North American Particle Acc. Conf.
oS ISBN: 978-3-95450-223-3

Abstract

The first ever electron cooling based on the RF acceler-
ation of electron bunches was experimentally demon-
= strated on April 5, 2019 at the Low Energy RHIC Electron
-5 Cooler (LEReC) at BNL. The critical step in obtaining suc-
.—é cessful cooling of the Au ion bunches in the RHIC cooling
& sections was the accurate matching of average longitudinal
g velocities of electron and ion beams corresponding to a rel-
ative error of less than 5e-4 in the e-beam momentum.
Since the electron beam kinetic energy is just 1.6 MeV,
measuring the absolute e-beam energy with sufficient ac-
curacy and eventually achieving the electron-ion velocity
matching was a nontrivial task. In this paper we describe
our experience with measuring and setting the e-beam en-
ergy at LEReC.
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LEREC DESCRIPTION

LEReC [1, 2] is the world’s first electron cooler utilizing
£ RF based acceleration of electron bunches. It is the first
2 cooler applied directly to the ions in the collider at top en-

- ergy and it is the first cooler that utilizes the same electron
& beam to cool ion bunches in two collider rings.

—
o

&  The LEReC accelerator consists of a 400 keV photo-gun
© followed by the SRF Booster, which accelerates the beam
§ to 1.6-2.6 MeV, the transport beamline, the merger that
& brings the beam to the two cooling sections (in the Yellow
o and in the Blue RHIC rings), the cooling sections (CSs)
; separated by the 180° bending magnet and the extraction
A to the beam dump. The LEReC also includes two dedicated
ol diagnostic beamlines: the DC gun test line and the RF di-
£ agnostic beamline. The LEReC layout is schematically
shown in Fig. 1.

The friction force acting on the ion in the cooling section
is given by [3, 4]:

B _tmeelsl) WV copngdy, (1)
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where e and m, are electron charge and mass, n, is elec-
tron bunch density in the beam frame, Z is ion charge num-
ber, L is Coulomb logarithm, which for LEReC is ~10, v,
and v; are respectively electron and ion velocities in the
beam frame and f (v, ) is the electron bunch velocity dis-
tribution.

LEReC design parameters are chosen so that electron
-Z bunch transverse and longitudinal root mean square (rms)
velocity spread is equal to respective ion velocity spread.

tribution of this work must ma

*Work supported by the US Department of Energy under contract No. DE-
SC0012704
‘g  seletskiy@bnl.gov

TUZBB3

@ 356

ent from this work may be used under the terms of

NAPAC2019, Lansing, MI, USA
ISSN: 2673-7000

JACoW Publishing
doi:10.18429/JACoW-NAPAC2019-TUZBB3

PRECISE BEAM VELOCITY MATCHING FOR THE EXPERIMENTAL
DEMONSTRATION OF ION COOLING WITH A BUNCHED ELECTRON
BEAM *

S. Seletskiy , M. Blaskiewicz, K.A. Drees, A.V. Fedotov, W. Fischer, D. M. Gassner, R.L. Hulsart,
D. Kayran, J. Kewisch, K. Mernick, R.J. Michnoff, T.A. Miller, G. Robert-Demolaize, V. Schoefer,
H. Song, P. Thieberger, P. Wanderer
Brookhaven National Laboratory, Upton, USA

For such a choice, ions on average experience linear cool-
ing force in both transverse and longitudinal dimensions.

Requirements to electron bunch relative momentum
spread and angular spread in the laboratory frame are [1]:

s =5-10"% 0y = 130 urad 2)

It is also important to match electron relativistic y-factor
relative to ion y with accuracy better than 5e-4 to observe
and optimize the cooling of ion bunches.

Electron bunches satisfying conditions (2) were obtained
during LEReC accelerator commissioning in 2018 [5].

Longitudinal component of force (1) has a relatively
weak dependence on electron angular spread, which is af-
fected by the presence of the ion beam in the CS. Since the
electron bunch momentum spread is satisfying (2) regard-
less of ions presence, it was enough to match the electron
and ion beam y-factors to observe the longitudinal cooling.

