the cathode potential, nearly all the beam current
that the anode supply is capable of producing is returned to the anode, and afew microamperesfall
on the tube electrodes and even pass all the way down to ground. These crashes were of primary
concern in the test because the final electron cooling system has to operate 24 hours a day without
substantial intervention.

One of the most common mechanisms leading to large energy fluctuations is a partial or full
tube breakdown. In these tests the Pelletron voltage has been lowered from anominal 2 MV to 1
—1.5 MV to both reduce the frequency of breakdowns and to minimize the damage to the terminal
electronics caused by them. Even with the lowered voltage it takes at |east one week to condition
the tube with the beam on after opening the tube to the atmosphere.

Operation without crashes for the periods of one hour or longer is possible only when the beam
boundary is far away from the apertures. In this mode of operation all the beamline settings can
be varied (to some extent) without a significant increase in current loss. Figure 6.3 illustrates the
dependence of losses on the beam energy for such aregime. The best stability is achieved at the
minimum of loss curve (33 —34 kV for the conditions of Fig. 6.3).

The behavior of the system significantly differsfor the operation below and above the most sta-
ble energy. Figure 6.3 showsthat the energy increase above the stable point leads to higher losses,
reducing the mean time between crashes. On the other hand, the energy decrease below the stable
range leads to an immediate crash: the increase of losses leadsto further decrease of beam energy,
which, in turn, increases losses, etc. This mechanism is valid on time scales shorter than the re-
sponse time of an energy regulation (coronatriode) circuit.

The time period between crashes decreases with beam current: typical time between crashes
for 200 mA is one hour, 20 minutes for 300 mA, and seconds for 350 mA. The main reason is that
the beam size generally increases with current. This reduces the range of sustainable fluctuations
of various beamline settings and, consequently, the stability of the system. Also, the beam losses
increase with the beam current (see Fig. 6.4), and the best stability is achieved with the lowest level
of losses.

Stability with respect to the beam position inside the collector is also very important because of
the electron-induced gas desorption from the collector surface [27]. The coefficient of desorption
from the collector surfaceinitially lay between one and ten molecul es/electron. Even asmall steer-
ing of a high current beam inside the collector onto a new location can be accompanied by aburst
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Figure 6.3: Measured dependence of losses on anode voltage U,4. Pelletron voltage was kept at
U, = 1.135 MV, beam current was 200 mA. Beam kinetic energy iselU, + eUy.

of the desorbed gas and subsequent HV breakdown. After along operation period and uniform ex-
posure of the collector surface to the electron beam, the coefficient of desorption fell to the level of
103 and thiseffect disappeared. The estimate of the acquired dose by the collector surfaceisonthe
order of 10 mA hr/cm?. Thiseffect putsthe limit on how fast one can establish arecirculating beam
after letting the collector up to the atmosphere. The best results were achieved with the collector
being under vacuum for more than one year. Thus, there are at least three necessary conditions for
a stable recirculation: (1) losses in the tubes should be significantly lower than the tube resistive
divider current, typically equal to 10 — 20 1A ; (2) fluctuations of the beam energy and the bending
magnetic fields should not exceed 0.2% — this requirement is less stringent than the requirement
of 0.01% energy regulation for efficient electron cooling; and (3) the beam boundary should be far
away from the apertures.

6.1.2 Beam losses

Thetypical dependenceof currentlosses asafunction of beam currentisshowninFig. 6.4. This
dependence has two reproducible parts: linear and exponential.

Theexponential growth of lossesis often observed because of beam scraping duringinitial beam
steering as one tries to establish the recirculation. The exponentia part in Fig. 6.4 also most likely
corresponds to the scraping of primary beam. Figure 6.4 was obtained while operating the gunin
a space-charge limited regime where the beam current is determined by the control electrode po-
tential. We observed that the voltage on the control electrode that corresponds to the knee point in
Fig. 6.4 increases linearly with U,4. This corresponds to a fixed beam size in the anode while the
beam current scales as U%/? |

The linear part of the losses in Fig. 6.4 might have three contributions: (1) collector losses, (2)
residual gas scattering, and (3) beam halo formed in the gun region. At observed level of losses 1
—2-107% itisdifficult to distinguish between these mechanisms. The collector losses probably do
not play amajor role because on alow energy test bench thelosswas A7 /1, =3-107° for thebeam
current of 600 mA.[26]

At high beam currents the linear part of the losses have approximately linear dependence on
vacuum. Figure 6.4 showsthe measured beam losses as afunction of beam current for two different
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vacuum pressures. However, it does not appear that the residual gas scattering isa primary reason
for current losses. Typical scattering cross sections for electrons of MeV energy yield losses too
low to support such a mechanism.

“Beam halo” isused hereto mean particleswith longitudinal energy nearly equal to the primary
beam energy and with the transverse energy ordersof magnitude higher. The best understood source
of thishalo is an emission from the cathode edge and side surface. For the gun used in these tests,
such emission is suppressed by employing a negatively biased control electrode, adjacent to the
cathode. Voltageon thiselectrode (typically ranging from-400V to -3 kV) determinesthe emitting
area on the cathode face.[ 26]

A possible halo mechanism that would give alinear dependence on vacuum is secondary elec-
tron emission produced by the backstreaming ion bombardment. This mechanism is supported by
thefact that during theinitial HV conditioning with acold cathode one could often observe a stable
electron beam coming out of the accelerating tube. It has also been observed that the |osses do not
depend on the vacuum in the gun and collector region but only on the vacuum in the beamline.

To attain stablerecirculation of el ectron beamswith currentsof 200 mA and greater in asystem
with relatively weak focusing it is necessary to ensure small current losses, on the order of 1075,
Thisrequiresagun carefully designed gun for small halo and a very efficient collector. Preferably
beam tube pressure should bekept under 10~7 Torr. Electron beam size should be much smaller than
the tube’s aperture. Energy and bending magnet field stability should be better that 0.2%. Based on
therecirculationtests, it appearsfeasibleto build a Pelletron-based dc recircul ating system capable
of producing hundreds of milliamperesin the MeV energy range.

6.2 Vacuum study — electron beam surface conditioning

Itiswell knownthat in devicesempl oying el ectron beams one observesintense el ectron-induced
gas desorption from the vacuum chamber surfaces. Thiskind of desorption is often one of the most
important factorslimiting the performanceand stability of such adevice. Theelectron-induced des-
orption phenomenon is important for electron cooling devices. In the beginning of operation the
vacuum deteriorates dramatically because of desorption from the collector surface, and one needs
time to establish a maximum beam current. After the conditioning the pressure becomes a linear
function of the current losses (see, for example[28, 29]). Asarule, these losses determinethe vac-
uum level during routine operation.

The recirculation test setup at NEC shows asimilar behavior; after long operation the pressure
increases by 10 nTorr per microampere of loss. Such a high outgassing rate is inappropriate for
cooler operation, because the vacuum in the Recycler ring must be kept under 0.1 nTorr.[5]

The electron stimulated desorption coefficient as well as the vacuum chamber outgassing rate
can be decreased by apreliminary conditioning with alow energy electron beam. Ref. [27] reports
reduction of both these values by several ordersof magnitude after beam cleaning. The application
of thismethod for cleaning of the cooling section seemsto be very promising because of the rather
simple shape of the section and apossibility to use its solenoids for the low energy beam transport.

