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COOLING
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Abstract. A compact ring can be used to verify the OSC principles. Possible parameters of
such ring described in this paper.

INTRODUCTION

After proposal to extend Stochastic Cooling method [1] to optical bandwidths [2], the idea about
testing this method on specially designed compact damping ring was described soon after [3]. It was
stressed there, [3], that under rates of cooling, deviled by OSC, the method can be interesting for
protons, electrong/positrons, muons, as well as for multi charge ions. Later, application of OSC to the
cooling of multi-charge ions was recognized as having advantage due to coherent radiation of ions ~Z2
[4]. For electron and positron beams the method allows drastic reduction of final temperature with an
optical amplifier of intermediate complexity. There was an idea to apply the OSC cooling to search for
Fermi-degeneration in relativistic beam [5]. Complex introduced in [3] represented in Fig. 1 below.
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Figure 1: The damping ring with injection complex proposed for testing OSC [3].

One of the peculiarities was a possibility for isochronous bend with three-magnet system. Ten years
later the similar bend was described in [6]. Here the influence of the quantum fluctuations in bends to
the beam energy spread considered al so.

Latest interest to this subject initiated by VIadimir Shiltsev.



OPTICAL STOCHASTIC COOLING BASICS

Hardware for stochastic cooling is a broadband feedback system. And it is working like any other
feedback system, providing back reaction to the particles in accordance with instant deviation of bunch
parameters from stationary ones at the pickup location. Decisive difference, however, is that this
feedback system has wide bandwidth allowing to act to the particles distributed along the bunch length.

Hence, the bandwidth is important characteristic of the feedback system. Wider the bandwidth
more details along the bunch can be resolved and higher decrement can be obtained with the system.
Migration to optical bandwidths, as it was proposed in [2], brings the feedback system to operation
with optical signals instead of electrical ones, Fig. 2. For proper action, the structure of the bunch as it
was identified at the pick-up location must be preserved by transport system up to the kicker location.

In Fig. 2 the Optical Stochastic Cooling scheme represented in general view. Here quadrupole
wiggler, which is a series of strong quadrupole lenses serve as a pickup. Particle radiates here in
accordance with its instant position with respect to the lens center. Resulting electromagnetic wave is a
superposition of waves radiated by each particle of the bunch.

Figure 2: The genera layout of the system [2].

Further, this wave amplified in optical amplifier with corresponding optical bandwidth and the signal
applied to the co-directionally moving bunch down to the beam trgjectory with appropriate delay. One
peculiarity in action of optical signal to the particle is that optical plane wave and co-directionally
moving relativigtic particle can interact only if they are propagating with angle to each other, resulting
energy change, rot a transverse kick. The angle required between the wave and particle velocity

arranged with a help of wiggler. The value of this angle is smal, € K/g, where K = Ze:nl]gz , 1, s

spatial period of wiggler (undulator), but value of amplitude of this angle can be kept constant along
significant length—the length of wiggler.
Few different types of OSC are represented in Fig. 3.
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Figure 3: Types of OSC. In trangit time method arriving to the second wiggler depends on parameters
of particle at the pickup undulator [7]. Enhanced OSC [14] deals with screening of optical image for
some parts of radiation from the beam.
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So the stochastic cooling (SC) method deals with finite number of particles in the bandwidth directly
[1]. Transverse fluctuation of the center of gravity position of N particles each having transverse
coordinate X; is

Ns
é X A
<X >@L » , Q)
Ng 4/ Nsg

where A is an effective amplitude of transverse oscillation®, Ns --is the number of the particles in the
bandwidth. One can see that the lower number of the particles in the bandwidth is better. This value of
average displacement generates the electrical signa in differential pick up?, proportional to < x >.
Further, after amplification, this signal applied to the dipole kicker at the place with maximal slope of
particle’s trgjectory, so the betatron amplitude of oscillation changes. Mathematically this could be
described by transformation

. y

& o axe
new .Old _ G j=1 ® X.Old _ G i _ G jri ’ 2
K™ @ G —® X 6l Gl @

where i marks selected particle. The term, associated with this selected particle was detached from the

sum also. G is anormalized amplification in the feedback.

