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Abstract

Electron cooling at the proposed Recycler 8 GeV storage ring has been identi�ed

as a key element in exploiting the capacity of the Fermilab Main Injector for an ad-

ditional factor of ten in Tevatron luminosity above the goal for the next collider run,

ultimately to > 1033cm�2s�1. The most basic requirement for increased luminosity

is a larger stack of antiprotons cooled to emittance comparable to that of the proton

beam. Although electron cooling is inferior to the stochastic technique for cooling large

emittance beams, its rate is practically independent of the antiproton intensity. For

cooling intense beams of low or moderate emittance, electron cooling excels. The real-

ization of electron cooling for 8 GeV antiprotons requires major extension of existing

practice in electron energy and length of the cooling interaction region. It will require

4.3 MeV dc electron beam maintaining high quality and precise collinearity with the

antiprotons over a 66 m straight section. The initial goal of the R & D project is 200

mA electron current in about three years; the plan is to reach 2 A over the following

three years.

Context

Fermilab began to acknowledge publicly options under study for increases in collider
luminosity and energy when the SSC project was scuttled in 1993. In July 1994 the DPF
held a workshop on future hadron facilities in the US[1] where various schemes for high
luminosity and higher energy were discussed, including the possibility of � 1033 cm�2 s�1

luminosity in the Fermilab Tevatron �pp collider. At this workshop an IUCF project to
develop electron cooling for the SSC's medium energy booster was described.[2] The plan
had been to ensure or improve upon the demanding transverse emittance goal by introducing
electron cooling into the medium energy booster for cooling protons at injection, i.e. at 12
GeV/c. This concept was especially interesting to Fermilab in the context of ideas for a new
8 GeV storage ring (Recycler) intended to improve �p stacking and reclaim �p's remaining

�Fermilab operates under US Department of Energy Contract No. DE-AC02-76CH03000
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at the end of Tevatron stores. The necessary developments to reach luminosity L � 1033

have generally been designated as TeV33. Even before the demise of the SSC, Fermilab was
planning for L � 0:5�1032 in a collider run to start in 1997 (now '99) based on a new 150 GeV

ring called the Main Injector (MI).[3] The addition of the Recycler to this project, an idea
now under intense development, is expected to raise the MI mediated luminosity capability
to 2 �1032. The addition of electron cooling to the Recycler to operate at this luminosity and
above is often called TeV*, although that designation has been applied to various luminosity
enhancement scenarios over the last two years or so.

The electron cooling R & D program was started in April 1995; it is considered to have
two phases. The �rst phase is to achieve cooling that makes an operationally signi�cant
contribution to luminosity in the next (1999) collider run. This corresponds to the TeV*
goals, and it is anticipated that electron beam current of about 200 mA will su�ce. The
second phase is aimed at electron currents of 2 A or more and is a crucial element in the
e�ort to reach luminosity of 1033. The �rst phase is evolving along the lines of the IUCF
proposal for the SSC. The second phase may succeed by incremental improvement from phase
1, but at present there is reason to believe that it may be necessary to introduce continuous
magnetic focusing of the electron beam from electron gun to �nal collection.[4] Should such
focusing be required, a substantial rework of the facility will be necessary.

Fermilab was an early developer[5] of the electron cooling technique invented at INP
(Novosibirsk) by Budker.[6] Indeed, the possibility of electron cooling 8 GeV �p's was noted

in the 1984 Antiproton Source Design Report[7] as an upgrade path for the Accumulator, and
the �rst e�orts to establish the practicability of the necessary electron beam were initiated at
the University of Wisconsin by people closely associated with the Antiproton Source.[8] An
experiment was carried out at National Electrostatics Corporation to accelerate an electron
beam to 2 MeV with a Pelletron electrostatic accelerator and to return it with high e�ciency
to the high voltage terminal via a decelerating column essentially identical to the accelerating
column. Because the Pelletron charging current is limited to a few hundred microamperes
and circulating current of about 1 A was desired, the goal was to limit beam loss to about one
part in 104. E�ciency of this order was obtained for beam current in excess of 100 mA, but
it was not possible to achieve stable operation of the Pelletron at higher current. Current up
to about 1 A has been obtained at 1 MeV in a Novosibirsk experiment.[9] Although Fermilab
was an electron cooling pioneer, electron cooling lore and practice has been reintroduced to
Fermilab by IUCF, which started a storage ring with electron cooling in the 1980's.1 The
present Fermilab R & D program is a direct descendant of the work and ideas of the IUCF
group for its SSC proposal.