Figure 6.5 shows the mechanical schematic of the laboratory setup for the surface conditioning
studies. This all-metal setup consists of an electron gun (1) with a 2.54 cm diameter cathode, a
six-way vacuum and instrumentation cross, and a5 m long 3" od stainless steel beamtube with an
ion gauge (1G2) at the far end. One short focusing solenoid near the gun (2) and five separately
powered one-meter-long solenoids (3) along the beamtube alow the beam to bombard any given
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Figure 6.5: Beamline layout for the surface conditioning studies.

area of the vacuum surface. Position of the bombarded areaiis monitored by twelve equally spaced
thermocouples. This device was commissioned in May of 1998. During thefirst operation a 3 keV
beam of 0.25 A was transported along the 5 m long tube in magnetic field as low as 40 G. After
applying of a specific dose of about 2 mA/h/cm? the electron stimulated desorption coefficient is
10~3 molecules/el ectron and the beam-off outgassing rate of thetubeisabout 7-10~* Torr-I/s/cm?.
The later value is significantly better than what is achievable by a bakeout procedure.[5, 30]

The following studies will be performed with this device:

1. measurements of the specific doses needed to outgas the vacuum surface

2. measurements of the outgassing rates and residual gas spectra with and without the electron
beam

3. studies of the effects of opening the vacuum chamber to the atmosphere and subsequent ex-
posure to the electron beam.

Solenoids used in this study will be a prototype for the electron cooling test beamline that will be
installed in the Wideband Laboratory building.

6.3 Space charge dominated beam optics

For any beam of interest for electron cooling, the spacecharge term in the equation for the beam
envelopeisgreater than the term depending on the transverse emittance by afactor O(10°); that is,
the beam is spacecharge dominated. Beam optics for spacecharge dominated beams differs from
that familiar from the emittance dominated regime, especially where dispersionisinvolved. Tofa-
cilitate development of optics for the cooler, a 12.5 kV proton beam line has been installed in the
Wideband Laboratory.[31] When the current is scaled down by the square of the mass ratio, the
proton beam becomes a close analog of a4.3 MeV electron beam of the same physical emittance.
Although the proton model does not correspond perfectly, it has the advantages of radiation-free
operation and absence of the complicationsof high voltage. Beforea5 MV electron accelerator is
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Figure 6.6: Schematic plan view of the 12.5 keV proton analog for a4.3 MeV electron beam (top)
and (bottom) sketch of duoplasmatron (D), solenoid (S), trim quads (Q), and mass selection dipole
(B) left-right reversed with respect to the plan view

available, the proton analog will allow tests of beam optics and some instrumentation. The compo-
nentsfor the 180° achromatic bend required to turn the beam in the cooler back toward the Pelletron
haveall beenfabricated. A beamlinecontaining the 180° bend will be built up at the Wideband Lab-
oratory and investigated with the proton beam.

The proton analog, shown in Fig. 6.6, consists of a duoplasmatron modified for low intensity,
high brightness, dc operation followed by a solenoid, a mass selection selection dipole, and an ad-
justableiris. Horizontal and vertical moving-dlit emittance probes, Faraday cups, and aninstrument
carousel mounted on a precision longitudinal screw are available. The carousdl rotates to place
any of three instruments into the beam. It will generally have horizontal and vertical profile grids
mounted.
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Chapter 7

Development Program

The laboratory studies, the modelling, and conceptual development have opened a number of
specific issues that will be addressed in building an operational cooler. Much of this report is de-
voted to identifying and discussing the more general or important of them. This brief chapter isin-
tended to provide a reasonably comprehensive summary of theissues focused on specific elements
of the hardware; it isbasically alist of what needs to be done.

The ultimate goal for the development program at Wideband building (WB) isto build a system
that differslittle from the final electron cooling system (maybe, by the number of bends). A final
adjustment to the beam can be made only by the electron cooling processitself, but the beam param-
eters appropriatefor the cooling are to be reached at Wideband. These parameters are summarized
in Table 7.1.

These parameters differ significantly from what was achieved during the electron beam recir-
culation (EBR) test at NEC. Many scientific and technical problems must be solved to have such a
devicein areliable operation. The most important of them are listed below.

7.1 High voltagedc

Generally, technical difficulties increase with an increase of voltage. The high voltage in the
WB experiment is approximately three times higher than that in the EBR test. The design accel-
eration gradient is also 1.5 times higher. Another differenceis the presence of an inhomogeneous
magnetic field along the accel eration and decel eration tubes. Consequently, the first problem to be

Table 7.1: Goal parametersfor the experiment at Wideband building.

Electron current 05A
Electron energy 4.5 MeV
Measured beam anglesin the drift section 0.1 mrad
Energy stability 500 eV
Pressure in the drift section 1 x 1071 Torr
Average time between crashes 1 hour
Timeto reestablish the beam 2min
Typical time between tank openings 1 month
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solved in WB isreliable operation of the Pelletron at high gradient (17 kV/cm) with inhomogeneous
magnetic field.

The EBR test shows that geometry of the gun and aregion near the gun is critically important
for the stability of operation. The origin of the HV crashes is thought to be a beam halo formed
in the gun. This halo is electrons knocked from the cathode and control electrode placed near the
cathode by high energy ions. These electrons have large transverse velocities and can reach accel-
eration tube walls and, thus, provoke breakdowns. Electron trajectories are changed by applying
the magnetic field, and the accelerator stability can also change. Therefore, it isvery important to
find what the conditions are for stable operation with a magnetized gun.

A necessary condition for stable operationislow current losses. Inthe EBR test it was observed
that the time between crashes decreasesdramatically if the current lossesexceed 10 /A. Apparently,
asimilar value will be an upper boundary for a4.5 MeV device as well. To decrease the relative
losses to such alow value, one needs to understand in general what determines current losses and,
in particular, what is the efficiency of a partly magnetized collector.

A very important issueisthereliability of electronicsoperating at high voltage. Thiselectronics
will be placed on four platforms: one with potential equal to the cathode potential of -4.5 MV with
respect to ground, oneat anode potential, oneat -3MV, and oneat -1.5MV. Each level ispowered by
aseparate generator and connected to agrounded computer system by optical cables. All indl, the
system of the beam generation and recuperation consists of more than ten separate power supplies
situated at high voltage. Achieving good reliability for such acomplicated system isadifficult task
needing alot of time and effort. During the operation in the Wideband building, steps will be taken
both to ensure that the electronics survive the HV sparks and to provide a mode of operation with
the fewest possible sparks.

Another important technical problem which will be examined in the experiment is stability of
electron energy. This question is addressed in Section 8.1.2.

/7.2 Beam transport

Asdiscussed in Chapter 8, the choice of anearly standard accelerator resultsinaneed forR& D
in the beam optics, because the combination of a magnetized beam and alumped focusing system
isan untried solution. The primary concern are aberrations and distortions of the beam phase space
because of misalignments. The beam transport line consists of solenoidal magnetic lenses, bends
and steerers. An accurate analysis of the lenses can be done by a computer simulation because of
their axial symmetry. A much more complicated problem is emittance growth due to passing the
beam with non-zero angular momentum through 90 degree bends. It is difficult to smulate such a
truly three-dimensional geometry. Perhaps these aberrations can be estimated most efficiently by
measurements.