One can see, that the damping, associated with the signal from the particle itself. The signa is
o

X.
X @Gi and therest part » G a X Q@G A represents the heating for this particle selected.
Ns — 4Ng

» GN—S N,
Squaring (2) one can obtain for the dipole kicker [1]
d<x*> N 2G- G?
dn Ng

where n marks the turns. Maximal cooling rate corresponds to G =1, this means, that the kicker must
eliminate the amplitude, corresponding to the picked averaged displacement in the pick-up. One can
see that the cooling rate is ssimply associated with the number of the particles in the bandwidth. This

< x? >=0,

%E, where Df —is the bandwidth, | —is the bunch length®, c—is the speed of light.
B

For typical proton cooling system with Df » 250 MHz, Ng » 4x10°.

number is Ng ~

RADIATION FROM A QUADRUPOLE WIGGLER

Quadrupole wiggler is a series of magnets with alternating sign of gradient installed along straight
line with a period 2,=2L. In simplest case that might be a series of dipole magnets (see Fig. 4). Series
of quadrupoles with focal distance bigger, than the distance between can aso serve as quadrupole
wiggler. In this case proper polarization can be selected by polarizer. One can just use the usual dipole
wiggler with switched polarities in all lower poles. Magnetic field in the aperture of quadrupole
wiggler could be represented as H, (x) = g>x or H,(y) = g>y, whereg—isagradient, depending on

polarization of magnetic field or both, if series of quadrupoles with reversing polarities used as a

! This corresponds to amodel, where all particles have the same amplitude, but random betatron phases. An effective beam
emittance isrepresented as ellipse. This still exact for the beams with constant density also.

2 What includes the pick up electrodes itself plus differential amplifier or any other element, where signals from opposite
electrodes are subtracted.

% For continues beam the orbit perimeter substitutes the bunch length.
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wiggler. For a particle, which is going off the central traectory, the field looks like a field in ordinary
dipole wiggler with magnetic field proportiona to the displacement. Betatron motion modulates the
field withthe frequency of transverse oscillations [7]. Electrical field in far zone can be represented as

e (n-5) b) B

E(t) = — , H=n E
cR (1-fb)®
te=t- R(td /c
where i —isan unit vector in direction of observation, R-isthe distance to the observer at the moment
- . o ~ 2L - - -
of radiation. In dipole approximation, bﬂ@ﬁ, K £1, where K = 2e§er2 £07,b= | +b, @kb,
g

where k —isan unit vector in longitudinal direction. The field becomes

- e b. e 497D, |
EM)=- — -V @ —x 2, ~212\2 ' (3
CR (1_ b(nk)) te=t- R(t9/c CR (1+K +g J ) te=t- R(t¢/c
where J —isan angle between k and .
Transverse accel eration can be represented as
o5, | @2 e @
1™ meg |~ meg
S0 (3) can be rewritten as
= e’ 49°g
(1) @ x - =E,x(t9. (5)
|E | mPgR (L+ K2 +g2J ?)? xxm_m,c §

In expression (5) we ignored the dependence R(t¢) in denominator. Mostly important influence arises
from R(t¢) containing in X, reflecting the fact that the electrical field is proportiona to the particle’'s

displacement in the lens. In the same manner one can consider the radiation in sextupole and so on
wiggler. This may give important information about higher moments in transverse beam distribution.
To obtain the full radiation from the beam with finite transverse dimensions one needs to sum the
fields (11) arisen from all particles. So the expression for the field becomes

E() @ Ea x(t9 0@ Exa vt

te=t- R(tQ/c te=t- R(t®/c

The sum could ke transformed into convolution 6) with normalized transverse distribution, what
basically gives a dipole component of transverse distribution. Other types of wigglers (sextupole and
so on) could be used for obtaining higher moments. Spectral angular density can be calculated in a

usual way 11 E /1STw = dE(w)|".
One can see from (3), that the time dependence of electric field strength E(t) copy the time

dependence of the particle’s acceleration in atime scale 1/ (1- b (kr)), what is basically a Doppler's
factor, Fig.4.
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Fig. 4. Radiation from a quadrupole wiggler [7].

For transverse kick in a quadrupole wiggler, the time sequence in the picture must be reversed®.

For the beam passing the quadrupole wiggler, for each particle with positive off axis position +x, there
exists a particle with negative off axis position -x, so in a quadrupole field they have opposite
acceleration, Fig.5, so the radiation in the forward direction interferes destructively.

Quadrupole Screen
lens

Figure 5: Destructive interference of radiation in a quadrupole lens from two particles.

