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Introduction to LEReC
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* LEReC was designed to cool colliding goldions @ y = 4.9 and @ y = 4.1 and was successfully operated in
2020-2021 low energy RHIC run routinely providing a substantial luminosity increase.

* In LEReC e-bunches are produced at the photo-cathode illuminated by a green 704 MHz laser modulated with
the 9 MHz frequency to match the frequency of RHIC ion bunches.

* The Electrons are accelerated to 375 keV in the DC gun followed by a 704 MHz SRF cavity bringing the beam
energy to either 1.6 or 2. MeV.

* Next, the e-beam is transported to the cooling section (CS) in the “Yellow” RHIC ring and to the cooling section
in the “Blue” RHIC ring.

* Finally, the electron beam is extracted at the exit of the blue CS through the extraction dogleg and sent to the
beam dump.



Unique features of LEReC
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 LEReCis applied directly to the ions in the collider at top energy

 LEReC-related publications:
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D. Kayran et al., PRAB 23, 021003 (2020) S. Seletskiy, A. Fedotov, D. Kayran, PRAB 26, 024401 (2023)
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LEReC operational experience

* Electron cooling effectively counteracted emittance and bunch length growth due to the
Intra-beam scattering. In addition, transverse cooling was optimized to further reduce the

ion beam sizes.
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Challenges during RHIC operations

* Loss on recombination: Without continuous longitudinal magnetic field in the
cooling section and small temperatures of electron beam, loss of ions due to
radiative recombination was noticeable (in typical low-energy coolers magnetic
field allows to suppress recombination loss with large transverse temperatures).
This could partially be mitigated by introducing a small average velocity offset
between electrons and ions.

* Lifetime of ions: ions lifetime suffered due to the presence of electron beam, this
was especially true for working point close to an integer. This was the dominant
limiting factor requiring operation at reduced electron currents - strongest
cooling did not necessarily lead to highest luminosity.

* Additional diffusion mechanism from electrons: There was an additional
growth of transverse beam size of ions caused by electrons (which we called
heating”). Such a heating was counteracted by cooling and was not a limiting
factor for performance.
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Electron-ion heating

* In the presence of e-beam and with the “zeroed” cooling we observe a much faster growth of the
transverse size of the i-bunch than the IBS driven size growth,

* We call this additional growth of the emittance “the electron-ion heating”
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Measurement procedure

* We perform the studies with the low intensity ion bunches in one ring only

* We always precool the i-bunches to approximately the same transverse and longitudinal
Size

* Next, we “switch off” the cooling by detuning the e-beam energy by 5-6 kV

* [n a heating measurement for given parameters we record the evolution of the ion
bunches transverse and longitudinal sizes and the intensity of the ion bunches

* Measurement-to-measurement we vary the charge of electron bunches, and/or the
settings of the cooling section solenoids.

* For each electron bunch charge used in the heating measurements we fully characterize
the longitudinal and the transverse phase space of the electron bunch at the entrance to
the cooling section in dedicated measurements.

* We perform several control measurements of the IBS-driven size growth of the i-
bunches throughout each shift. The i-bunch parameters in these measurements cover
the whole parameters’ range used in the heating measurements



Example of data processing
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Heating process invariant

: 4
We found that in every measurement: A,0° = const
0.0018 heating rate | S010 normalized heating rate
i . I =16 mA —— I =16 mA
0.0016 I\n‘ g E L
1 | H i
0.0014 | \‘| 0009 w ﬂI { I*HI"T ﬁ |FU|
) f ! | | |
I‘r[ 2 ‘ ity H'x,l’ I ﬁ | I ﬁ .ﬁ ! 1 T [ I |
o el I | & ooos| f ,,T]J'f o - y I l'+ { [ |‘l ‘Ir ‘Tlﬁr
B Fedftha, z O AR Y i It
~ 00010{ . »:; l|“¢"1 “‘"I ‘H b4 ] l I WI} | | f.f’y
L [\ » o | J | l *» '+
< 00008 ”f"x, mﬁt.ﬁ\ : | . 0.007} | lT|||' m LI‘ I Ti'*';kl 5.| |T ﬁrl"}
Aoty : /S AR A
0.0006 | \ak of A 1! by
v Ny ;‘l’m ’\f“ . 0.006 | o Iﬂ
0.0004 | ‘JM V h:
0.0002~ 50 100 150 200 250 0.0057 50 100 150 200 250
t [s]

11



Typical e- bunch measurement
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lon-electron focusing

lon-electron
focusing is an
important effect
We accounted for it
by simulating the
evolution of the e-
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parameters through
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the average bunch
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Typical measurement result for a constant e-beam current

* This measurement was performed with electron bunch charge of 62 pC (I, = 20 mA)

 The average electron bunch density in the cooling section was varied by adjusting the CS
solenoids (in the range of 3A-9A)
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Combining all datapoints

normalized heating rate vs. charge density
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Comparison to models

* We applied several theories to the observed data, but none of them predict
experimentally observed dependence: 4 __
P y P Ah(o-y)a-y = CopPe

normalized heating rate vs. charge density
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Can energy offset cause transverse heating?

60

=
(%

=
(=]

w
T T

I
(%,
intensity [arb. units]

longitudinal friction force [eV/m]
|

\ -
I /’
- e
\ .
i \ L4
P .
: \ ’
\ ,
L . v
-- F, with g, =0 Y ;
\ /l
\ .
~_-

— F, with p, =180,

—_15 ‘ ‘ ‘
26 —4 -2 0 2 4 6

ion's longitudinal velocity (v;,/0, )

D

14:44
14:54

+ 15:04

20 0 20
time [ns]

S. Seletskiy, A. Fedotov, and D. Kayran, Experimental studies of
circular attractors in the first ri-based electron cooler, Phys. Rev.
Accel, Beams 26, 024401 (2023).

We compared the heating measured for the e-beam with
energy offset and the beam with the chirp, large enough to
produce a similar cooling force suppression

40

* An offset in electron beam energy excites the
longitudinal motion of the ions

* This excitation can be partially redistributed to
transverse direction through coupling

* To check whether we “create” transverse heating
by offsetting beam energy we performed
measurements with chirped e-bunch.
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Chirp vs. offset

* The offset-driven size growth rate is ~1.5 times larger than the chirp-driven one.

Chirp vs. Offset
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Next steps

* Continue the studies with a chirped e-bunch
* Perform measurements with several bunch charges and various bunch
densities

 Study the heating effect “switching off” the cooling by introducing
additional angles

* One of the possibilities is to create a zig-zag electron trajectory in the cooling
S eCt | O n haanunasnslonyoaialonie Rlslalix

............ | x 704 MHz BPMs “see” the e-beam only
'“ 3 : X 9 MHz BPMs see both beams

mm
—
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Summary

* In presence of electron beam in the cooling section of the RHIC electron
cooler (and in the absence of cooling) we observe a noticeable transverse
heating of the ion bunches - a much faster growth of the transverse size of
the i-bunch than the IBS driven size growth.

* The optimized electron cooling overcomes both the heating and the IBS. The
e-i heating was not a limiting factor for RHIC operations with the cooler.

* Dedicated studies of the electron-ion heating showed that the heating rate
grows linearly with the average density of electron bunches.

* |t was found that the extra-heating “created” by energy-offset is a
substantial part of the overall emittance growth.

e Further studies are planned.
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