7.3 Cooalinginteraction region

A final goal of the WB effortsis a round beam propagating through the cooling section with
anglesbelow 0.1 mrad. The information about electron angles can be extracted from the beam size
measurements. The wavelength of the electron gyromotion is approximately equal to the length of
the cooling section. Therefore, five sets of scrapersinstalled five meters apart will provide enough
information to determine the beam envelope.
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Beam quality in the cooling section depends also on the magnetic field quality. The intention
is to make magnetic measurements, analyze the influence of the field errors on the cooling process
by a computer smulation, and, further, to correct thefield errors.

Instabilitiesin the electron beam can be dangerousfor the efficiency of the electron beam device
performance as well as for stability of the antiproton beam. Information about instabilities and,
more generally, about electron beam noise level can be obtained from pick-up electrodes used as
BPMs.

To reach avacuum level in the nTorr range, the technique of cleaning by low energy electron
beam (see Section 6.2) will be used. Also, it will be necessary to measure the residual gas spec-
tra with the 4.5 MeV beam on, because the residual gas content can be changed by the electron
stimulated desorption.

7.4 |Instrumentation and control

Effective implementation of electron cooling requires several diagnostic devices to align and
characterize the anti-proton and el ectron beams. Because of the value of the anti-proton beam it is
desirable that these diagnostics be non-intercepting or at most cause small lossto the beam. For the
electron beam it isnecessary that the diagnosti cs be nondestructive because loss of therecirculating
electrons must be ~ 10~° to operate the Pelletron. Thus the various devices for measuring beam
position, beam profile, velocity, momentum spread, instabilities, etc. should cause minimum loss
of beams. For the most part the requirements for measuring the beams are not severe and fairly
standard devices will provide the necessary precision. Across the ~ 20 m of the electron cooling
section, an angular precision of ~ 10~* between the two beams and the solenoid field are desirable.
The beam centers need to be determined to a few tenths of a millimeter with beams of about one
centimeter diameter.

7.4.1 Anti-proton beam diagnostics

The stochastic cooling instrumentation will provideinformation on the antiproton beam directly
applicableto electron cooling operations. There will be devices within the Recycler for diagnosing
genera cooling effects and the anti-proton beam which will be useful for electron cooling.

Several specific devices will be needed within the electron cooling straight section for align-
ing and observing the profile of the anti-proton beam. Position of the antiproton beam within the
electron cooling section can be determined using RF beam position monitors (BPM) at each end of
the cooling section. The profile of the anti-proton beam can be determined from knowledge of the
beam and known lattice parameters or through measurements with fast scanning wires.

7.4.2 Electron beam diagnostics

Diagnostics for measuring and aligning the electron beam will be needed, and much of thisin-
formation can be obtained by relatively simple and available devices. Beam current is measurable
by precision DC current monitors, beam loss via the change in charging current of the Pelletron
generator, and beam position by modulating the electron beam and sensing the position with RF
beam position monitors. These devices are not destructive to the electron beam and may be used as
necessary along the beam line and in the cooling section. Between the cooling solenoids, adjustable
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scrapers can be used to determine the beam envelope. To some intensity flying wires are useable
for measuring thedensity profile. These deviceswill be used duringthe R & D phase for measuring
the electron beam to study recirculation with the Pelletron.

7.4.3 Advanced diagnostic possibilities

Several specialized diagnostic devices have been proposed or tried for specific needs. Many
are very complex and require considerable development to implement. They may have utility for
future studies of electron cooling, but many of these may be beyond the scope or needs of theinitial
program.

Laser scattering from theionized background gas has been proposed for measuring the density
profile[32] The Fermilab electron cooling group has considered passing a narrow multi-keV H~
beam through the el ectron beam and measuring the dissociated neutral hydrogen atomsthat emerge
to give adensity profile.

Longitudinal temperature and velocity profiles are often determined from cooling experiments.
Under some conditionsthese val ueshave been measured by thefrequency shift and spread of backscat-
tered laser light.[33, 34]

The transverse temperature has been estimated for lower energy electron beams by measuring
the microwave radiation emitted from electrons spiraling in the magnetic field of the solenoid.[34]
Whether this can be made to work would require much study.

Instabilities may be a problem with intense el ectron beams and will need to be monitored. For-
tunately instabilities lead to RF effectsin an otherwise DC beam. Standard techniques using RF,
Schottky, and el ectrostatic measurements would be applicable.
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Chapter 8

Technical Components

At thetimeof thisreport some partsof the cooler system areinthe general concept stagewhilea
few have been built in what may proveto be final form. This chapter describes component partsin
termsas concrete astheir state of development warrants. Because of its cost, procurement time, and
install ation/commissioning time, the high voltage generator has outstanding importancein planning
for aproject.

8.1 HV dcaccderator

The choice of the HV accelerator design is determined by two principles:
1. The design of the HV terminal components should be as ssimple as possible.
2. The proposed design should differ aslittle as possible from existing machines.

The first item on thislist is a recognition of the fact that the engineering problems related to HV
gpark protection and hardiness of the terminal electronics could determine the time scale of the
whole experimental program. In the recirculation tests, described in Section 6.1, it took more than
ayear to protect the electronicsin the terminal to the degree that spark damage could be limited to
one occurrence per month. Part of the solution wasto reduce the average accel erating gradient from
15 kV/cm to 10 kV/cm, which resulted in less frequent sparks. However, these problems are solv-
able. The University of California, SantaBarbara(UCSB) facility operatingwitha6 MV Pelletron
accelerator in arecirculating mode reports superb reliability: almost no spark damage, scheduled
tank openings twice ayear for preventive maintenance.

The second item on the list is arecognition of the fact that large steps from existing HV tech-
nology normally take a large amount of time and effort to develop. It is clear that the traditional
way to focus the electron beam with a kilogauss-range continuous magnetic field is incompatible
with the existing HV technology. If one chooses to use a strong magnetic field in a combination
with an MeV range accelerator, a new HV technology would be required. An example of such a
proposal can be found in Ref. [35]. On the other hand, the desire to use existing HV technology
leads into untried focusing schemes. A choice has been made to minimize HV R & D by finding
acommercially available solution such as a Pelletron accelerator and concentratethe R & D effort
on the beam transport.



Table 8.1: Pelletron accelerator parameters.

Maximum Voltage, MV 5
Maximum Charging Current, pA | 400
Electrical Power, kVA 41
Tank Height, m 7.3
Tank Diameter, m 3.7
Tank Volume, m? 714
Accelerator Weight (total), ton 30
SF Weight, ton 3.3
HV Terminal Diameter, m 2
Column Height (incl. terminal), m | 4.8

8.1.1 Accelerator design

The Nationa Electrostatics Corporation (NEC) has constructed and commissioned over one
hundred Pelletrons in the energy range from 0.5 to 30 MeV. Consequently, the HV generator it-
self is not expected to be troublesome. Figure 3.2 shows the Pelletron accelerator that has been
proposed by NEC physicists to fit the requirements of the Fermilab electron cooling R & D pro-
gram. The accelerator design incorporates several features that are not standard in NEC machines
allowing for maximum flexibility in the choice of the electron beam optics. These features are:

1.

Gun and collector solenoidsat terminal level These 200 G, 50 cm long solenoids are pow-
ered by power supplieslocated at terminal potential. The gun solenoid crestes a necessary
magnetic flux through the cathode and focuses the beam for the first 500 kV of acceleration
tube.

Four focusing lenses (two in each tube) These lenses are needed to keep the beam size inthe
tube small and to provide an optical matching between the gun (collector) solenoid and the
solenoid at ground potential as described in Section 8.4. They are similar to lenses S1 and S6
used in therecirculation test (Fig. 6.1).

