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OSC In traditional approach
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Delay adjustment using bypass

. VWY J
o-[IIT > 11
Light signal is Light signal Amplified light
produced in amplifier signal is used in
undulator undulator to
. . correct the offset
Limitations

« Amplifiers are available only for several IR wavelengths

« Amplifier and refractive lenses limit bandwidth of the system

1) A. Mikhailichenko, M. Zolotorev, “Optical Stochastic Cooling”, PRL, 71, 1993.
2) M. Zolotorev, A. Zholents, “Transient-time method of optical stochastic cooling”, PRE, V.50, 1994
3) J. Jarvis, V. Lebedey, et al., “Experimental demonstration of optical stochastic cooling”, Nature, 2022.



New approach: cooling with EUV light
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Wiggler
 No amplifier ) Use light in extreme
ultraviolet part of
. Reflective optics > | spectrum; bandwidth
Af=7.5PHz
* 100% relative bandwidth ~

« Use multiple light sources within one setup



Basics of stochastic cooling: measure, correct, randomize
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1. Measure
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New approach: delayed correction
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The lattice arrangement
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Measure, randomize
Measure, randomize
Measure, randomize
Measure, randomize

produces (—I) transport
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This mirror arrangement
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the geometrical optics, i.e.

2d

> wh e
@)
o
=
-
D
O
—

lllustration on the
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within one setup
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BENDING MAGNET

Far field observer
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X

Pulse width ~ 6 nm
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Condition of randomization

L (v¢)’ oar > 1

A

Bending angle

K

Energy spread




WIGGLER MAGNET
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Field? Period 12.9 cm -> 10.9 cm
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*) Designed by Maofei Qian (ANL)
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FIELD CALCULATION
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2. 7
Eaf:1(t) — . oI

o The field produced by one electron and seen by the observer at a
471'60 Ro c2dt?

distance R, >> wiggler length

z 1s the apparent trajectory of the electron
t is the time in the observer's frame

The transported field to the second wiggler

IR
E., (t)=— 4;60 %2 351%.13 d?cta§2 Ao = 4?’77% critical radiation wavelength
. )
ogg = 204 radiation divergence at a
K critical radiation wavelength
Odif = ZImo

iro, 'Ms size of focused light

*) The Feynman Lectures on Physics (Addison-Wesley, New York, 1963), Vol. 1, Chapter 28



CORRECTION “KICK” FOR ENERGY OFFSET
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E

X

arrival time delay r

a fragment

cT (nm)
C

Bandwidth =~ e

= 7.5 PHz

S

Warning!
The delay pathlength must be controlled with
an unprecedented accuracy of a few nm

Energy gain/loss as a function of electron arrival time delay
In interaction with a radiation pulse from a single pole



THEORY
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[ - 1 . 7 n i n
AEp . Fit energy “kick” by the functio
. (s—0s)? (s40s)?
- 5E(S) - B 20% _ o 20’§ —
0.05/ Froay — A (6 € ) Af(s)
Consider delay that is only due to energy offset

> _

ﬁ 0.00 S — R566

L :

Assume Gaussian energy distribution

52
i 1 T 952
-0.05/ p(6) = ¢ 1

Oic = 0; — Af(Rs560;) number of particles

T 15-10-5 0 5 10 15 Rsed R in the slice
(5 = c7)(nm) Yy =)
¥ /

A§? =02 — 02 = 24— [, e 7 yf(y)dy + A2N, f(y)>

\ J \ J
Y Y

cooling heating
[Cooling rate:. o = A‘;Q J
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THEORY

CONT’D
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Find optimal A,,q, When cooling rate is at a maximum

1

24202
A 27ra§,e T2y
max

Non(ita2)3?

Maximum decrement
1

1402
o 471‘0',36 1oy
Umax = — Ns(l-l-dg)?’
(A _ 1.7705 h
mar — T N,
o 1
maxr —
_ Ne )

In Zolotorev, Zholents paper

Qmam T

insufficient cooling

heating dominates cooling

Optimal R;4 can be found from

Hs69s ~ ().84

A> Aoz
_Ofma:ch

’1_[]_—
D_BE—
D_B:—
0_45—
0_25-

I R 6

oy =~ 0.84
0.18
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THEORY CONT’D
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Cooling rate in case of “insufficient cooling” (when correction kicks are too weak)

