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Abstract

New projects of high-energy hadron colliders could be
¢ improved by far by using the electron cooling technique.
2 However, a source of high-current relativistic electron
;5’ beam appears to be a technical challenge. Indeed, the in-
2 trinsic energy limitations of high-voltage DC accelerators
& lead to necessity to perform acceleration using not static
Z but vortex electrical fields. Induction and radiofrequency
E (RF) accelerators employ such fields. Moreover, to keep
£ Z the damping times small enough at high energies, it is nec-
£ essary to increase the electron peak current to tens of am-
g peres. The feasibility of RF energy recovery linac (ERL)
< application to electron cooling is discussed. The ERL of the
E Novosibirsk free electron laser facility is used as a reliable
= prototype.
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INTRODUCTION

New projects of high-energy hadron colliders could be
.S improved by far by using the electron cooling technique [1-
2 7]. However, a source of high-current relativistic electron
‘“ Z beam appears to be a technical challenge. Indeed, the in-
3 > trinsic energy limitations of high-voltage DC accelerators
é lead to necessity to perform acceleration using not static
~but vortex electrical fields. Induction and radiofrequency
o (RF) accelerators employ such fields. Moreover, to keep
) o the damping times small enough at high energies, it is nec-
g essary to increase the electron peak current to tens of am-
D peres. As the duty factor of the cooler shall also be high,
2 the desirable average beam current of the cooling electron
fg beam is about 1 A or more.
E Skipping at this point the betatron option, we will discuss
O the feasibility of RF energy recovery linac (ERL) applica-
o tion to electron cooling.
The necessity of high current and relatively low (less
2 than 100 MeV) electron energy leads to the choice of an
g ERL with a low-frequency non-superconducting accelerat-
o ing RF system. Indeed, the characteristic parameters for
+ longitudinal stability of the average electron beam current
"0 Tpeam and charge per bunch ¢ are the ratio of the beam power
5 — to the power consumption in the RF cavities
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and the energy deposition per bunch to the stored energy
of RF cavity
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istic impedance, fundamental eigenfrequency, effective ca-
pacity, and voltage amplitude of single cavity, respec-
tively. For the typical values U = 1 MV and 2R/Q = 100
Ohm, U/(2R/Q) = 10 kA. Then Egs. (1) and (2) give the
following limitations for the average current and the bunch
charge:
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where R/Q, o, C and U are the character-
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For the non-superconducting cavities of the Novosibirsk
free electron laser (FEL) facility [8, 9], ERL Q =20000 and
o =27-180 MHz, and Eqs. (3) and (4) give reasonable lim-
iting values of 0.5 A and 10 uC, but for the superconduct-
ing cavities they are several orders of magnitude lower. For
low-frequency non-superconducting RF systems, the trans-
verse stability conditions are also much easier.

INJECTOR

To provide high charge per bunch, one can use a low-
frequency RF gun. A 90 MHz CW RF gun with an average
current of more than 0.1 A was built and tested at Budker
INP [10]. In fact, in more than twenty years, Budker INP
has manufactured tens of RF guns with electron energy of
up to 1 MeV as industrial accelerators, referred to as ILU-
8 [11]. The ILU-8 accelerators operate in a high duty cycle
pulse mode and provide a peak current of up to 5 A.

For further gain in the bunch charge, it is necessary to
increase the cathode diameter and decrease the RF and
bunch repetition frequencies. A frequency of 30 MHz
seems to be as a reasonable compromise between increas-
ing the RF cavity size and obtaining more than 10 nC in
each bunch. With a peak cathode current of 4 A and an ini-
tial bunch duration of about 4 ns, one can obtain a bunch
charge of 16 nC. To have a significant accelerating gradient
in an RF structure, it is necessary to use a higher RF fre-
quency. Then, for further RF acceleration it is necessary to
compress the bunch. In the consideration below, we will
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use the parameters of the RF system of the Novosibirsk
ERL, which has been operated successfully at the Novosi-
birsk FEL facility [8, 9] for last 16 years. Its operating fre-
quency is 180 MHz. To suppress the space-charge phenom-
ena, we plan to accelerate electrons to a kinetic energy of 2
MeV in three similar 30 MHz RF cavities. The first one is
the RF gun cavity and the two others are the accelerating
ones.

