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Topics discussed: Experimental Studies of Non-magnetized Electron Cooling at the FNAL
Recycler. Numerical Calculations and Simulations of the FNAL Studies

The meeting consisted of detailed presentations by Alexei regarding non-magnetized electron
beam cooling experiments performed at the FNAL Recycler, and by Anatoly on calculations
and simulations of those experiments. Both Alexei and Anatoly had just returned from a visit
to Fermi Lab that had a very productive outcome. They had many useful discussions with
members of the FNAL electron beam cooling group, learned their system in great details, and
they got access to all previous drag rate measurements. Alexei and Anatoly took part in
measurements of antiproton (pbar) distribution evolution under electron beam cooling,
stochastic cooling, and combined effect of both. They ended up with a wealth of data needed
for simulations, which are now in progress.

Experimental Studies of Non-magnetized Electron Cooling at the FNAL Recycler:
Alexei opened the meeting by showing the relevance of the FNAL recycler electron beam
cooling experiments to RHIC non-magnetized cooling. In principle these experiments should
enable benchmark the accuracy of the models for the friction force, and allow for distribution
evolution studies under cooling or during drag rate measurements (that require accurate
descriptions of both cooling and diffusion in modeling). Also these experiments should allow
studying effects of electron cooling together with stochastic cooling (both transverse and
longitudinal).

Performed studies were those of pbar distribution under electron beam cooling and stochastic
cooling (understanding how they work together; measuring diffusion and cooling rates).
And, measurement of drag rate (cooling force) with electron energy jump method was also
performed. The results of the studies were that a very large amount of useful data was
acquired. Additional measurements are being done by FNAL group upon request. Agreement



between measured rate and models within factor of two — better description of electron beam
parameters is needed for better agreement — work is now in progress at FNAL. Due to the
slower rate of the cooling process at FNAL's higher energy (relative to low energy coolers),
it was possible to record distribution evolution under various conditions; data for several
experiments, which was recorded, is to be studied in simulations.

A copy of Alexei’s talk can be found below.

Numerical Calculations and Simulations of the FNAL Studies: Anatoly followed Alexei
by presenting a comparison between calculations and measurements of the friction force in
non-magnetized electron beam cooling of pbar. To calculate the friction force components,
numerical integration was used with Binney’s and Budker’s formulae. In BETACOOL
simulation transverse heating is simulated in accordance with measured rate due to
interaction with residual gas. Longitudinal heating is simulated in accordance with measured
diffusion power, and transverse electron spread is used as a fitting parameter.

Comparison of Recycler experiment and simulations yielded agreement within a factor of 2.
With increased understanding of the various contributions to electron angles (realistic
parameters in simulation rather than fitted) better agreement is expected. In principle, with
fitted parameters agreement between simulations and experiments can be as good as 10-20%
- but we are not there yet. Results of numerical simulation of non-magnetized friction force
are in good agreement with experiments, but the friction force value depends significantly on
electron beam quality. Simulation of exact behavior of pbar distribution under drag is rather
challenging and is still work in progress. There is, however, qualitative agreement.

Anatoly’s presentation is following Alexei’s.



Alexel Fedotov's Presentation
FNAL trip report

Experimental Study of Non-magnetized Electron Cooling

at FNAL Recycler

Alexei Fedotov, Anatoly Sidorin
December 2, 2005
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First successful demonstration of non-magnetized E-cooling in
FNAL Recycler - July 2005.

Cooling of pbars is done with 4.3 MeV electrons (y=9.5).
Longitudinal heating in Recycler is dominated by IBS.

Transverse heating is dominated by gas scattering.

Pgrpose of electron cooling is to cool longitudinally up to 600e10
pbars.

Presently, electron cooling is done routinely with electron current
Ie=500 mA with offset of e-beam in the vertical direction by about
4 mm (radius of electron beam 4.5 mm).

Alexei Fedotov ROOKHAWEN



Relevance to RHIC non-magnetized cooling

Measured cooling rates are within factor of two with expectation.
Uncertainty is believed to be due to an estimate of various
contributions to transverse angular spread of electron beam.

FNAL e-cooling is directly relevant to RHIC non-magnetized
cooling approach:

1. Allows to benchmark accuracy of the models for the friction
force.

2. Allows to study evolution of distribution under cooling or
during drag rate measurements - requires accurate description of
both cooling and diffusion in modeling.