1

o 2
2+20',y

A 4doye A
o5 (1402)3/2 os
Y o, = 0.84

A straightforward interpretation.
Damping time is defined by a number of the kicks needed to zero the energy spread

g
Nkicks = — 11254

Therefore, cooling decrement in the ring with one cooling section employing the wiggler
with N, periods is

a1 = —2.25N,, J%fo fo IS the revolution frequency
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CASCADE-AMPLIFIED EUV STOCHASTIC COOLING
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4

When N, cooling sections is used back-to-back, the cooling rate is growing NOT as N, but as

Qeascade = —2Nw 2= (0.75N, + 0.41N?) fo

Energy kick from one magnet Optimal slippage % 200! ®]
12— — ) :
a) ! b) c .
1.0r 3% = 150! o
0.05 0s :54 ‘g ; wiggler with . ;
S ~ .,'7 ~ 100} 20 period ° . '_:
3, 0.00+= o 0.6F o : o .
o 000 g ;9 ~ [ ° .
< 0.4} > 907 ° o,
; = _ o o : .
_0.05. 0o . o : s . \ wiggler with ]
<l 5 Ole. & ¢ . . 10 period . . ]
Y o 0.0" - 2 4 6 8 10 12
~1510-5 051015 0 1 2 3 45 Number of cooling sections

s (nm) O



TRANSVERSE SLICING?
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Much simpler when operating at short wavelength

O, 'rms vertical beam size

Oh, rms horizontal beam size

~ 2 .
Actual number of N. = Odif N, is the number of electrons
electrons in the slice S " 'Sog,op in the longitudinal slice

It cannot help to reduce the damping time.
It only makes “insufficient cooling” even more “insufficient.

*) Zolotorev, Zholents, “Transient-time method of optical stochastic cooling”, PRE, V.50, N4, p.3087, 1994
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LIGHT AND ELECTRON BEAM TRANSPORT
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Image light source (and electron beam) from the upstream wiggler to the downstream wiggler

-unit transport matrix for e-beam (almost) Parabolic mirror with the

X, (mm}

00— focal length f = 4091.5 mm
- 0=4091.5mm e trajectory uses 4 bends PN
of K ‘;\\— light trajectory uses 2 mitrors”) Zoom F Tl
i \ N T ~equal time-of-flight | o P A
-100F N0 X Tl :
[ e Frmmee 5 ¥
- =3 - ‘
-200} oot |
~300F £ y: =9
[ £ [ éo !
- L ] -10¢t
400 G "14323mm >S. !
_gpohb . . . -15¢ bend magnet o |
0 b 10 15 —EU: IIIIIIIII | AN
2.0 25 3.0

Z, (mi)

*) a path length of the light is longer by a factor c/v

-1 light ray’s transport matrix (almost)

-1.
-0.00931766

~3.55271x10 *°
~1.

Beam energy = 147 MeV
Critical photon energy 23.7 eV
Wiggler period=12.9 cm
Number of periods = 10

100 nm Al coating,
92.5% reflectivity,
range 0.5-100 eV

Curtesy
L. Rebuffi and X. Shi

15



IMAGING OF A SINGLE ELECTRON RADIATION FROM THE CENTER
OF THE UPSTREAM WIGGLER TO THE DOWNSTREAM WIGGLER

> Argonne &
SRW calculations. Curtesy L. Rebuffi and X. Shi At source (the center of the upstream W|gg|er)
Radiation intensity Phase = Phase horizontal cut . Phase vertical cut
1.0 o L O —
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- At focus (the center of the downstream wiggler)

E) g/_ Radlatlon IntenSIty Lo Phase %\ Phase: Horizontal cut 8 Phase: Vertical cut
g S <8r 1 g Phase Radiation g Phase Radiation
§ g 3 N \ N
£ K f N o f e
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LIGHT PROPAGATION STUDIES CONT’D
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Intensity and phase at shifted longitudinally (-105 mm) and shifted vertically by 0.1 mm

At source in the upstream wiggler (- 105 mm shifted)

Radiation intensity Phase - Phase horizontal cut Phase vertical cut
1.0 _ |777 1.0 -O L an —
— 8 l S | b l ® | Phase Radiation & Phase Radiation N
— — : -— k30 o

g 8 z 8 | _>: : — 25 — EEF-4
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9_) 8 (\Il 1 i i ! 10 | 10
4(7) CI) 02 o Lo 0.2 (\II ls (\Il ks
g § A ol e — .
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At focus in the downstream wiggler (- 105 mm shifted)

S Radiation intensity Phase - Phase horizontal cut = Phase vertical cut
— o o T } L0 i) L a0 40
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» Argonne &

BEAM OPTICS OF COOLING SECTION

Dogleg-like lattice, two positive bends are followed by two negative bends, nt phase advancé
between bends. Small trim magnets produce dispersion bump to control Rgg (not visible at this
scale).