Larger tank diameter (12 feet as opposed to a standard 10 feet) This option allows instal-
lation of large diameter magnetic lenses and solenoids along the accel erating tube.

Two rotating shaftsin addition to the standard shaft that powersthegun and collector
electronics This option providesfor the power for the solenoidsif they are needed. However,
the scheme with a solenoid and two discrete focusing lenses (items 1 and 2 above) does not
reguire any power beyond what is normally provided by one rotating shaft.

Tank flange This option allows extending the accel erating tube length if lower operating gra-
dient is needed; the typical gradient on NEC tubesis 16 kV/cm.

These features, of course, require development on the part of both NEC and Fermilab but seem
feasible and require no new technology. Some relevant Pelletron parameters are specified in Table

8.1.
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8.1.2 Pelletron voltageregulation
Pelletrons can be regulated by different techniques:

1. Theamplified output of acapacitive pickoff (CPO) isappliedto atank liner for ahigh-bandwidth
(1 to 300 Hz) feedback system. Alternately, the CPO signal can be used to drive afast ew
rate bias supply inside the HV terminal.

2. The output of a generating voltmeter (GVM) provides an error signal to the corona probe
system in aslower (<1 Hz) feedback loop to provide long-term stability.

3. When beam is operating, an external system, e. g. ditsor abeam position monitoring (BPM)
system, can be used instead of the GVM to provide long-term stability.

NEC guarantees the short-term terminal ripple <1000 V FWHM for a5 MV Pelletron without a
liner system and <350 V FWHM with an optional liner system. However, the reported measured
voltage stability is significantly better. UCSB reportg36] a 100 V (peak) rippleon a6 MV Pel-
letron over awide range of frequencies. Their feedback loop consists of afast GVM (700 Hz BW),
comparator, optical link (80 Hz BW), and coronatriode (16 Hz BW).

The long-term Pelletron voltage stability is primarily determined by thermal effects. Since the
GVM measures the electric field rather than the actual terminal voltage its calibration depends on
the specific geometry of the tank and the HV terminal. As the Pelletron tank heats up, it expands
and, thus, changes the GVM calibration. The dependence of the electric field, £, on temperature,
T, can be expressed as follows:

1dE 1 R,

EdT 1n§—j;[ OnRsH) at+as] ’ &

where R, = 1.8 mand R; = 1 m arethe radii of the tank and terminal shell and a; ~ 1.4 - 107

deg[C] ! (stedl) and o, ~ 2.5 - 1075 deg[C] ~* (aluminum) are their coefficients of thermal expan-

sion. Thisformulayields0.5- 10~° deg[C] ! relative thermal coefficient for the GVM calibration.

In summary, the standard short-term Pelletron regulation should be more than adequate for use

in the Recycler electron cooling system. The long-term stability will also be adequate providing
that the temperature variations do not exceed 10°C.

8.2 Electron gun and collector

Successful electron beam recirculation (EBR) tests at the National Electrostatics Corp. show
that the gun and collector used are appropriate for operation in a beam current range of hundreds
milliamperes.[37] On the test bench at Budker I nstitute the gun and collector were tested with cur-
rent up to 600 mA.[26] Therefore, thisequipment is considered as abasis for the gun and collector
of the electron cooling system.

8.2.1 Electron gun

Animportant distinction of the present design fromtheoriginal intentionisthe homogenouslon-
gitudinal magnetic field along the cooling section. Optimization of cooling parameters performed
in Chapter 4 finds the optimum beam radius in the cooling section about 5 mm and the magnetic
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Table 8.2: Gun description and parameters

Gun type Triode with negative control electrode
Cathode type dispenser

Cathode diameter 5mm

Perveance < 0.07uperv

Current <0.8A

Voltage 30 -50 kV

Magnetic field on cathode | 200 G

field of ~ 50 G. Asnoted above (Section 3.1), Busch's theorem dictates that the gun cathode must
be immersed in the same magnetic flux as the beam in the cooling section. For the chosen cathode
diameter of 5 mm, magnetic field on the cathode should be 200 G. Gun parametersare summarized
in Table 8.2.

Gunsintraditional electron cooling devicesare operated in the so-called adiabatic regime[38] in
which the flight time of the electron from the cathode to the gun exit is at least several timesthe pe-
riod of Larmour oscillation. In such aregime, electronsfollow magnetic field lines, and transverse
velocities created by theradial eectric field of the gun are small at the gun exit. On the other hand,
these transverse velocities acquired by the electrons at the gun turn into the effective temperature
and can not be corrected by means of linear optics. The reason for that is the beam spacecharge;
flight times are different for electrons travelling on different radii and phase advances of the Lar-
mour rotation differ aswell. Thetotal transverse momentum remainsproportional to the radius, but
its radial component might be a complex function of radius and can not be decreased significantly
across the entire beam by applying alens,

In the gun under consideration, the magnetic field at the cathode is significantly lower than that
in traditional coolers. Asaresult, the flight time is several times smaller than the Larmour period,
and the anode el ectrostatic lens gives to the el ectron trajectories approximately the same angle as it
doeswithout the magneticfield. It isassumed that the beam exitsthe longitudinal magneticfield in
the acceleration tube (see Section 8.4). The phase advance between the gun exit and the beginning
of the field-free region is about two radians (120°). Radia velocities produced by both the anode
and acceleration tube entrance electrostatic lenses remain proportional to the radius. They add to
the axial velocities created by the solenoid fringe fields and can be compensated by a system of
magnetic lenses, considered in Section 8.4. To avoid problems from the anode electrostatic lens,
some conditions should be fulfilled:

1. Resulting increase of the beam size in the accel eration tube must not exceed a couple of mil-
limeters so that the beam boundary is far from the tube electrodes.

2. Emittance growth due to gun aberrations must not exceed the emittance from the thermal
electron velocities.

3. Anincrease of the effective emittance because of the difference in the phase advances must
be made smaller than the thermal emittance.

The result of asimulation of the gun that satisfies these constraintsis shown in Fig. 8.1. The sm-
ulation was performed using a SuperSAM code [39].
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Figure 8.1: Result of the gun simulation. Anode potential is 38 kV, potential of the electrode near
the cathode (control electrode) is-0.35 kV, beam current is 580 mA, magnetic field at the cathode
is 200 G. Equipotentials are spaced every 5 kV.

This gun differs from the version tested in EBR test by the presence of the longitudinal mag-
netic field. A magnetic lens (a ring-shaped permanent magnet) mounted near the anode entrance
establishes an optimum Larmour phase at the exit from the solenoid. The beam diameter at 138
keV is5.4 mm, the angle of divergenceis 2.5 mrad, and the increase in effective emittanceisless
than the thermal emittance.

8.2.2 Electron collector

The main challenge for acollector of an electron cooling deviceisto achieve alow current loss
from secondary electrons. The EBR test has shown that stable operation is possible only when the
current lossis less than 10 pA. For beam current of 500 mA, the relative value of the secondary
electron flow from the collector must be kept lessthan 2- 10~5. Figure 8.2 shows the collector used
in the EBR test with a solenoid added near its entrance. This collector appears to be suitable for
the Recycler cooling system. The magnetic field of the entrance solenoid (about 100 G) keeps the
beam at the collector entrance approximately paralel and the same size (~ 7 mm) asit wasin the
EBR test. Similar geometry was tested on the test bench at Budker Institute. The relative current
losswas 3 - 1076 for beam current up to 600 mA. The loss value did not depend on the magnetic
field strength in the entrance solenoid in arange of 0-100 G. The reason for this independence is
rather clear: the secondary electron flow is suppressed in this collector by the transverse magnetic
fieldsinsidethecollector cavity. Thetypical value of thesefieldsisone hundred Gauss, significantly
more than the field created in the cavity by the entrance solenoid. Therefore, electron trgjectories
are changed only alittle by applying the entrance solenoid field.