The proposed compression system compresses the 2
MeV, 16 nC bunch from 4 ns to 0.5 ns duration. It uses the
energy chirp of 2 MeV bunches, additional energy modu-
lation in an auxiliary RF cavity, operating at a subharmonic
of the main accelerating structure frequency of 180 MHz,
and a magnetic buncher. For the required energy modula-
tion to have an acceptable value (less than £10%), the
buncher shall have a high value of the longitudinal disper-
sion Rse. A second-order achromat is desirable for opera-
tion with large energy spread. The general scheme of the
proposed magnetic buncher is presented in Fig. 1.
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Figure 1: Magnetic buncher. 1 and 4 — parallel-edge mag-
nets, 2 and 3 — magnetic mirrors, 5 — sextupole corrector.

It contains two magnetic mirrors with a homogeneous field
and auxiliary magnets.

ERL

The above 2 MeV electron beam is to be accelerated fur-
ther in an ERL. In the simplest case, the above-mentioned
Novosibirsk ERL may be used to this end. In fact, this op-
tion is interesting in the context of improving the parame-
ters of Novosibirsk FEL facility and will be considered in
more details elsewhere. Below we describe a more ad-
vanced and expensive scheme of ERL with two accelerat-
ing structures [12]. It is more flexible and allows better
control of the beam parameters.

The scheme of cooling ERL is shown in Fig. 2. Electrons
pass each of the 30 accelerating cavities twice, obtaining
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energy of 50 MeV, are used in cooling section, are deceler-
ated to 2 MeV in the same RF cavities, and are directed to
the beam dump.

The estimated parameters of electron bunch are listed in
Table 1. The bunch repetition frequency is limited by the
average current of the electron gun and may exceed 10
MHz.

Table 1: Electron Bunch Parameters

Energy E, MeV 50
Charge ¢ per bunch, nC 16
Number N, of electrons 10"
Longitudinal emittance &, keV-ns 10
Normalized transverse emittances 10

&, mm-mrad

ELECTRON COOLING

The first successful demonstration [7] of the electron
cooling of ion bunches using the RF electron linac at the
RHIC shows clearly its high prospects. Let us estimate the
cooling rate in the case of a long superconductive solenoid
with a magnetic field B=1T.

Let the electron bunch length [, be 60 cm. The
longitudinal emittance ¢, = 10 keV'ns will define the

energy spread of bunch o, = cg, /I, =5 keV, where c is

the velocity of light. Then the longitutinal electron velocity
spread in the beam rest frame is V,, = co, /E =3-10°

S
cm/s. For an ion beta function f; = 3-10* cm and an ion
normalized transverse emittance ¢; = 10 cm, the transverse
velocity spread in the beam rest frame is

V. =ciye; /B, =1.710" cm/s, and the transverse beam
sizeis a, = \/€,8,/y = 0.17 cm (y is the Lorentz factor).

Let the flat electron beam enter the flat solenoid edge. For
a vertical beta function f, = 100 cm, the vertical beamsize

is a, =, lé‘lﬂy/]/ =0.032 cm, and the vertical angular

spread is 0, =, e, / ( )/ﬁy) =3.2-10*. For a horizontal

beta function £, = 40000 cm, the horizontal beamsize is

a,=+/&B./y =0.64 cm and the horizontal angular
spread is 6, = , /8,/(7/,3X) =1.6"10"%, which is much less

than the r. m. s. horizontal kick a,/R =210 (R = ymc?/(eB)
= 17 cm) at the flat edge of the solenoid. Then the r.m.s.
Larmor radius is equal to a,. After transformation in
solenoid we obtain a round beam with an r. m. s. sizes a.
of 0.15 cm, which exceeds the r.m.s. Larmor radius 5 times.

