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Abstract. The 8.9-GeV/c Recycler antiproton storage ring is equipped with both stochastic and 
electron cooling systems.  These cooling systems are designed to assist accumulation of 
antiprotons for the Tevatron collider operations.  In this paper we report on an experimental 
demonstration of electron cooling of high-energy antiprotons.  At the time of writing this report, 
the Recycler electron cooling system is routinely used in collider operations.  It has helped to set 
recent peak luminosity records. 
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INTRODUCTION 

The Run II Luminosity Upgrade Plan at Fermilab requires the Recycler [1] to play a 
key role as the repository of large stacks of antiprotons (6×1012) with the appropriate 
phase space characteristics to be used in the Tevatron collider stores. In order to 
maximize the stacking efficiency of the Fermilab antiproton Accumulator, small 
stacks of antiprotons will be frequently (every 0.5-1 hour) transferred to the Recycler. 
In the Recycler, the stacks are initially cooled by stochastic cooling [2] and then stored 
and cooled by electron cooling until the antiprotons are ready to be used in the 
Tevatron. 

The Run II Luminosity Upgrade Plan foresees the Recycler fully integrated into 
collider operations in two major steps.  First, the Recycler is commissioned to bring its 
performance to the level that it is ready to begin the implementation of electron 
cooling. This milestone was achieved on June 1, 2004. In the second phase, the 
installation of electron cooling and its commissioning takes place. Electron cooling 
was demonstrated on July 15, 2005.  At the time of writing this report the electron 
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cooling system is used for each Tevatron store. However, frequent antiproton transfers 
have not been implemented yet. 

This paper outlines the design parameters of the Recycler Electron Cooling System 
and then describes the steps that led to the demonstration of electron cooling.  

COOLING SYSTEM PARAMETERS 

System Layout 

Electron cooling of 8.9-GeV/c antiprotons in the Recycler requires an electron 
beam with kinetic energy of 4.3 MeV [3].  Figure 1 shows the schematic layout of the 
Recycler electron cooling system. 

 

FIGURE 1.  Schematic layout of the Recycler electron cooling system and accelerator cross-section 
(inset). 
 

The dc electron beam is generated by a thermionic-cathode gun, located in the high-
voltage (HV) terminal of the electrostatic (Van-de-Graaff type) accelerator.  This 
accelerator is incapable of sustaining dc beam currents to ground in excess of about 
100 µA.  To attain the electron dc current of 500 mA, a recirculation scheme is 
employed.  The electron beam is first delivered to the cooling section and then 
returned back to the HV terminal for charge recovery.  A typical inefficiency of such a 
process is 20 ppm for beam currents of up to 500 mA. 

The electron cooling system at Fermilab employs a unique beam transport 
scheme [4].  The electron gun is immersed in a solenoidal magnetic field, which 
creates a beam with large angular momentum.  After the beam is extracted from the 
magnetic field and accelerated to 4.3 MeV, it is transported to the 20-m long cooling 
section solenoid using conventional focusing elements.  At the entrance to the cooling 
section solenoid the beam is made round and parallel such that the beam radius, rb, 
produces the same magnetic flux, Brr

2, as at the cathode. 



Table 1 presents basic parameters of the Recycler ring and its electron cooling 
system. 

 
TABLE 1.  Electron cooling system and Recycler ring design parameters. 
Parameter Symbol Value Units 

Electron Accelerator 
Terminal Voltage U0 4.34 MV 
Beam Current Ib 0.5 A 
Terminal Voltage Ripple, rms δU 200 V 

Cooling Section 
Length L 20 m 
Solenoid Field B 100 G 
Beam Radius rb 3.5 mm 
Electron Angular Spread, rms θe ≤0.2 mrad 

Recycler design parameters 
Circumference C 3.3 km 
Momentum βγMc 8.9 GeV/c 
Transition γ γt 20.7  
Ave. beta functions βave 30 m 
Typical emittance (n, 95%)  ε 5-7 µm-rad 
Number of antiprotons Na ≤600 1010 

Average pressure Pav 0.5 nTorr 
 

Cooling Scenario 

The electron cooling scenario has been reviewed in Ref. [5].  Under the current 
scenario the electron cooling system is required to decrease the longitudinal 95% 
emittance of a stored antiproton beam from 100 eV-s to 50 eV-s in 30 minutes for 
stacks of up to 6×1012 particles.  This would correspond to providing 36 equally 
populated bunches with a 1.5-eV-s longitudinal emittance per bunch to the Tevatron 
collider. 

Figure 2 presents a MOCAC code [6] simulation of the electron cooling process in 
the Recycler with 6×1012 antiprotons in a barrier rf bucket.  The process of cooling is 
optimized by keeping the rms antiproton momentum spread constant at 3.5 MeV/c, 
while continuously reducing the bunch length by moving the rf barriers.  The initial 
transverse emittance in this simulation was 5 µm-rad.  The three curves correspond to 
different values of the electron beam rms angular spread in the cooling section.  The 
design value of 0.2 mrad for the rms angular spread is presented by the bottom curve.   
Other electron beam parameters are presented in Table 1. 

The choice of the rms momentum spread being 3.5 MeV/c is determined by a 
compromise between the IBS-related longitudinal diffusion and the beam lifetime due 
to the dynamic momentum aperture of the Recycler ring.  Figure 3 shows the 
calculated longitudinal and transverse IBS growth rates as a function of the rms 
momentum spread.  One can see that for the momentum spread of 3.5 MeV/c the 
longitudinal diffusion is practically independent of the transverse emittance. 