I Defocusing quad
-1 matrix -l matrix -l matrix [1 Focusing quad

I 5 -~

wiggler |_|+BV - +B : ﬁB iy B |_|wigg|er I} Bending magnet
O O e Y0 D [ 7o magne

OSC insertion

— S0 T'i-_infl-l:l-‘vrsl ™~ dll-.lJ 11'31‘5il:)1I1 3_2.|3-d1 . | . | . | . | . | 'I]3.-"lI39J"19; 15-::52_21 0.25 /g
é ] ﬁ:x B‘ :\" : I:) i ~
n 45- 7 : : — 0.20 %
c T ; -
o 40. - L 0.15 =
= - i O
2 35, — 0.10 S
> . - =
ch 30- 7] ~ . 0.0s5 E
= | A T i O
1eB) 25, — - — — 0.0 n
m | -
. P | G)
20. — —0.05 o
15. L _0.10 )]
10. L _0.15
S, - L _0.20
D-ﬂ T T T T T Z T T T T T T — T T T T T T T T _0-25
0.0 2. 4. 6. S. 10. 12. 14. 16. 18. 20.

s (I

Distance along electron beam trajectory (m)



CORRECTION OF SECOND ORDER TIME-OF-FLIGHT ABERRATIONS
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Use four sextupole “families”
-fmatrix -1 maftrix o -1 matrix -
- + + _ _ -
wigaler g B fmﬂ B g R fimg I_|1u-n.r|ggler
_ +
dispersion

Betatron phase advance between sextupoles in the pair: ¢,= 2r, ¢,= .

This allows to cancel aberrations using pairs of sextupoles with the opposite signs of the field.

Hamiltonian:
H (¢x, ¢y) = (linear terms) + ¥ (Jf” (Cos [¢x] +Cos[3¢x]) +3,"/% 3, (Cos[gx] +Cos [¢x 2 dy] ))
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POSSIBLE APPLICATIONS OF XUV COOLING

1. Produce a beam of relativistic positronium atoms:
* obtain ultra-cold electrons in one ring
« obtain ultra-cold positrons in another similar ring
* merge electrons and positrons in a common long straight section
* obtain positroniums

» Argonne &

2. Produce a beam of antihydrogen atoms:
« obtain ultra-cold positrons in one ring
« oObtain antiprotons in another ring
* merge antiprotons and positrons in a common long straight section for
positron cooling of antiprotons
e Obtain antiprotons

3. Prepare “cold” electrons for an electron cooling of ions and protons in the Electron lon Collider *)

*) Tomorrow, Sergei Seletski will discuss the alternative (main) approach of using the
electron storage ring with many wigglers for a strong radiation cooling of electrons



STORAGE RING DESIGN FOR EIC PROJECT + Ao &

RETEIRE N I cireumference =447.2m

cooling ring

40- \Vin(?ﬂl;:s lI\'T 40 vel‘sli[u;l 8:23dlI . . . [) . . . . . . 2?/08/2:’» 16..08.58 0.5
35, 4 § | 04
€ ' ' ' - 03 E
£ 3090 | 5 _ =
- 12 cooling sections :180m reserved for - 0.2 .%
S 25.4 | AL . ion cooling 01 ©
3 11" - 7
® 154 | | 012
: | L 0.2 D

o arcs 0.3

- -0.4

-0.5

0.0  100.  200.  300.  400.  500.

Distance along electron beam trajectory (m)



STORAGE RING DESIGN (2)
||\ W
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cooling ring

Windows NT 4.0 version 8.23dl 19/09/23 19.03.01 .
250. | 13 | 'BJ_' D }b S 'U | _ 1.0 Twiss functions in the middle of
225. 4 - 0.8 the cooling straight”
—~ : | . : - - Beta_x = 160 m
£ 200. 7 ’ 0.6 F Beta_y = 110 m
g 175. - - 04 S Dispersion = 0.66 m
S 150. - - 0.2 %’ *) This set has been chosen by
qc_:é 125. . . 0.0 c© Sergel Seletski for electron
= T - I .g cooling of protons
m 100. 4 | | 02
1 - =
754 | 04 3
; ; - -0.6
- -0.8
0.0 100. 200, 300. 400. 500.