3. Allows to study effects of electron cooling together with
stochastic cooling (both transverse and longitudinal).

Alexei Fedotov B MHHOWEM 3
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Possible studies

1. Study of electron beam - control of electron beam; alignment;
radial dependence of transverse angular spread, etc.

2. Study of effects of electron cooling and stochastic cooling on
pbar beam with typical intensities 150-200e10.

3. After shot from Recycler to Tevatron there is a possibility to
measure cooling rate on remaining small portion of pbars - about
2-3e10.

Alexei Fedotov BEROOKHIALWEN



Outcome of the visit

II.

I1I.

IV.

VI.

We had a lot of useful discussion with FNAL E-cooling group:
Sergei Nagaitsev, Alexander Shemyakin, Lionel Prost, others.

Learned about their e-cooling system and got details on various
parameters which we need to include in simulations.

We got access to all previous measurements of drag rate done by FNAL
group with details of the measurements - a lot of data to study and
simulate.

Took part in measurements of evolution of pbar distribution under e-
cooling, stochastic cooling, combined effect.

For condition which we wanted, drag rate and measurements of
distribution evolution was done for us by Lionel Prost - we have all
the data for simulations.

Simulation and study of various aspects are in progress.

Alexei Fedotov BEROOKHAWEN



Examples of some of the measurements

1. Study of pbar distribution under electron cooling and stochastic
cooling - understanding how they work together; measuring
diffusion and cooling rates (11/16/05 L. Prost, A. Fedotov, A.
Sidorin).

2. Measurement of drag rate (cooling force) with electron energy
jump method (11/26/05 L. Prost).

Alexei Fedotov BROOKHOLWEN



Experiment 11/16/05: Evolution of longitudinal

momentum distribution
(Stochastic cooling: OFF, E-cooling: OFF)
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11/16/05: Longitudinal stochastic cooling: ON
(E-cooling is OFF)
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11/16/05: Longitudinal stochastic cooling: ON
E-cooling: OFF

Transverse emittance-
increases slightly
il 'M it flil’[‘l‘m
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11/16/05: Longitudinal Stochastic cooling: ON

E-cooling: ON
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11/16/05
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11/16/05 (N pbar = 47.7¢e10, Ie=500mA, ae=4.5mm)

Transverse emittance -
stronger growth when
E-cooling is ON (with electron
beam on center)— presently

F: LEHIT

e not understood — various

R: HLIFE

possibilities are being studied

To avoid emittance growth,
presently cooling is done with
3-4 mm offset of e-beam.

Longitudinal emittance
- fast cooling
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11/16/05 Transverse stochastic cooling ON
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Drag rate measurements and modeling

Steps:
1.

2
3.
4

Pbar distribution is cooled first
Electron energy is changed

Pbars are dragged towards new energy

Distribution profiles are recorded and drag rate is extracted

Alexei Fedotov



Example of modeling (BETACOOL)

time [zec]
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11/26/05 Longitudinal momentum distributions after
2kV jump of electron energy (Lionel Prost)

VM3 GxPA1: Spectrum Analyzer

in 4Bm

Amplitude

-55

-ca

-&53

-7a

=73

-2a

-85

-5@

=35

-1ag

-183

ace Data Pl't2kv
—

Beam: [2.281 H1

%ﬂlﬁm p

——

PR
;

LA

AN
V)
R

e s

Y
P, Y, )
i i S e

1758. 6851528 MH=z 1758, 861583 MH=z
Freguency MH=z

2E-HOM-2E85 19:24:23%
ZE-HOY-2885 18:25:19%
ZE-HOY-2885 18:26:12%
gE-HOY-2885% 19:27:16%

2e-HOY-2@a3 15:25:21%
2e-HOV-28@3 15:2@8: 1o%

Scalesd S.H868 dBm Att + B.8868 DE
Fef.leuvel: -55.6888 dEm Scan Average: f=3=]

Videao EBuw: Z80. 88888 Hz Span  freg: Z8.88588 KH=
Fe=. EBu: B, 30088 KHz Sweep Time: 1.888 Sec

1758, 821586 MHz

Alexei Fedotov



11/26/05 - continue

VM3 GxPA1: Spectrum Analyzer
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11/26/05 -continue

VM3 GxPA1: Spectrum Analyzer
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11/26/05 - continue

— VM3 GxPA1: Spectrum Analyzer
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Summary

1. We have a lot of useful data.

2. Additional measurements are being done by FNAL group upon
request.

3. Agreement between measured rate and models within factor of
two - better description of electron beam parameters is needed
for better agreement - work in progress at FNAL.