The size of coherence 4/ | 2ML, where M —is a number of periods, is bigger than the transverse

dimension of the beam
JI2mLs (Jeb (6)

where | @L(1+K?+g?J?)/g ? is the wavelength of the wiggler radiation, e,b -- emittance and
envelope function. So, radiation in forward direction occurs only due to fluctuation of the gravity
center in a wiggler, smilarly to the microwave pick up, described above. Using the electrical field
representation (3), one can obtain the spectral densi ty of photons as

Wy, @)

2 e Wnax Whax U

diw/ Wmax

4 So the radiation and the particle are moving to the left side in Fig.1. At the wiggler position the dispersion must be a
nonzero one.
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h -
where w X1+ K7)

harmonic. In the spectrum region w,_, , W, >(1- 1/ M) , the number of photons becomes
N, @a K*/(1+K?), with K> ~x*. So the number of photons radiated by the particle with
amplitude A in the relative bandwidth C f / f €1/ M becomes

is the maximal frequency in the spectrum corresponding to the first

Ng@igxg :aa, )

where Ag is anormalization amplitude, corresponding the beginning of the cooling, when K~0.7 and A
—isan actual amplitude, e, , e -- are the corresponding emittances.

If Ng isthe number of the particles in the bandwidth, then total number of photons, radiated by these
particles due to fluctuation of center of gravity position becomes C N, €a Nge/e . Total number of
the photons, radiated by the beam with N particles, becomes

C N, €a Nele,. ©)]
Each of these photons has energy
2p heg?
LY1+K?+g?2 %’
So the total energy carried by these photons becomes W, €AW LC N, .

One specifics of radiation from quadrupole wiggler is that the central frequency is a function of
betatron amplitude, as one can see from (10). For maximal amplitude K €1 and full change of
frequencies cover full octave, as at the end K->0. This peculiarity can be used for cooling the
periphera particles only in addition to the fact that they radiate more.

w @

(10)

TRANSVERSE KICK OVER ENERGY CHANGE
According to the idea of stochastic cooling the electromagnetic wave radiated must be applied to the
particle in congruence with initial longitudinal distribution. This could be done if the photons and the
beam are moving in the same direction. As the direct transverse kick is not possible under this
condition, the transverse kick arranged through the energy change in the place, where dispersion of
trgectory has some vaue h (s) . That means the amplitude of transverse betatron oscillations around

CE CE
new closed® orbit will changeon D x @h (s)? , Where £ - isarelative energy change, see Fig.3.

According to previous considerations,

D x @A/+/N, @ (S\DE/E. (12)
If the dipole wiggler has the same period and undulatority factor®, then relative energy change will be

CE _eE.KLM A
@ —_

E By hyNg '’

(12)

® Corresponding to new energy.

® Typical magnetic field value in the wiggler is about 5-10G for the parameters under discussion. For quadrupole wiggler as
a kicker, period must be the same. The fields in the quadrupole wiggler will be the same as in pick up wiggler for
transformation matrix between pick up and kicker equalsto -I.
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Equilibrium orbit for E,+AE Betatron oscillations in the ring
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Figure 6: Transverse kick through the change of energy. This arrangement delivers cooling of
longitudinal and transverse emittances simultaneously.

where E, -- is the electrical field strength in the electromagnetic wave after amplification. The last
expression allows calculation

AE
@ — (13)
eKLM h /Ng

AMPLIFICATION

So the total energy delivered by optical amplifier must be

1
W, @—4p E2V, (14)
where V —is an effective volume. One can estimate
V@JA@IB@pZLMI ls, (15)

where transverse cross section chosen corresponding to the size of coherence (6). Combining (9), (16),
(13), (14), (15) and estimating h @A, XDE/E)* and Cf/f €1/M , one can obtain the
amplification required from the optical amplifier as[2]

K= W i Oql DE 1 Df _9% 1 Df , (16)
w r, EN f r, N f

where r, = e / mc?, %5 =9ls (DE/E) —isaninvariant longitudinal emittance.