Thus, the gun and collector used inthe EBR test are appropriatefor the electron cooling device,
if they areimmersed in alongitudinal magneticfield of 100-200 G. Asfar asthe processes defining
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the current loss are understood, the presence of the field will not dramatically change the operation
of either the gun or collector. Results of the EBR test are agood basisfor predicting their properties
at such low magnetic field.

8.3 Cooalinginteraction region

8.3.1 Choice of magneticfield in the cooling section

Traditional electron cooling devices employ a homogeneous longitudinal magnetic field in the
kilogauss range for the beam transport through the cooling region. One of the main reasonsisto
suppress the transverse vel ocities arising from the el ectron beam space charge. Inthe Recycler sys-
tem, the space charge effects are much smaller because of the higher beam energy. The following
estimate can bewritten for the beam angular spread, 6, determined by thedrift velocitiesin the com-
bination of the longitudinal magneticfield, H, and the electric field associated with the beam space
charge:

2

= B2y2Hac
For the electron beam parameters given in Table 6.1 one needs longitudinal magnetic filed of at
least 25 G to keep the beam divergence below 80 .rad needed for optimum cooling. A field value
of greater than 30 G satisfies this requirement.

The choice of the longitudinal magnetic field value is determined by three factors:

6 (82)

1. Electron beam divergence due to the drift velocities should be smaller than 80 urad (asdis-
cussed above).

2. Focusing provided by thelongitudinal magneticfield should be sufficient to suppresstheelec-
tron beam instability caused by the beam-wall interaction and other weaker instabilities.

3. Magnetic field flux through the beam cross section in the cooling straight has to be equal to
the magnetic flux through the gun cathode.

The second item in this list can be summarized by the following expression:[40]

2vBmc? [2mrena?
H ~ 1 -y/1/(0.5A :
> — EETE 6G-\/I/(0.5A) , (8.3)

where . isthe classical electron radius, b is the vacuum chamber radius (5 cm), and n isthe elec-
tron density. The third requirement puts a practical limit on the longitudinal magnetic field value:
if one has a5 mm diameter cathode and 200 G field at the cathode, the value of the field in the
cooling section is 200 G x (a/5 mm)? ~ 50 G for a5 mm radius beam. The field of 200 G at the
cathode seems feasible and, therefore, the choice of 50 G field in the cooling section satisfies all
three conditions.

8.3.2 Vacuum requirements

Inadditionto the above mentioned effects, charge neutralizationisalso of concern. The electron
beam producesions by ionization of theresidual gasin the vacuum chamber. Theseions are easily
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accumulated in the potential well produced by the el ectron beam space charge. The electricfield of
these ions has an effect on the electron beam ~? times greater than the beam’s own space charge:

21

~ 2
0 ~ m(l—Oﬂ) ,

(8.4)
where « istheratio of theion density to the electron density. If one wantsto keep the electron beam
divergence below 80 urad, one hasto have o < 2% (v ~ 10). To avoid space-charge neutralization
the ions need to be cleared from the beam. Using the cross section for ionization of hydrogen (H-)
by 4.3 MeV dectronso; ~ 2 - 107! cm?, one can easily estimate pressure requirements to keep o
below 2 %. This requirement can be expressed in terms of characteristic times:

Tescape ~ ATecomp (85)

where 7., 1S the beam space charge compensation time,

1
O'Z‘noﬁc ’
and Tescape = L/vrms, Where L is the distance between clearing electrodes (20 m), v;.,,s isan rms
ion velocity, and n istheresidual gas density. Here we assume that theions travel along the elec-
tron beam with thermal velocities. This assumption most likely overestimates 7..qpe. FOr H3 ions
at room temperature this yields the residual gas pressure in the cooling section of < 1 x 1078
Torr. Similar caculations for the ions N,/CO yield partial pressure requirement of < 6 x 10~1°
Torr. These pressure requirements are by far less demanding than the average Recycler vacuum
requirements[5]: 1-1071% Torr (H,) and 1.5 - 10~ Torr (N»/CO).

Asapossibletechnical solution consider alumped vacuum system with apump at both ends of
the 20 m long cooling section. For the beam pipe consider a4” OD stainless stedl pipe degassed at
500 C and conditioned as described in Section 6.2. Pressure along the pipe has a parabolic profile:

Lr—2* L
—= A J—

where A [cm?/m] is a specific surface area of the pipe, ¢ [Torr-I/s-cm?] is the surface outgassing
rate, w [lI/s-m] is the specific conductance of the pipe (460 |/ssm for H,), S [I/9] is the pumping
speed, and = [m] is the coordinate along the beam pipe. The more relevant average pressureis

L L
Pav = AC] <_ + _> . (88)
w

Assuming a pumping speed S of 30 I/s one can estimate the necessary outgassing rates to achieve
the Recycler average pressure. ¢ ~ 4 - 10~'* Torr-I/s-cm? for H, and and 4 -10~'° Torr-l/s-cm?
for (No/CO). Such low outgassing rates can be achieved by the method described in Section 6.2.
Alternately, one can add more pumpsin the cooling section, but such a solution is complicated by
the presence of the continuous solenoid.

Note that Eq. 8.7 does not take into account pumping resulting from the ionization caused by
the electron beam. The additional pumping can be estimated as

1

For Hy S; is1.31/sand for N,/CO it is 5.6 I/s, which makes only a small correction to the pressure
distribution.

(8.6)

Tecomp ~

(8.7)
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8.3.3 Theeffect of the antiproton beam space charge

Since both the antiproton and el ectron beams are propagating with the same vel ocity, the effect
of the antiproton beam on the electron beam optics is equivalent to the increase of electron beam
current. Thus, the average antiproton currentsin the Recycler can be as high as 200 mA (1.4 -10'3
antiprotons) without any noticeabl e effects on the electron beam divergence.

8.3.4 Orhbit alignment of the antiproton and electron beams

The current plan is to have five sets of the Beam Position Monitors (BPM’s) equally spaced
along the 20 m long cooling section. Since the Larmour wavelength corresponding to a 50 G mag-
netic field is 20 m, only one period of oscillations can fit in the cooling section. Consequently,
measuring relative antiproton and el ectron beam positions every 5 m with a0.5 mm precision will
provide 100 urad orbit alignment. From asignal to noise standpoint, such precision can be easily
obtained.