4. Dwue to a very slow process - it is possible to record distribution
evolution under various conditions - data for several
experiments was recorded - to be studied in simulations.

5. Simulation of exact behavior of distribution under drag is
challenging - will be reported in the next talk.

Alexei Fedotov BEROOKHAWEN



Anatoly Sidorin's Presentation

Calculations and measurements
of the friction force In
nonmagnetized electron beam

A.Fedotov, A.Sidorin

BNL, 12/02/2005



General formulae for the friction force components
-Numerical integration

-Binney’s formulae

-Chandrasekhar’s (Budker’s) formula

- Results of benchmarking

Drag rate and cooling rate measurements:

- Peculiarity of Recycler cooling system

- Equilibrium with diffusion

- Voltage step method

- Simulation of heating effects

- Comparison of the simulation results with experiment



Friction force in the particle rest frame
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Binney’s formulae
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Uniform Maxwellian distribution

A=A, =A,

Chandrasekhar’s (Budker’s) formula
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Uniform distribution

Recycler cooling system

Chandrasekhar

Electron velocity spread
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20000 m/s A, = 300000 m/s
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Recycler cooling system

Cooler length 20 m, magnetic field 105 G, beam radius 4.5 mm, current 200 mA

Larmor radius 3-10-* m > maximum impact parameter 7 -10-°* m
Electron energy spread 300 eV -> velocity spread 20000 m/sec

Component Upper Present Diagnostics Comments
limit, estimation,
urad urad
[emperature 90 6() Calculated Plan to estimate with
OTR
Aberrations 90 50 Simulated Plan to estimate with
O1Rs apd BPMs
Telope scalloping | () 200 Maovable For the 0.2 A D
< orifices boundary at 107 level
[ {scrapers) ol losses
Dipole motion caused | 100 1N RTacnetic . |10 the first 8 modules
by magnetic  held measurements | (Le. over 16 m)
imperfections F BPMs
Beam motion 50 40 BPMs With a slow feedback
Dirift velocity 20 10) Calculated For =02 A
Movable
= 30 orifices
COOL’os Total 200

Shemyakin Thermal velocity spread 3-10° m/sec

Total estimated spread 6-10° m/sec

Friction force is investigated al low p-bar intensity 2+6-1010



Equilibrium with diffusion
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Drag force measurements:
electron energy jump by +2 keV
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Beam emittance was measured by Schottky: 1.5 pm (n, 95%).
In the cooling section this corresponds to a 0.9 mm radius (rms), 10
electron current 200 mA



Drag force — voltage jump +2 kV
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FNAL

Nagaitsev

Voltage step 1 keV
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Simulation in BETACOOL

1. Transverse heating is simulated in
accordance with measured rate due to
interaction with residual gas

2. Longitudinal heating in accordance with
measured diffusion power

3. Transverse electron spread is used as a
fitting parameter

14



1,80E-04
1,60E-04
1,40E-04
1,20E-04
1,00E-04
8,00E-05
6,00E-05
4,00E-05
2,00E-05
0,00E+00

Relative momentum

A / —— Momentum spread

A

—— Momentum shift
A exp

./——l%l—\.\. =
|

—

0 50

100

150 200 250 300

Time, sec

At these parameters A = 0.0085 sec! (experimental value 0.007 sec)

A, =3-10° m/sec)A = 2-10* m/sec

15



Comparison of Recycler experiments and simulation:

- Results of numerical simulation of non-magnetized friction
force are in good agreement with experiments,

- Friction force value depends significantly on electron
beam quality.

Future plans for experiments:

- provide the measurements of the cooling rate and drag
rate at the same conditions,

- investigate dependence of electron angular spread on
radial coordinate

Simulations in BETACOOL
- Algorithm for envelope scalloping simulation was introduced,
- Investigation of the evolution of antiproton distribution function

16



500 mA, 2 keV HYV step

Intensity, linear scale
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