We would like to mention, that amplification, like described in (16) correspondsto G =1in (4). So
the equation for the emittance change will be

pick

de e
N (7
I
where Ng ~ Df B @MN—@MNLg— This gives the cooling times t € N;T for asingle cooling
system. Cooling flnlshes when emittance reaches its final value like
1
_ 1
e fm@ Oa N ' ( 8)

S

what corresponds to one photon in the coherence volume.
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GRADIENT(QUADRUPOLE) WIGGLER AS A KICKER

In our considerations we used the dipole wiggler for the energy change. For the same reason the
second quadrupole wiggler could be used as well. In this case one needs to have the beam optical
transformation from pickup to kicker with magnification module equal to one. In this case one can
avoid the necessity to control the frequency shift arising from changing the amplitude, and, hence, K
parameter in (10). All formulas for optical amplification till valid, as the principle of operating
through energy change in awiggling motion accompanied by the amplified radiation remains the same.
Philosophically speaking, this is a fully reversible picture if the particle in the kicker is following a
reversed trgjectory. This could be arranged by transforming matrix equal to minus unity. One can see,
that in a quadrupole kicker particle will receive a kick, proportional it’s current transverse position. So
the particles in the bandwidth having opposite amplitudes in a pickup (and in kicker) will obtain the
kicks of opposite polarities, what is necessary. Indeed, in a dipole wiggler all particles in a sample will
obtain the same kick. So the particles, for example, with opposite displacement will be overheated. As
one can e from (2), that particle’ s decrement arising only from interaction with it's self radiated field,
but amplified only to the level, required to eiminate average ’ displacement in the pickup.
Mathematically the action of quadrupole wiggler can be expressed as

®& o|d0 0 old
(; a X Idy2 a- X
new old _ oId x@ - old _ ( old jti
X" @x G ><N—_®x Gy G
S = S
% p

Where Gq is a normalized amplification. One can see from here, that the heating arising from the

’c\‘,s
a Xold
second term could be decreased significantly, as G ><>q N x——® 0.

BEAM PASS

The necessity to keep the bunch length unperturbed from pickup to the kicker within the level of the
wavelength of the optical system is obvious. With the same accuracy the congruence of the light
amplified and particle’s beam must be arranged in the kicker as well.

However, the transverse kick to the particles moved with relativistic speed co-directionally with the
light, could be arranged through the energy change in the place of the particle’s orbit with nonzero
dispersion function only. This requires some functional relations between parameters of beam optics
on the way between pickup and kicker. So, smultaneous cooling of transverse and longitudinal

emittances yield some threshold value in the invariant emittance level as ge‘i1 @ gxD E/E), where
ge,--is the invariant radial emittance, | -- is a central wavelength of the optical amplifier (and all
system), g=E/mc?, D E / E-- isthe initial relative energy spread in the beam. The above value is
of the ordergetxh@B, 5X10“ cmxrad for | € 1rm, what slightly exceeds the typical value for the

damping ring for Next Generation of Linear Collider, ge, @330 “cmxad [3].

In [4] some developments in OSC method made in attempt to eiminate deperdence of initial
emittance.

" For all sample, or for all particles within the bandwidth.



From the other hand, the investigations of all possible types of beam coolers as a damping ring,
reside so called Kayak-paddle type racetrack[5] as a promising candidate for a machine with
emittance of the order even ge, @3x0°cmxad . The reason for this kind of investigations was
encouraged by desire to come to degeneration of the Fermi gas, what are the particles of electron or
positron beam [5]. The emittance like just mentioned above, simply eliminates the troubles about
threshold emittance at all.
Quadrupole wiggler as a kicker also rgjects this problem.

As one needs to cool both longitudinal and transverse emittance simultaneoudly, the system with
dipole wiggler as a second kicker must satisfy some certain corditions.
L et us represent the transverse position of the particle as a sum of two eigenvectors called sine-like §(s)
and cosine-like C(s) trgectories. Basically these vectors describe the trgectory with initial conditions
like x§(s)) =0; X(S,8) =% >XC(S,) and x,(s,) =0; X(s,5) =X XS(s,s,) , Where sy corresponds to the
longitudinal position of pick up. So transverse position of the particle becomes[11]

X(9) = % XC(s, §) + X S(s %) + D(s,s,) XDE/ E) (19)

where dispersion D(s,s), describes thetrgectory for the particle withdifferent value of energy and
zero initial conditions for coordinate and it's derivative. We aso omitted index i, numbering each
particle. Basically