8.4 Electron beam transport

Thetransport scheme mentioned in Section 8.1 assumes use of ahomogenous|ongitudinal mag-
netic field inthegun, collector, and in the cooling section, but alumped focusing system in between.
Consider the feasibility of this scheme for the smplest axisymmetric case: an electron is emitted
along afield line in a solenoid, exits from the field, travels through a system of lenses and enters
into the second solenoid. The question is how to provide a low transverse velocity in the second
solenoid? The axial symmetry gives conservation of a particle's generalized angular momentum,
which can be written as the Busch theorem:

Py(2)r = i (Ty— T(2)) | (8.10)
where P isthe azimuthal momentum, z isthe particle’s coordinate, r is the radius of the electron
tragjectory, ¥ and ¥ are the magnetic fluxesat the point considered and on the cathode respectively.
The azimuthal velocity at the cathode is assumed to be zero. The theorem dictates that the radial
position of an electron determines its azimuthal momentum. Therefore, it is sufficient to put the
electron on the proper radiusin the second solenoid (where U = W) to zero the azimuthal compo-
nent of velocity. If the electron trgjectory hasazero radial slope near the second solenoid entrance,
the electron will go along the field line without transverse velocity. A system providing simultane-
ously specific values of both radius and radial slope at the point of the entrance can consist of two
lenses. Results of simulation of such asystem are shownin Fig. 8.3. The second solenoidis placed
in this simulation just after an acceleration tube. This ssimulation was performed using the SAM
code.[41]

The size and position of thefirst (gun) solenoid and the lenses are determined by the following
consderations. First of all, the beam size must be kept significantly smaller than the tube aperture.
After the exit from the solenoid ¥ < W, and the €lectron moves with a constant transverse mo-
mentum P,. If theradial velocity insidethe solenoid iszero, thevalueof P, isequal to the azimuthal
momentum, determined by the Busch theorem:

P=

Uy | (8.11)

2mwers
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Figure 8.3: Results of a simulation for a beam transport between two solenoids. S1, S2 and L1,
L2 are solenoids and lenses, respectively. Curve B is the magnetic field on axis. Curve U isthe
potential distribution along the axis. Curve T isthe particle'strgjectory. The trgjectory radiusis 5
mm in the solenoids and is kept under 8 mm in between.

where r, isthe trgjectory radius at the solenoid exit. The beam expansion after the solenoid exit is
determined by theratio of P, to the full momentum P:

z P, 271/2
r= [r? + (/ %dz) 1 , (8.12)

where z, isthe coordinate of the solenoid exit. The P, valueis practically fixed because the value of
U, isequal to the flux through the beam cross section in the cooling section. The only possibility
to decrease the beam size in a specific point is to keep accelerating electrons immersed into the
magnetic field up to high enough energy. On the other hand, the higher this energy is, the larger
potential difference AU, between the solenoid and acceleration tube electrodes inside is, and the
more complicated the high voltage insulation problems are. The arrangement shown in Figure 3.2
is acompromise between these restrictions; the potential difference AU, =~ 500 kV.

Thevariation of the magnetic field along the axisgivesapossibility of aberrations. 1t meansthat
only one trajectory can have a gtrictly zero value of the transverse velocity in the second solenoid
for aspecific setting of the lenses but the momentum of al other particleshas anon-zero angle with
respect to the beam axis. These angles, found by the simulation using the geometry of Fig. 8.3, are
shown in Fig. 8.4 as afunction of the beam radius. They are significantly lower than those caused
by the thermal velocities (60 prad).

Note, that the aberrations decrease with the radius of lenses, and the restriction for low enough
emmitance growth putsalimit on how small thelenssize can be. Further smplification of the trans-
port scheme can be achieved by substituting the solenoidal Ienses with the ring-shaped permanent
magnets. Inthiscase, anincreasein aberrations might be compensated by the method suggested in
Ref. [42].
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Figure 8.4: Angle between the trgjectory and the axis as afunction of radius. Lens strength is op-
timized for the trgjectory with » =5 mm.
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Chapter 9

Engineering and I nstallation Consider ations

Present plansfor electron cooling in the Recycler ring incorporate a5 MeV Pelletron accelera
tor. The Pelletron is an electrostatic accelerator that utilizes the Van de Graaff generator principle
to elevate the terminal of the machine to high voltages. This custom built machine uses a chain
of charge carrying pellets rather than atypical Van de Graaff belt to carry charge to the terminal.
The chain of pelletsexhibitswear characteristicsthat are morefavorabl e than those of conventional
belts and ensures cleaner, more stable operation over the long term. The machineisenclosed in a
stedl tank that conformsto the American Society of Mechanical Engineers standards; it hasalarge
bolted flange at the top through which the accelerator is assembled. The machineisavertical dual-
column structure about 3 metersin diameter and 7.3 meterstall (see Fig. 3.2). These dimensions
arein part determined by the amount of sulfur-hexaflouride (SFs) gas needed to adequately insulate
the high voltage terminal. Theinsulating propertiesof the gas are enhanced by pressurizing the gas
to around 7 atmospheres. The volume of insulating gas necessary to fill the vessel is estimated at
340 cubic meters at STP. The possibility of sudden escape of this gas requires adequate ventila-
tion and/or containment measures in addition to continuous oxygen level monitoring for personnel
safety.

A quick opening manway is provided next to the base of thetank along with portsthat provided
for a generating voltmeter, capacitive pick-ups and an optional capacitive liner. To alow for the
possibility of afutureincrease in tank height, afull diameter flanged joint isincluded in the lower
half of the tank. The insulating column which supports the high potential terminal consist of 1 MV
modulesmade up from laminated al uminaceramic and titanium metal insulating post, stainless steel
hoops, and aluminum separator boxes. The hoops establish equipotential planes along the column.
Power is provided to the terminal by an insulating rotating shaft that runs from the ground to the
terminal. Space is provided for two additional shaft systems for powering optical elements along
the two acceleration tubes.

The high voltage terminal is about 2 m in diameter and 1.8 m in height. It is designed to to
accommodate both the electron gun and collector aswell as their associated power supplies. Dedi-
cated fibre optic links are provided to control and monitor the terminal components at the terminal
potential. Two shielded electronic enclosures at terminal ground and a large shielded enclosure
for the gun and collector power supplies are provided. Permanent magnet generators provide 11
KVA of power at 400 cps to run the equipment in the terminal. Metal oxide resistors are provided
to distribute the high voltage potential aong the accelerating tubes and column. The resistor are
mounted on the accelerating tubes and column support posts. The accelerating tubes and column
are connected electrically aong equipotential planes in the column at about 30 cm intervals. The

75



currentsfrom the accel erating tubes and support columnsare measured independently at the column
base and can be read from the main control console.

A system is provided for temporarily shorting selected accel erating tubes without entering the
pressurevessel. The system consists of stainless steel rodsand nylon rods, each about two feet long.
They are inserted into the column through a pressure lock at the end of the tank. The shorting rod
system provides improved beam performance at lower terminal voltages because high gradients
can be held across selected modules. One further important use of the shorting rod system isin
troubleshooting accelerator performance. For example, any single 1 MV modulein the accelerator
can be voltage stressed separately. Voltage stabilization in the system is achieved by employing a
corona triode machine stabilizer circuit which uses an error signal from the generating voltmeter
in afeedback |oop to a corona point array in the Pelletron high potential terminal. The generating
voltmeter also measuresthe el ectricfield at thetank wall facing the terminal to an accuracy of about
one percent, depending on SF; pressure.

9.1 Sourcesof radiation

X-raysare produced by the el ectrons, with emission rates that increase with the atomic number
of thetarget material and even more strongly with electron energy. Below 1 MeV, the emission rate
is greatest in the sideward (90°) direction. With increasing electron energy, however, the angular
distributionin x-ray emission rate peaksin theforward direction. Animportant parameter for accel-
erator shielding design is, therefore, the 90° emissionrate (< 1M eV') or theforward (0°) emission
rate (> 1MeV') from high atomic-number (high-Z) thick targets. The primary source of radiation
expected in the Pelletron arrangement will be x-raysthat are generated as aresult of beam losses.