1The existing electron cooling installations typically employ electron energy of a few hundred (� 500)
keV and beam current of � 2 A. The standard arrangement consists of a Cockroft-Walton HV supply and a
cooling section of 2 m or less. The electron beam is focused by a longitudinal �eld of about 1 kG continuous
from source to collector. These are used almost entirely for nuclear or atomic physics.
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Figure 1: Schematic layout of an electron cooling facility for the 8 GeV Recycler storage ring

Program

A conceptual layout for electron cooling in the Recycler is given in Fig. 1. The basic
components are a 4.3 MeV electrostatic accelerator with two gradient columns, achromatic
beam transport to and from the Recycler, and a Recycler long straight section with periodic
focusing of the co-moving electron beam every few meters. While the antiprotons pass
through the cooling straight section with electrons of the same mean velocity, they transfer
a fraction of their random momentum spread by binary coulomb collisions with the electrons,
which have been prepared with very little momentum spread. Seen in the beam frame, the
cooling process looks very much like the transfer of heat from a hot antiproton gas to cool
electrons; hence the name electron cooling. The antiprotons recirculate with only a small
perturbation from the electron beam and the focusing provided for it. The electrons, however,
are returned to the electrostatic accelerator and decelerated to the high voltage terminal by
the second gradient column.

The more important beam and system parameters are collected in Table I. The entries
labeled \stacking" and \recycling" indicate respectively the parameters applying to stochas-
tically cooled �p's received from the Accumulator and those applying to �p's returned from
the Tevatron at the end of a store. The characteristic cooling time tstop is given by

tstop =
2a2�e"3

?n

120�3rpre�Iex3
;

where a is electron beam radius, x is the antiproton beam radius, r's are classical particle
radii, Ie is electron beam current, � is the cooling straight fraction of circumference,  and
� are the Lorentz parameters for mean electron and synchronous antiproton, and "?n is the
normalized antiproton emittance to be cooled. The signi�cance of tstop is the time that the
�p velocity spread would be zero by extrapolation of the drag formula that applies to large
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Figure 2: A 12.5 keV proton source to model the 4.3 MeV electron beam which will be
employed for electron cooling

velocity spread; although the formula does not apply over the entire velocity range, tstop is
an easily calculated �gure of merit with the correct scaling properties and is representative
of the actual time for useful cooling. The emittance may be chosen to exclude tails if it is
not required to cool them. The formula holds provided

a > x; "?pn > "?en ;

Note from Table I that the radius condition will be violated during part of the recycling
operation. The entries for simulated cooling times are calculated for the longitudinal cooling
by integrating the drag force on macroparticles from a realistic velocity distribution. The
integration time includes the necessary rf manipulations as well as the required cooling.

The basic goals of the R & D program are to achieve a reliable electron beam that meets
the stringent emittance and regulation requirements at su�cient beam current and to design
a cooling section in which the electron beam is stable and remains precisely coaxial with the
antiprotons throughout. There are several engineering and beam physics challenges to be
met; therefore the design of an operational system will rest upon extensive prototyping and
beam experiments. To begin this development with the minimum delay and outlay for new
equipment, a start has been made using a 12.5 keV proton beam collimated to a current
scaled to reproduce the space charge forces and the desired emittance of the electron beam.2

When the proton beam has the same momentum and physical emittance as the electron
beam to be modeled, its current needs to be less than the electron current in the ratio
(me=mp)2 to have the same beam perveance. Fig. 2 shows how one of Fermilab's original

2This approach comes originally from a suggestion by Jim Simpson of Argonne.

4



Table I: Beam and system parameters for electron cooling in the Recycler
electron energy 4.87 MeV
antiproton energy 8.94 GeV
Lorentz beta 0.994
Lorentz gamma 9.53
antiproton "? (6�, normalized)

stacking 9.5 � mm mrad
recycling 20 � mm mrad

antiproton energy spread
stacking �4.5 MeV
recycling �12 MeV

antiproton beam radius
stacking 0.014 m
recycling 0.02 m

electron beam radius 0.01 m
electron "? (rms) 0.8 mm mrad
cathode radius 0.0035 m
cathode temperature 1350 K
electron beam current 200 mA
electron energy stability �60 eV
charge recovery e�ciency 99.9 %
length of cooling section 66 m
ring circumference 3319 m
�p Courant-Snyder �x and �y 200 m
characteristic cooling time (tstop)

stacking 9 min
recycling 32 min

longitudinal cooling time (simulation)
stacking 15 min
recycling 80 min

Recycler injection frequency
stacking 2 h�1

recycling 0.017 h�1

ring vacuum � 1 nTorr
stray magnetic �eld � 2 mG
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duoplasmatron H+ sources is being run to provide � 60 nA dc at rms emittance " � 10�6