D(s,so):-s<s,so>x@%d Clss) o%dt (20)

where r (s) —is a current bending radius. In description of particle’s location it is accepted to
separate the coordinate arisen from the betatron motion itself and from the energy offset like

x=x, +h>*(CE/E),
where function h (s)was used earlier, eg. (11). So (19) can be expanded

X(8) = X XC(8, 8) + X, *S(s, ) +[h C(s,%) +th§S(s,s,) + D(s %)]D—EE : (21)

One can see from (20), (21), that in absence of magnets, r ® ¥ , dispersion is absent also. Expression
(21) can be also rewritten as

klcker — th)qck +[h kick+ Dkick ]%, (22)
H H ick ick ick I: E
while the same for the pickup XM =xP* +h P £ (23

Simultaneous cooling requires, that h “*+ D¥% = -h P* 5o D¥* @ 2>h P* and at least one of the
integrals in (20) must be not equal to zero. Meanwhile the longitudinal motion of the particle with
nonzero initial conditions and the energy offset could be described by [3]

S x SC SS. DESD DE
Dl =- Or_dt = o—OIt - o—C't - — O—dt=-xMg (s 5) - ¥M,(S ) - —M 56(8%) . (24)
SO SO
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For example, Cfdt =Mz =0 % @zh ,, then the lengthening becomes

ClE- x52h ;= - [xg, +hg>(C E/E)]>2h . (25)

For the ring under consideration it is easier to have the dispersion function at the kicker positive and
the same as in the pick up. In this case one needs to have xP* = - x*8 One can see from (21), that in
this case h"* = - hP*  because of same C and S—functions involved in transformation for x and h . In

this case one need to keep D¥* @2> "*. The absolute value for the lengthening remains the same.

CE
Aswe suggested, that ./eB » h— , so the lengthening can be expressed as

Dl@xgzho@e\f h¢oDEu (*/_ =-2leXDE/E)*+h¢x/eB|.  (26)

DE/E)
As the lengthening must remain below the wavelength of radiation, |D I| £1 ,(26) yields the threshold

emittance value ge,, @g ¥ X% if the derivative of h -function in the pick up wiggler is chosen close

to zero h¢ € 0. The last expression rewritten for invariant emittance becomes

DE _| DE
geth@ )g? q;’g B?__Q% , (27)

where again 98 =gl XDE/E) —is an invariant longitudinal emittance. For | »1mm=10*cm,

DE/E@10°%, g @0° (500 MeV), numerica value for the threshold emittance becomes
ge @0 *cmxad . The damping ring for linear collider has typical values of
emittances g e, @3x10 *cmxad geyx@8><_LO'ecm>¢ad [3]. For Kayak-Paddle type ring [5]

equilibrium emittances can reach ge ,@LX0 ‘cmxad , geyx@l&O’gcm»rad , SO there is no

limitations for this type of ring at all.

One can aso arrange the cooling system so that it is able to cool only the particles with lower
derivatives of trgjectory that satisfy the condition (25). For example one can screen the radiation from
some parts of the beam to avoid heating the @re by peripheral parts of emittance. One positive
property of quadrupole wiggler as a pickup is that the central parts of the beam, what have higher
values of slope xg are moving closer to the center of the lensand, hence, radiate less. One can see a'so,

that the particles with higher slope xg in the pick up (and having maximal lengthening), will be at the

center in the quadrupole wiggler used as a kicker if transformation matrix -1 (or for cosine trajectory

C(s® kick) =-1) . That will reduce the heating from interaction with amplified radiation.

General conclusion is that the threshold emittance is not a problem for OSC in many interesting cases.
The method described in [7] uses two dipole wigglers for manipulation with the beam emittance. As
the dipole wiggler does not give any information about beam emittance, this information acquired from
(24). So the lengthening of the trajectory, proportional to the beam emittance (coordinate or derivative)
is used to put the selected particle onto proper phase of amplified radiation. This changes the energy of
the particle in accordance with its initial emittance. The difficulty of this method is obvious: cooled

8 This corresponds to the betatron transformation matrix equal to-I, or C( at kicker)= -1.
11



beam radiates the same amount of radiation as initial one. So the amplification must be changed so the
cooling process runs steady. Indeed, in quadrupole wiggler cooled particles have lower amplitudes and,
hence, move in lower fiedld (zero at the axis) and radiate less. The same done in enhanced optical
cooling.