9.2 Shielding calculations

Shielding calculationsin this section will employ the methods and data published in the National
Council on Radiation Protection and Measurements Reports No. 51 (NRCP 51) [43]. The report
plots measured x-ray and neutron production rates that result when energetic electrons collide with
targets (several elements) and uses plots of measured shield attenuation values and inverse distance
sguared from the target to estimate radiation levels outside of a shielded area. The following cal-
culations estimate the shielding required to reduce radiation levels to an area-occupancy level of
one, that is, full occupancy. The x-ray emission rates from a2 cm diameter, 5 MeV electron beam
incident on athick tungsten (W) target at 0° and 90° to the electron beam directionis given by:

Do(0°, W) = 8- 10%rads - m*mA " min* (9.1
Dy(90°, W) = 8 - 10°rads - m*mA " 'min~" . (9.2
Using the experimentally measured maximum beam losses of 10 ©A[37],

Dy(0°, W) = 80rads - m*min " (9.3)
Dy(90°, W) = 8rads - m*min~" . (9.49)
These emission rates must be multiplied by the appropriate factors (0.5 and 0.3 for the 0° and 90°

directions respectively) to convert them to the equivalent rates for aluminum or concrete targets
[43].
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Dy(0°, Al) = 0.5 x 80rads - m*min' = 40rads - m*min " (9.5
Dy(90°, Al) = 0.3 x 8rads - m*min~' = 2.4rads - m*min~" (9.6)

A similar calculation for an instantaneous beam |oss due to a mis-steering or sudden obstruction of
the 500 mA, 5 MeV beam shows emission rates of 1.2 - 108rads - m?hr~! in the forward direction
and 7.2 - 10%rads - m?hr~! in the transverse direction.

Based on these emission rates one can cal culate the shielding transmissionratio, B, i.ethevalue
by which the x-ray absorbed-dose index rate that is incident on the entrance face of the shielding
barrier will bediminished by thebarrier thicknessto therequisitelevels H,,(mrem - hr~!) and dose
limit rate at the exit face of the barrier. Here H,, is the maximum permissible dose-equivalent or
dose-limit rate.

When primary x-rays dominate the shielding situation

H,,d?
B=1.67-107° |2 7
67 - 10 l o7 ] (9.7)
where,
H,, = thedose-limit rate of (1 mrem/hr);
D = the absorbed-dose index rate (radsm? - min~') at 1 meter reference distance;
d = distance between x-ray source and reference point (meters);
T = Area occupancy factor;
B(0°,1 mrem/hr) = 4.18 - 107" (9.8)
B(90°,1 mrem /hr) = 8.33 - 107° (9.9)

B can berelated to the shielding thicknessin termsof the number of tenth-valuelayersof the shield-
ing material that are required to diminish the radiation to H,,, or dose-limit levels. A tenth value
layer is that thickness through which the x-ray dose equivalent is diminished by a factor of 10.
Hence,

B =10"";0r n = log,y(1/B) (9.10)
A value for an equilibrium tenth-value layer can be conservatively estimated for purposes of cal-
culating shielding-barrier thickness, S.

S =T+ (n—1T, (9.11)

Where

S isthe shielding-barrier thickness;

T isthefirst tenth-value layer in the shielding thickness, facing the radiation source;
T, isthe subsequent tenth-value layer, approximately constant in value;

Valuesof 77 and T, for concrete, steel and lead are given in the Appendices of NCRP No.51 as
afunction of the energy of the electrons incident on a thick radiation producing target. Table 9.1
shows the 7' values used in the calculation; the 7, values are approximately the same at 5 MeV.
Inserting the values for concreteinto 9.11 gives:

S =32 cm+ (5.38) - (32 cm) = 204.16 cm ~ 6.7 ft(concrete) . (9.12)
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Table 9.1: X-ray tenth-value layers

Shield T

Concrete (2.35gcm=—) | 32cm
Steel 9.7cm
Lead 55cm

9.3 Installation of pelletron and electron cooling systemsin the
Recycler

The research and devel opment issues associated with the medium energy electron cooling ef-
fort have led to the planning of afacility at the Wideband Laboratory (Proton East experimental
area) for housing a5 MeV Pelletron and its associated components. This development lab will al-
low experimentation with high energy electron beam to devel op the optics necessary for the cooling
straight. In addition, development work on cooling diagnostics, magnetic (solenoidal) field mea-
surements and all issues related to beam recirculation will be conducted at this facility. The final
installation of the cooling system will be at the MI1-30 service building once the el ectron cooling
system becomes operational. The same Pelletron and electron beamline components will be used
at both locations.

Installation of the Pelletron at Wide Band requires no civil construction. The machine will be
installed in the controlled area pit and the required shielding blockswill form a cave around the the
beam lineand the main tank of themachine (see Fig. 9.1). Over-head crane coverageinthebuilding
isadequate for the assembly and dismantling of the system. The auxiliary systemsfor gas handling
will be located inside the pit; thisincludes two dryers and a blower system for transferring the 340
cubic meters of SFg gas needed to adequately insulate the high voltage terminal at a pressure of
about seven atmospheres. A large capacity SFg storage tank will be located just outside the north
side of the building and plumbed into the system. Since sulfur-hexaflouridegasis much more dense
than air, the area under the tank will need to be instrumented with oxygen monitoring alarms.

The installation of the Pelletron and electron cooling beam-line into the Main Injector tunnel
at M1-30 service building requires civil construction.[44] The mgjor differenceisthat at M1-30 the
entire system is at a much lower elevation so that the Pelletron tank can be completely covered by
earth. Figure 9.2 shows an elevation of the installation at MI1-30. The Pelletron will be supported
within alarge concrete and steel reinforced pit. The pit will have four levels, two for access to the
side manways, one for access to the top flange, and the lower level for access to beam-line com-
ponents and other mechanical equipment. A hydraulic lifting mechanism will be used to raise and
lower the interior service platform when maintenance is necessary. Figure 9.3 is a plan view of
the Pelletron installation showing the L-shaped pit area. A thick concrete shielding wall jutsinto
the pit area to provide shielding of the elevator shaft area. the elevator and stairwell allow travel
from the pit levels to the above grade service building. The service building will be extended to
provide a control room and a pump room for insulating gas. A reservoir tank for the gas will be
placed between the service building and the MI berm. Another elevation view is shown in Figure
9.4. After the Pelletron tank isinstalled, a precast concrete roof slab will be lowered over the pit
opening and sealed in place. Earth fill will form a berm over the concrete roof dlab to provide the
necessary shielding.
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Figure 9.1: Layout of Pelletron and electron beamlinein Wideband Laboratory in the Proton East
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Appendix A

Optimum electron density distribution

In Section 4.2.2 the electron beam was assumed homogeneous within the circle r < a; the
radius a was then optimized. However, the electron density can vary arbitrarily in the transverse
xy plane, both in theradial » = /22 + y? and poloidal ¢ = arccos(z/r) directions. There should
be an optimum distribution giving the shortest cooling time at a given electron current and loss
percentage.