 

FIGURE 2.  The evolution (simulation) of the antiproton bunch length as a function of time (30 
minutes full scale) for various electron beam angular spreads.  The initial bunch length corresponds to a 
100 eV-s longitudinal emittance.  The design curve (bottom) indicates that there is a factor of two safety 
margin in cooling rates. 
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FIGURE 3.  The simulated IBS heating rates (Bjorken-Mtingwa model) for 250×1010 antiprotons with 
a constant 54 eV-s longitudinal emittance as a function of the rms momentum spread for various 
transverse emittances. 

COOLING DEMONSTRATION 

Energy Alignment 

It has been anticipated that in the early stages of commissioning, the electron 
cooling system might not be able to meet three major design parameters concurrently: 
(1) the beam current of 0.5 A, (2) the rms angular spread of 0.2 mrad and (3) the 



perfect energy matching between electron and antiproton beams.  We have also 
anticipated that for the electron beam current and angular spread optimization it would 
be highly desirable to see the “effect” of cooling first. Since the cooling process is 
quite slow and the electron energy was not known to the required accuracy, we 
estimated that the energy matching could be challenging.  Our plan for energy 
matching was based on two assumptions: (1) the Recycler absolute energy is known to 
0.1% and (2) the Recycler momentum acceptance is greater than 0.3%.  Measuring 
and adjusting the electron absolute energy to 0.3% [7] would allow us to “land” the 
electron beam energy somewhere within the Recycler momentum acceptance and to 
observe the cooling effect even for lower beam currents and higher angular spreads.  
To observe the cooling process we implemented the following procedure.  A small 
(<10×1010) antiproton beam current was debunched and cooled transversely (by the 
stochastic cooling system) to a small transverse beam emittance.  Using an rf noise 
source the momentum spread of this beam was increased to create a uniform 
momentum distribution 0.3-0.4% wide.  The antiproton-electron beam interaction was 
observed with the help of a longitudinal beam Schottky-noise monitor, which 
measures the momentum distribution function.  Figure 4 presents a simulation of this 
process. 

The simulation in Fig. 4 was performed with a coasting antiproton beam perfectly 
matched in energy with the electron beam of 0.1 A and with 0.5 mrad of rms angular 
spread.  The spike in the distribution, formed by the electron cooling process, 
increases the distribution function by a factor of 2 – a value easily detectable by a 
Schottky-noise spectrum analyzer. 

 
FIGURE 4.  The momentum distribution (arb. units) as a function of antiproton energy deviation 

(simulation by MOCAC code [5]).  The initial distribution is uniform in energy.  The final distribution 
is plotted after 30 minutes. 

 
Using this method, the initial observations of cooling in the Recycler demonstrated 

that the electron energy was within 3 keV of its optimal value.  Figure 5 shows the 



experimental implementation of this procedure in the Recycler after the electron 
energy adjustment to its optimal value.    
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FIGURE 5.  The evolution of the antiproton distribution function with electron cooling.  The horizontal 
scale is 25 MeV/div.  The antiproton beam intensity was 5×1010 and its emittance was 2 µm-rad.  
Traces were taken 15 minutes apart. 

Cooling Observation 

The first electron cooling demonstration was performed on July 15, 2005 with a 
bunched beam of 63×1010 antiprotons.  Figure 6 shows two antiproton momentum 
distribution functions, taken 15 minutes apart, while the beam was electron cooled. 
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FIGURE 6.  The first cooling demonstration of relativistic antiprotons in the Recycler. The antiproton 
current was 63×1010, the emittance was 4 µm-rad, and the bunch length was 1.7 µs.  The electron beam 
current was 200 mA.  Traces were taken 15 minutes apart. 



To measure the cooling force we employed the so-called voltage jump method [8].  
In this method, the coasting antiproton beam is initially cooled down to a small 
equilibrium momentum spread.  The electron beam energy is then changed 
instantaneously by several keV.  The electron cooling force then drags the antiproton 
distribution to a new equilibrium momentum, which is M/m times the voltage jump 
away from the initial equilibrium.  Figure 7 presents the evolution of the antiproton 
momentum distribution function as the antiprotons are being dragged by the electron 
beam after its energy was jumped by 2 keV.  The initial average cooling force, 
determined from this plot, is about 20 MeV/c per hour – this agrees well with our 
theoretical predictions. 

 

FIGURE 7.  The evolution of the antiproton beam momentum distribution function as the antiprotons 
are being dragged by a 200-mA electron beam to a new equilibrium after the energy jump.  Left curve – 
the initial distribution and right – new equilibrium after the energy jump.  Traces are taken 
approximately 1 minute apart.  The number of antiprotons was 4×1010, the transverse emittance was 1.5 
µm-rad (n, 95%).   The horizontal scale is 1.2 MeV/c per division. 

 
Finally, Figure 8 presents the evolution of both the transverse and the longitudinal 

emittances of the antiproton beam, being cooled by the electron cooling system.  Our 
initial estimates show that the electron cooling rates are high enough to meet the final 
requirements of the Run II luminosity upgrades as outlined above. 



0

20

40

60

80

100

120

140

0 10 20 30 40 50 60

Time, minutes

Lo
ng

. e
m

itt
. (

eV
-s

), 
 I_

b 
(m

A
)

0

1

2

3

4

5

6

7

Em
itt

an
ce

, m
m

*m
ra

d 

Ib εL

εT

 

FIGURE 8.  Electron cooling of a bunched antiproton beam (78×1010).  The electron beam was turned 
on to 100 mA at 10 minutes.  The step-like variation of the longitudinal emittance is due to the extended 
interval between consecutive data points.   

SUMMARY 

Electron cooling of 8-GeV antiprotons has been demonstrated and is presently in 
routine operations.  The measured cooling force is in agreement with theoretical 
predictions.  The electron cooling system has been used in Tevatron collider 
operations since August, 2005.  Since then, it has been primarily responsible for the 
recent advances in the Tevatron peak luminosity. 
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