The lowest e-beam energy required for LEReC operation
is 1.6 MeV, which means that electron beam absolute en-
ergy must be measured and set with an accuracy of 0.8 keV.

We had planned and implemented a three-step process
for electron beam y-matching to the ion beam.

First, to set the absolute energy of the electron beam with
an accuracy better than 5-10-3 we utilized the 180° bending
magnet as a spectrometer.

Second, to check and fine-tune y-matching we used the
recombination monitor and e-beam energy scan performed
with small steps.

Finally, we performed the energy scan with even finer
steps to obtain and optimize the longitudinal beam cooling.

LOW ENERGY HIGH ACCURACY SPEC-
TROMETER

The 180° bend is located between the first and the sec-
ond LEReC cooling sections.

It is designed to have a bending radius py = 0.35 m. The
entrance to the magnet is equipped with two beam position
monitors (BPMs) and its exit is equipped with one BPM.

The field of the U-turn bending magnet was mapped in
+/-20 mm range around the design beam trajectory at 200
G, 240 G and 300 G flat-top fields corresponding respec-
tively to 1.6 MeV, 2 MeV and 2.6 MeV electron beam en-
ergies [6]. The field was measured with a probe combining
Hall sensor and a customized high-accuracy NMR probe
capable of measuring fields as low as 140 G [7]. The re-
sulting field map had a required accuracy of 0.02 G.

In the final U-turn bend setup at its destination in the
RHIC tunnel the same probe was installed at a known, and
well-mapped, fixed location in the uniform region of the

05: Beam Dynamics and EM Fields



North American Particle Acc. Conf.
ISBN: 978-3-95450-223-3

Deflector  Dlagnostic
Cavity  Beamline 704 MHz
Cu Cavity
COOLING \

in Yellow RHIC ring

NAPAC2019, Lansing, MI, USA
ISSN: 2673-7000

4 .4.b " .-0(—.—‘(»1(-._.. oos_nh‘_.mwo-uw

JACoW Publishing
doi:10.18429/JACoW-NAPAC2019-TUZBB3

Transport DC Gun Cathode

Beamline Test Line 704 SRF  |oading

9 MHz 2.1GHz Booster system
Cu Cavity Cu Cavﬂy Cavity l

- 5l ".\'
TR ~-m i
B _ |
I AR :
e Gun
180° Extraction Boam * NOT to scale
Bending Beamline Dump
Magnet
Figure 1: LEReC layout.
bending field. The continuous readings of the probe were me [ (Bo(1+6) 2 Eo+mc?
used to properly scale the field map during energy meas- Bp = T\/ ( omcz + 1) — 1= Bopo (1 + E00+2mc2 )

urements.
The 180° bend setup is schematically shown in Fig. 2.
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Figure 2: Schematics of 180° bend.

In the hard-edge approximation the horizontal e-beam

displacement (x,.) at the exit of 180° bend is given by:

Xout = —Xin +2po — 2p cos Oy, (3)
where x;, is the trajectory displacement at the entrance of
the bend, 6;, is the trajectory angle at the entrance to the
bend and p is the radius of off-energy trajectory through
the bend.

To measure beam energy (E) in the 1.6-2.6 MeV range
with the accuracy required for LEReC one must perform
proper Taylor expansion of the exact expression for mag-
netic rigidity [8]:
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where c is the speed of light and § = E/E, — 1.
Defining the fractional error in setting the dipole field as
A= B/B, — 1, from (3) and (4) we get:

Eg+mc?
Eg+2mc?

—Xin = 2P 8+ 2poA (5)

Xout =

were X;, and x,,; correspond to BPM readings (x4, X5, x3)
as:

xz X1

Xin = X3 + Sp

(6)

_ X2—X1
Xout = X3 + Sb S

O]

Here S\, is the distance between the first and the second
entrance BPMs, S} is the distance from the second BPM to
the hard edge dipole entrance and from the dipole exit to
the exit BPM, x; and x; are the horizontal readings of two
entrance BPMs and x3 is the exit BPM reading.

Proper B, for hard edge approximation is found from
field mapping data, S, is measured in mechanical survey
and S} is found from survey and from magnetic map data.

Equations (5-7) solve the problem of obtaining an accu-
rate energy measurement from spectrometer readings.