m to model a 200 mA electron beam of 4.3 MeV. The initial attempts to implement this
scheme showed that mass selection is required to eliminate substantial H2+ and H3+ beam
components. The layout shown in the �gure includes a 45� bend for this purpose. If the
beamline vacuum is good, i.e. approaching 10�9 T, neither the proton beam nor the electron
beam it is intended to model are much a�ected by the ion background, and the electron
and its proton analog should have practically identical behavior. The fact that the low
energy proton beam produces no radiation makes the laboratory arrangements simple and
convenient.

However, for investigating the e�ects of neutralization, for testing instrumentation, and
for looking at the e�ects of higher peak current, a low quality electron beam from a converted
medical accelerator is being developed.3 This accelerator and the proton analog described in
the previous paragraph have found their home in an unused secondary beamline enclosure.

Although Fermilab does not yet posses a multi-MeV dc supply, it has been possible to gain
access to a 3 MV Pelletron and about 2 MV worth of accelerating and decelerating tubes at
the site of the manufacturer, National Electrostatics Corporation, Middleton WI (NEC). At
this location Fermilab is installing the short beamline shown in Fig. 3, which essentially exits
the bottom of the Pelletron into a 180� achromatic bend and returns immediately through
the decelerating column. The goals are to improve upon the results of the WI/Fermilab/NEC

experiment,[8] to develop beam instrumentation, and to develop accelerator controls using,
and fully compatible with, the standard Fermilab accelerator control system. Many of the
components of this beamline have been loaned by the IUCF group, who intended to carry out
this kind of recirculation test.[10] The initial installation is being made with the electron gun
and collector from the original WI-DOE experiment. However, Fermilab has an agreement
with with Budker Institute (BINP, Novosibirsk) for the design and fabrication of a 500 mA
gun and collector speci�cally for this experiment. The NEC test is now just at the stage
of low current beam test without any bend. Some recirculation results will be available in
the summer of '96, and the newly designed gun and collector are scheduled for October '96
delivery.

Cooperation and Collaboration

As indicated above, Fermilab has been looking to the outside for expertise and material
assistance. There is not much experience at the Laboratory with MeV energy electron beams
or space charge dominated beam transport. Thus, the time scale set by the particle physics
program requires making good use of experience with electron cooling, free electron lasers,
high brightness relativistic electron beams, inertial fusion drivers, etc. wherever mutual in-
terest can be found. However, it is also true that signi�cant resources are being devoted to
developing a practicable medium energy electron cooling system. Thus a new expertise is
being developed for extending the current technology, and there are other potential applica-
tions in nuclear and particle physics. In addition to the speci�c cooperative arrangements
mentioned previously, the Lab is attempting to identify a community of interest through

3Accelerator modi�ed by the Idaho Center for Small Accelerators of Idaho State University, Pocatello ID
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participation in and sponsorship of related conferences and workshops. The present size of
this community is small enough that Fermilab seems likely to strongly inuence the agenda
over the next few years. It is intended that in due course this inuence will work to the
bene�t of all concerned.

Status and Plans

The program is one year old. Activities have begun in three principal areas, viz., optics
experiments and device development at Fermilab, tests of charge recuperation e�ciency and
beam control at National Electrostatics, and zeroth-order system design for a Recycler based
system. The Recycler speci�c design is timely for two reasons. First, it serves as a starting
point for specifying realistic device development, and second, it is still possible to avoid some
interference or obstacles to electron cooling by making small modi�cations to arrangements
in the MI because that machine is still under construction. Another activity to start within
the calendar year is the procurement process for the high voltage supply. Because these
are R & D activities with unknown problems and no certainty of favorable outcome, plans
and schedules are not as rigid and detailed as they would be for a construction project.
Nonetheless, we have a programmatic goal which relates to well established construction and
experimental program schedules. Figure 4 indicates the expected duration of the activities in
broad categories like those discussed in this section, taking into account as well as may be the
uncertain di�culties and exigencies of the development program and the overall lab schedule.
Even at this level of detail there are likely to be several schedule changes during the period
covered. Regardless of the likely setbacks, schedule appears consistent with manpower and
anticipated resources.
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Figure 3: A short beamline to establish the feasibility of high e�ciency charge recuperation
from a 2 MeV electron beam

Figure 4: Schedule for catagories of activity slightly modi�ed from the February '96 R & D
plan showing in addition implementation in the Recycler
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