The peak electron current is qc/ (N27l,) =

the electron rest-frame

_ 32 327 2
.= Nf/(z Thay) 5'107. The cooling rate in
the lab frame can be estimated as [1-3]

3.2 A, and
density is
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= where r. is the classical radius of electron, r; is the classical
& radius of ion, and # is the fraction of the collider perimeter
E occupied by the cooling section. For ions with the charge
S7= 92, atomic weight A =200, and # = 0.01, 7ot = 1/0co0r
= 100 s. This result shows good prospects for using this
= cooling system with a low-frequency ERL.

title of

CONCLUSION

High energy electron cooling (>10 MeV) should use an
RF linac for generation of electron beam. A low-frequency
linac can produce an intensive electron beam for cooling
ion bunches in the collider.

ACKNOWLEDGEMENTS

Authors thanks colleagues from Budker INP for discus-
sions on the subject.

REFERENCES

[1] V. V. Parkhomchuk, A. N. Skrinskii, “Electron cooling: 35
years of development”, Phys. Usp., vol. 43, no. 5, p. 433-452,
2000. doi: 10.1070/PU2000v043n05ABEH000741

[2] V. V. Parkhomchuk, “New insights in the theory of electron
cooling”, Nucl. Instr. and Meth. A, vol. 441, Iss. 1-2, p. 9-17,
Febr. 2000. doi: 10.1016/50168-9002(99)01100-6

[3] A. Skrinsky, “Continuous Electron Cooling for High Lumi-
nosity Colliders”, Nucl. Instr. and Meth. A, vol. 441, Iss. 1-2,
p. 286-293, Febr. 2000. doi: 10.1016/50168-9002(99)01147-X

im

ISSN: 2226-0374

COOL2019, Novosibirsk, Russia JACoW Publishing

doi:10.18429/JACoW-C00L2019-TUYO1

[4] Ya. S. Derbenev, “Prospects of High Energy Electron Cool-
ing”, in Proc. 7th European Particle Accelerator Conference
(EPAC 2000), Vienna, Austria, June 2000, paper MOZEO03,
pp- 8-12, accelconf.web.cern.ch/AccelConf/e00/PA-
PERS/MOZEO3.pdf

[S] A. Skrinsky, “Electron cooling and electron nuclei colliders”,
in Proc. APS / DPF / DPB Summer Study on the Future of
Particle Physics (Snowmass 2001), Snowmass, Colorado,
June 2001, paper T903, eConf C010630 (2001) T903

[6] N. S. Dikanskii et al., “Development of techniques for the
cooling of ions”, Phys. Usp., vol. 61, p. 424-434, 2018. doi:
10.3367/UFNe.2018.01.038297

[7] BNL TEAM, “Electron Bunches Keep Ions Cool at RHIC”
https://www.bnl.gov/newsroom/news.php?a=215585

[8] N. A. Vinokurov, O. A. Shevchenko, “Free electron lasers and
their development at the Budker Institute of Nuclear Physics,
SB RAS”, Phys. Usp., vol. 61, p.435-448, 2018. doi:
10.3367/UFNe.2018.02.038311

[9] B. A. Knyazev et al., “Recent experiments at NovoFEL user
stations”, EPJ Web of Conferences, vol. 195, p. 00002, 2018.
doi: 10.1051/epjconf/201819500002

[10] V. N. Volkov et al., “Test Stand Results of CW 100 mA Elec-
tron Gun for Novosibirsk ERL based FEL”, in Proc. 26th
Russian Part. Accel. Conf. (RUPAC 2018), Protvino, Russia,
Oct. 2018, paper THPSC53, pp. 507-509, doi:10.18429/JACoW-
RUPAC2018-THPSC53

[11] V. L. Auslender ef al., “An ILU-8 pulsed high-frequency
electron linear accelerator”, Instruments and Experimental
Techniques, vol. 52, mno. 3, p.400-405, 2009. doi:
10.1134/50020441209030178

[12] D. Douglas, “A Generic Energy-Recovering Bisected Asym-
metric Linac (GERBAL)”, ICFA BD-NI, vol. 26, p. 40-45,
2001.

-—

accelerating cavity —ra—

accelerating cavity

f—| RF gun

cooling section

-

UYO01

©=2d 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)

[\
=]

Figure 2: Scheme of cooling ERL.
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