As far as de-bunching due to quantum fluctuations, this effect can be estimated as the following.
Total number of quants radiated in a bending magnet can be estimated as

where a=1/137 is a fine structure constant, | is the bending angle. As each quant carries out

energy~ iw @%hcg3/r , Where r stands for the bending radius, then the energy spread induced by
bend will cometo DE @iw, /N, and

aDE ¢ P e’ Y
=2 @ @2gsi, 29
8 E g 229 e’ g r2(mcg)? *a g r? (29)

which is negligible in our case. Dispersion after passage the angle | in a magnet goes to be
D(G )@r >(1- Cos( )), sothe matrix element Msg can be estimated as

S j
T“ D \ i . rj 3
Mcs(S S) = g— @O)—dit dj @r - 9n @— 30
56(S:So) gﬂg S(O)r— @930)1 X () 3 (30)
So total estimation for the spread of the bunch Iength according to (24) comes to
aDE
(DI @9—9 Mi(s ) @ T @dgl . (31)

Exact formulafor the spread of the bunch length, after averaging over spectrum of SR, obtained in [6].

It contains factor ?—45_1—26 @0.0linstead of ours 13; @0.06 . So if one fixes the spread of length, the

maximal possible bending angle in a magnet comes to

| £7 (D') 32)
reg°
For operation at wavelength of optical amplifier around | » 1nm, the (Dl ) must be a fraction of

wavelength | . For DI €0.1 the bending angle according to (32) goes to be 57.6 degrees, which is
close to 60° in symmetric three magnet bend, although two edge magnets can be made dightly
different; or the energy could be shifted to a bit lower value (~193 MeV).

RING

Series of damping rings suitable for the OSC test represented in Fig. 3 below.
Optical amplifier installed at stabilized platform. For the fine phase adjustments one can use the dual
prism system.

Initial phase adjustments made by movement the table (trombone). Optical telescopes at both ways
used for proper conjunction the radiation from the wiggler and amplifier.
The big path difference between the light and beam is possible in this cooler, what makes it possible to
neutralize delay in materials of amplifier and windows easily. Active media three-four stages with Dye

12



could be placed on the table symmetrically. The necessary optics for optical pumping also installed on
the same table.
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Figure 7: Possible ring shapes. Ring with shape c) does not require mirrors; the bypass can be arranged
in vertical direction. This allows generation of local vertical dispersion in second wiggler, if then the
dispersion is removed with the pair of magnets before the horizontal bend. It requires more space,
however. Rings @), b) ask for less space, although OSC in these rings require mirrors. Generation of
vertical dispersion also requires some space and vertical bends.
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Diaphragm serves for cut the particles with large deflections from central ones, or smply speaking for
lowering emittance at injection (this procedure keeps the phase density the same).

One important peculiarity is the beam temperature expressed in terms of beam parameters. The
transverse momentum is invariant and the transverse kinetic energy is

p2.py 1 o,.8 1 ,,,8
X+ @—m°cg° =X +—m’cg —=. 28
2m 2m 2m J b, 2m J b, )

Full energy is a sum of kinetic and potential energy of motion in a focusing system. According to the
virial theorem for harmonic oscillator the average potential energy equals to the kinetic one. So the
temperature of the beam could be represented as the following

] 2()
0
<E>ﬂ7 d (29)
O /&R 5t

One can easily recognized terms in brackets as Piwinski invariant. So this invariant is nothing else but

temperature. Basically the input to the termperature from longitudinal motion connected with the fact
that longitudina massis

é
ig_e“_%*_ ael-

3NkT @N>M&
Nt @ Jep, b, &g’
e

In free space dispersion is zero D=0 and formula for temperature comes to its usual appearance

¢ g0
b, by ggm ZU
e u

One can see that the longitudinal temperature has negative value above transient energy. Namely this
circumstance yields the beam heating due to intra-beam scattering. The IBS is nothing else but
thermalization; in mostly rings longitudinal degree of freedom has negative temperature and stationary
distribution is not possible. So thet is why we are suggesting operation with negative a vaue, where
longitudinal mass is positive, hence longitudinal temperature is positive too.

These temperature considerations are important in a view of inevitable Intra Beam Scattering (IBS).
From our point of view the role of IBS might be useful if the ring tuned to operate with positive
longitudinal mass. In this case the IBS yields thermalization to equilibrium and one can cool the one
degree of freedom only. We just remind here, that limitation for the threshold emittance (27) arisen
from requirements of simultaneous cooling in transverse and longitudinal directions. If the cooling is
going for one degree of freedom there is no such limitations at all.