The results of hard-edge approximation were also com-
pared to the beam tracking in the measured magnetic field
[8] and were found to be in a perfect agreement.

The spectrometer measurements showed that the initial
LEReC settings based on calibration of RF cavities pro-
vided a 100 keV higher e-beam energy than the design 1.6
MeV energy.

RECOMBINATION MONITOR

7% jons recombine with electrons via radia-

8 and

Some of Au
tion recombination process in the CS, become Au

TUZBB3
357

©= Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI



North American Particle Acc. Conf.
oS ISBN: 978-3-95450-223-3

bination rate is the highest when the electron and ion y-
actors are matched.

A special lattice was developed with a high dispersion
.« region in the RHIC arc downstream of the cooling section.
The losses due to recombination were registered in this re-
gion with a dedicated plastic scintillation detector (PSD).

To match electron and ion y-factors we scanned electron
energy with ~1 keV steps around the energy found by the
spectrometer while monitoring the PSD signal.

Due to high background counts the recombination mon-
itor was not particularly precise. Yet, the increase in regis-
tered recombination rate was observable and well repeata-
ble.

Figure 3 shows that the matched energy was at about
1.589 MeV (as measured by the spectrometer). That is, the
spectrometer error at the time of the scan was about 11 keV.

Later we discovered the problem with calibration of our
spectrometer BPMs. After fixing it, the error of spectrom-
eter readings was reduced to 6 keV. Therefore, the accuracy
of 4e-3 was achieved for the spectrometer-based energy

measurements.
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Figure 3: Recombination rate during the energy scan. PSD
readings are given on y-axis and spectrometer readings on
X-axis.

OBTAINING FIRST COOLING

After rough matching of electron and ion y-factors based
on recombination rate maximization, we engaged in an
electron energy scan with sub-keV steps trying to observe
bunched beam cooling.

In the absence of electrons, the ion bunch length in-
creases due to intra-beam scattering (IBS) until ions fill the
whole RF bucket. On the other hand, electron cooling must
keep ion bunch length at a smaller constant value deter-
mined by the balance of the IBS diffusion and the cooling
friction forces.

The shape, length and peak current of the ion bunches
are continuously read by the RHIC wall current monitor
(WCM).

Hence, to obtain cooling, we had a few (six in our case)
ion bunches stored in the Yellow RHIC ring. All of them
but one were overlapped with electron bunches. We
scanned electron bunches energy while comparing the rms
length and peak current of ion bunches interacting with the
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electrons with the length and peak current of the non-inter-
acting (test) ion bunch.

The signature of the cooling was very clear. The cooled
bunch length was reduced and its peak current increased in
comparison to respectively the length and the peak current
of the test ion bunch.

Figure 4 illustrates a typical bunched electron cooling.

18:30:00  18:35:00  18:40:00  18:45:00  18:50:00  18:55:00  19:00:00  19:05:00  19:10:00  19:15:00

18:30:00  18:35:00  18:40:00  18:45:00  18:50:00  18:55:00

Time (Start Fill = 23030)

19:00:00  19:05:00  19:10:00  19:15:00

Figure 4: Typical observation of bunched electron cooling.
The upper plot shows evolution of peak current of cooled
(yellow trace) and test (orange trace) ion bunches. The
lower plot shows evolution of the rms bunch length of the
cooled and the test ion bunches during RHIC store.

Since our spectrometer was providing a good energy
measurement accuracy and the longitudinal cooling was
easily detectable during the energy scan, we decided to
skip the recombination scan for 2 MeV energy settings. In-
stead, we set LEReC RF based on the spectrometer read-
ings and scanned electron energy monitoring ion bunch
length and peak current. The whole process of precise y-
matching at 2 MeV took us just a few hours.

CONCLUSION

LEReC is the world’s first electron cooler utilizing RF
based acceleration of electron bunches.

The critical step in obtaining first bunched beam cooling
was matching the average longitudinal velocities of elec-
tron and ion beam so that y-factor of two beams coincide
with precision better than Se-4.

In this paper we describe our experience with electron
and ion beam y-matching and with obtaining the electron
cooling of RHIC ions.
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