This problem can be resolved in two steps. First, the optimum density distribution n () can
be found withinthecircle r < a; second, the radius a can be optimized. Using the same unitsasin

Section 4.2.2, the cooling time for a given particle with the stop-point 77, can be expressed as

T =,/ S dyJe/n(7L) (A.D
with
d*rn(i) = ma® = 27J, . (A.2)

r<a
The normalization of Eq. A.2 is needed to establish the identity of the unitsin this and the earlier
treatment. It followsthat for the fixed cooling time ¢, the particles with

vy >0 =n(FL)t/(Jer) Judy) (A.3)

are effectively lost for cooling. With ¢(.J,, J,, v) to denote the particle distribution over the trans-
verse actions J,, .J,, and the longitudinal velocity v, normalized as

/OO /OO dJ,dJ, /OO dv,g(Jo, Jy,0) =1 | (A.4)
0 0 0
the inside part of the loss percentage A;,, is expressed
A, :// dJ,dJ, /OO dv,g(Je, Iy 0) . (A5)
et Jy<Je v

To find the optimum distribution within the fixed radius a, the variational principle can be used; for
the optimum, any small redistributionsén (7", ) of the density do not influence the losses (Eg. A.5)
inthefirst order of on (7 ). Notethat the redistribution does not increase the total electron current:

/ Eron(7) =0 | (A.6)
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The variation of the density resultsin achange of v (Eq. A.3), thelower limit of thelossintegral in
Eq. A.5, causing a variation of theintegral itself:

6Am:—// AJod ], g(Je, Jo 0Y60 (2 )t /AT T, A7
Tobdy<Je y9( Y, 0)on(z,y)t/ y (A.7)

Intheintegration over the actions, the density istaken at the stop-point of the particle; in the adopted

units
v = 2T, =27,

Converting from the integration over actions to the integration over the coordinates, the loss vari-
ation follows. Thelosses variation is zero at the optimum, so that

0N, // dxdyg(Jy, Jy, v)én(x,y) =0 . (A.8)
r<a

Thelast condition hasto be satisfied for any density redistributionrestricted only by therequirement
of electron current conservation (Eqg. A.6). This can be fulfilled only when the particle distribution
is constant at the cooling boundary:

g(Jy, J,, v) = const. (A.9

This equation gives the condition for optimum distribution of the electron density. For agiven par-
ticle distribution g, it imposes a restriction on the limiting longitudinal velocity v and thus on the

electron density n(z,y) = vJe\/JoJy /.
For a Gaussian distribution

9oy Iy v) = )2/ T exp(—Js — J, —v*/2) (A.10)
the optimum condition (Eq. A.9) resultsin
Jo+Jy + 022 =T, (A.11)

where J,,, isaconstant. The electron density can be obtained from thisequation, while the constant
Jm 1S found from the normalization (Eqg. A.2). The electron density associated with the marginal
velocity o (A.3) isfound from here:

n(rL) = mn.(r)sin¢cos ¢
| TIA2m — D)t T <,
n(r) = { 0 otherwise (A.12)

Je
/ md) = wde  J =122
0

The profile of the optimum radial distribution n,. is presented in Fig. A.1.
It follows from here that for the given constant .J,,, > J.., the beam cooling time is determined
by

t= /Oje T\2(Jm — J)dJ /7 . (A.13)
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OPTIMAL DENSITY DISTRIBUTION
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Figure A.1: Profile of the optimum radia distribution of the electron beam, unnormalized.

Then, the inside part of the losses (Eq. A.5) can be expressed as

Je
Ay = \/gexp(—Jm) A \/%exp(—Jm)ﬁ . (A.14)
T 0 \/2(Jp — J) O

The total losses consist of theinside part (Eq. A.14) and the outside part (Eq. 4.29):

A = \/gexp(—Jm);% + Jeexp(—J.) . (A.15)

It now can be shown that at the optimum the introduced constant
I = Je . (A.16)

First, minimization of the total losses for the given time ¢ requires J,, = J. + O(1). Hence the
cooling time can be written as
4

157
Then, if J. < J,,,, thetota losses (Eq. A.15) can be minimized by increasing J. up to its maximum
Je = Jm, Whilethetimet (Eq. A.17) isnot changed.
Thus, the final expressions for the cooling time and the total losses as functions of the electron
beam radius a = J?/2 become

t Jo2 (A.17)

Ay = %JS/QQXP(_Je)—i_JeeXp(_Je)

42 15/2
t = TR

(A.18)
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Figure A.2: Optimum radius of the electron beam and the time of cooling required by the given
loss percentage. The timeisin the units of the parameter ¢ (Eg. 4.22), the electron beam radiusis

in the units of the rms amplitude of the cooled beam z,,, = /2¢8; /(7).

The result is a dependence of the cooling time required on the given loss percentage. This depen-
dence, together with the corresponding dependence of the optimum electronradius, isshownin Fig.
A2

It can be concluded that the optimization of the el ectron beam density givesrather modest gain
over the case of the homogeneous density with the optimized radius. At the accepted loss of 5%,
the beam cooling time for these two cases differs by afactor of 1.6.
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Appendix B

Considerationsfor lumped focusing of
electronsin the cooling straight

The cooling electron beam can be focused either by means of a constant solenoidal magnetic
field or with thin solenoidal lensesfor acompensation of the space chargerepulsionasinreference[45];
both variants have been discussed for the Recycler[13]. The tolerances for the latter variant need
specific consideration.

Assuming the lenses to be separated by the distances /;, the angle 6. acquired by the electron
beam boundary is

0. — )\Tell
sc ﬁgﬁyga )
with \ standing for the electron linear density. For the parameterslisted in Table4.4and [; = 1 m,
Eq. B.1 gives,. = 1.5 prad, corresponding to the lens focusing distance f; = a/(20,.) = 7 km.
Hence, the space charge effect is so weak at these parameters, that even one lensfor thetotal cooler
length would be enough to keep the angle below the tolerable level.

It was noted in [46], that the electron beam focused by the thin lenses would be unstable due to

the wall image charges. The instability is convective with the space increment rate

G =27/ () (B2)

where b isthe aperture radius. For the parameters discussed, it gives G—! = 6 m which is compa-
rable with the total cooling length.

In this case, the tolerable beam offset x;,, and angle 6;,, a the entrance of the cooler are deter-
mined by the dependance of the instability growth factor on the cooler length /..:

(B.1)

Tin < 0.G71 exp(—Gl.), i, < 0.exp(—Gl.) (B.3)

which gives x;,, < 10 um and 6;,, < 2 urad in the case under consideration. An offset of the lenses
is not atight parameter because of the long focal length. 1t could be more important to control the

lensangle «. Thisangledrivesan electron beam angle 6, = «/d; /(2 f;), where d; isathickness of
the lens. Assuming the lens anglesto be independent random values with therms «,.,,,s, an average
angle acquired by the electron beam at the instability length G~ can be found:

| d
= —_— B.4
91 Qrms QGflll 3 ( )
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because f;  I;*, it does not depend on the lens separation /;. To be tolerable, this angle hasto be

small at the end of the cooler, giving the requirement

Oérms

According to the previous calculations, §, = 4 - 10~°; for the thickness d; = 10cm it comes out

< 0.

2G fil;
d;

eX

p(=Gl.+1) .

Qrms < 4+ 1072, The numbers obtained in this chapter are summarized in Tab. B.1:

Table B.1: THIN-LENSOPTICS

Parameter Symbol | 3y = 200m | 3y =20m | Unit
Minimal number of lenses N, 1 3

Instability growth length Gt 6 m
Beam entrance offset Tin <10 < 20 Lm
Beam entrance angle Oin <2 <4 urad
Lensrmsangle Qrms <4 mrad
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