Ring from Fig. 8 a) can be considered as a primer candidate for the OSC test if space is limited. It
requires area ~4x7 nt. Although, if there is no limitation in area, the ring from Fig. 8 ¢) becomes
preferable. It requires ~ 4x12nt, i.e. ~twice the first one.

In case of commutation for gradient wiggler, it will be sensitive to radial oscillations generating the
electromagnetic wave with vertical polarization. Vertical polarization is better for mirrors. Vertica
dispersion can be generated with pair of magnets and removed before horizontal bend with additional
pair of magnets if necessary. Parameters of the ring in one particular configuration are represented
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below. For wider possibilities the up-down (in Fig. 8) symmetry of the ring can be broken. This alows
having in one straight (wiggler) section zero dispersion and nonzero one in opposing wiggler section.

Injector Linoar dccolerator
i
e H— e s =
e W
“e Disphragm
P —
S e i *’ Ferimeter 14-18 m
| i Ly 2018 MHz
7. 744! [ <J]]
al B | . s - S
1 72045 |
e

l.ob485 : '_"‘.!

Figure 8: Ring suggested. RF cavity, sextupol&s, vacuum chamber, inflector are not shown here. The
straight sections with wigglers can be extended up to 4 meters. Wigglers are shown rotated 90° along
longitudinal axis so that magnetic field has horizontal polarization. Ring can be assembled so that it's
plane oriented vertically. In this case wigglers have usual (vertical) field polarization.
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In proton machines the beam exists well below critical energy.
For the reference we remind the values of more important integrals in the following Fig.9 and Fig.10

|1[m]:dDX/rX+Dy/ry)js; |2[m]=d1/rf+1/r§)ds; I3[m'2]:&1/|rx|3+1/|ry|3}js
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Figure 9: Machine functions for DR with negative alpha.
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Figure 10: Machine functions for DR with positive apha.
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Figure 11: Tune plane and phase ellipses.

One interesting possibility we would like to mention here is that the ring can be assembled so, that the
plane of the ring oriented vertically, see Fig.12. This allows usage of SC wigglers installed vertically
and saves significant amount of room.

Figure 12: Vertical orientation of the ring’s plane.
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Ring from Fig.7 c) can be also oriented in vertical plane. In this case two wigglers can stand on the

same floor, Fig. 12.
The magnets and lenses can be scaled also, so the ring might fit practically in any place. Typicaly
the experimental halls have lot of free space in vertical direction.

WIGGLER
Energy of the cooler needs be keep at the low level because of quantum excitations. The energy of the
beam and the period of undulator restrained by the formula

|, @29° /(1+K?/2)
Undulator available from Cornell has period | ,=0.4 m what brings resonant energy to 273.8 MeV for
the optical amplifier with centra wavelength | » ~1 mm and K~1. More hard radiation from the

dipole wigglers installed in straight section has different wavelength and does not interfere with optical
amplifier operating at lower wavelength around 1rmrm. Lower energy of the beam required wiggler

with shorter period according to~ 1/g2.
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Figure 14: Dipole wiggler, at the left and gradient undulator/wiggler, at the right. Beam is moving
along s—axis. In normal to the drawing’s plane direction (x —direction), the poles are much wider, than
the period in sdirection
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Figure 15: Tragectoriesin a gradient undulator. 11-pole wiggler is taken for this example.

Figure 16: Cold mass of the wiggler. Upper and lower halves connected by two SC wires, so the
polarity in al lower (upper) poles can be swapped by reconnecting of these two wires. Upper and
lower halves each are feed in series.

The cold mass represented in Fig.16, has two halves. Each of these halves has independent Helium
vessals, joint through the side tubing. Once again, in the mode with gradient field it is desirable to have
strong gradient, o in principle one needs to keep the possibility of operation with liquid Helium open.
Operation of wiggler rotated 90° degrees requires some minor modifications. More radical might be
vertical installation of the ring, Fig. 12.
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Figure 16: CESR’s wiggler cold mass cross section Two of such wigglers could be donated by Cornell
to the project. The wiggler cold mass is shown rotated to 90° along longitudinal axis, so it could be
feed as gradient wiggler sensitive to radial displacement (radial emittance cooling). The gap 2% isbig
enough for accommodation the vacuum chamber of the ring.