Distance along electron beam trajectory (m)



COOLING RATE AND IBS GROWTH RATE
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Use wiggler with period of 12.9 cm, peak field of 1.6 T, and 10 periods
Consider 1 cascade with 6 cooling sections (total length ~ 100 m)
Average energy correction (“kick”) per orbit turn due to cooling is 30 eV
“Slice” length ~ 0.13 fs (7.5 PHz bandwidth)

Number of electrons in the “longitudinal slice”. N, ~ 22000

Diffraction size og;f >~ 2 pm

Maxwell's demon is

Number of electrons in the “slice” after transverse slicing: Ng ~ 2 realized (almost)

Estimated cooling rate is 101 sec™

Estimated intrabeam scattering growth rate is 39 sec!
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COOLING RATE AND IBS GROWTH RATE (2)
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Stochastic cooling in XUV without the amplifier

800 — ————————
a Beam parameters used for cooling and
O - . 1o IBS calculations”
L 600" ¢ cascade with: . 8
% \, b) 6 8 10 12cooling | » eRHIC/p Coolerring/le  Unit
s | A ~— sections = Energy 270GeV 147 MeV
% 400~ .. c Energy spread 6 E-4 1.3 E-3
g v ~. % Hor. emittance 11.3 12 nm
o I c Ver. emittance 1.0 6.5 nm
< 2000 N Rms bunch lenth 6 14.5 cm
S : o0 Bunch intensity 6.9 E10 1.9E1N
O IBS Peak current 23 27 A

0 0004 0.0006  0.0008  0.0010  0.0012 ¥ 0.001. *) provi . Seletski
0.0004 0.0006 0.0008 0.0010 0.0012 I0.00M ) provided by S. Selets
Relative energy spread
current design

a) equilibrium relative energy spread with 6 cooling sections in cascade is 7x104

b) equilibrium relative energy spread with 8 cooling sections in cascade is 4.5 x10




CONCLUSION

NNNNNNNNNN

Key Takeaways

B Stochastic cooling of electrons and positrons in XUV is feasible, in principle.

B It provides a viable alternative to radiation cooling of electrons for electron
cooling in EIC project. Design shows a good margin in cooling capacity
above the required performance.

B However, achieving an order of a magnitude better stability of the pathlength
through cooling section(s) than it was demonstrated in OSC experiment at
IOTA Is questionable.

RRRRRRRR
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CURRENT IDEA FOR COOLING THE COOLER OF HADRONS
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W

| 12 Electron damping ring,
OSC module 319 m, 147 MeV

b e e

* Number of ion/proton bunches = 1320 Each electron bunch makes 12
« lon/proton bunch rep. rate = 103 MHz orbit turns in the damoind fin
* Proton beam average current = 1A ping 1ing
| . e trerm | heae — 1291 between two subsequent
Number of electron bunches = 1321 : : s
e L e interactions with ion/proton bunch!
Electron bunch rep. rate = 1.24 GHz
Electron beam average current=1.9 A
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SCALING WITH ENERGY

Consider the case when the peak magnetic field in the wiggler and relative beam energy
spread in the ring are independent of beam energy.

» Argonne &

p o<, Be xx vt Ao x v"2and os= Const

Since E, o 2, then dy(r) _ _e E, - B, o< v?

dt Mo C2

[ Cooling rate & 7y J

Intrabeam scattering growth rate o< v~

Compare to a wiggler dominated storage ring (under the same condition of a fixed wiggler’s
peak magnetic field)

a5 X /7Y

Cooling rate o< 7y
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BEAM OPTICS OF COOLING SECTION
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Dispersion due to trim magnets. Note 10 times smaller scale for the dispersion.
+B Trim1 +B -B Trim2 -B
] [ | | |
Wﬂw%ﬂﬂﬁ% | I T Ul
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= - 3~ vy | 7 o2 | . =
= 45, - ] : | | - 0.020 =
. E 1 s -
40. - | : | — 0.015
35. - l l ; | | — 0.010
i | I | i
30. - : i I, '. - 0.005
25, - - - ' - 0.0
| N X I
20. : L _0.005
15. —_ _— -0.010
10. —_ _— -0.015
S. - — -0.020
0.0 -0.025