The wiggler available from Cornell has 5 regular poles plus two ~half strong, brining the number of
periods to~2.5. Magnetic field value for 1=140A is about 2T. For K=1 and ?2,=0.4 m, the field value

required B=K/934/l ,@/93.4/04@0.027 T ie ~270 Gauss. This requires

| =0.027/2.1°140 €1.8Ai.e. this wiggler can work without helium cooling, i.e. as usual room
temperature magnet. As the wire has diameter ~0.7 mm, then the current density comes
toj @l x4/pd® @L..8x4/3.14/0.5@4.5A/ mnT . In redity the field will be better, as is this region of
feeding currents the iron is not saturated. Only utilization of this wiggler in proton or ion machine will
require liquid Helium. Although it might be required in gradient wiggler mode.

Upper and lower pole plates feed in series, so changing mode of operation from usua into gradient is
just by flipping commutation of two wires in one plate. With minor modification the wiggler can run
with Helium even when it is rotated on 90°.

One backup possibility one can keep in mind is that fabrication of wiggler could be done from scratch.
As this wiggler will be a roomtemperature one it will be not expensive, compared with the rest
equipment. In this case the number of periods could be increased, and additional freedom in choice of
period appears (for number of periods also).
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OPTICAL AMPLIFIER

Formulas (13), (14), (16) give an idea about amplification required and the power contained in the
laser flash. Two examples considered below use these formulas.
Example 1.

For N €10°, I, €15cm, M= 25, (DE/E) @10 ®, g 500 (250 MeV), | €1 m, optical amplifier
must be able to have amplification about 300, peak power about 5 kW, average power about 25 W
with repetition rate f of the order of 10 MHz Number of the particles in the bandwidth N, @3x10°
defines the number of the turns and the damping time t .€ Ng/ f € 30ms. Emittance reduction
e ./ e,@/aN;@O0°.
Example 2.
For N €10°, I, €5cm, M = 25, (DE/E) @O0*, g 500 (250 MeV), | € 1w m, optical amplifier
must be able to have amplification about 100, peak power about 225 W, average power about 0.075
W with repetition rate of 2 MHz Number of the particles in the bandwidth N, @2x10° defines the
number of the turns and the damping time t .CNg/f €lms . Emittance reduction
e .le,@l/aNg @7%0°.

Optical amplifier needs to be done with lowest phase distortion and have minimal time delay.

Dye amplifier
For Dye amplifier with Rh6J, the operating wavelength remains within | » 340, 540nm. Life time of

the states excited is t € 5ns, absorption cross section s ,,@ X0 *° | 4x10*°cm?, density of Dye

molecules n, » 10" cm>. The last numbers give for absorption length valuel,, @ﬁ @0.05, 0lcm.

So the pumping area could be estimated as S, @ 4, @X10° cnf.

Saturation power density could be calculated as P, @hvvtinolab £100kwW /cm® and the power of
L

radiation required to pump the dye becomes | =P, >S,,, €05W/stage only. The pumping time

. AW S, Mol . ) .
required t ump@|— @015 ns. For pumping the Nitrogen laser with | = 337nm could be used
here as well as Xe laser with | =308nm or | =248nm . Amplification can be calculated as

k Cexp[s ,o(I )>n > »7 for thelength | €1, and n, » n,. So three stages can give 7° =343 in
amplification. One can increase the length of amplification with transverse pumping, instead of
longitudinal, supposed above. For this purpose a cylindrical lens can be used. This arrangement can

reduce power density to 10kW / cm?, coming to amplification per stage about k € 210* [9].

Ti:Al,Os amplifier
For Titanium Sapphire t €35ns , s ,,(490nm) @O0 °cm* , s ,,(790nm) @BX0 *cm’
n, » 10°°cm® . Absorption length value becomes I, €1/(ns ,) €0lcm , the pumping area

. : /] |
Symp @ A, @0 °cnf . Saturation power density becomes P, @%El MW /cm® and the
L

power of radiation required to pump the Ti:Al,O3 becomes| =P, >S5S, @/W . Amplification can be
calculated as k €exp[s (I )>n 1] » exp(s /S ) »20 for the length | €I, . So two stages can
give aresulting amplification up to 20° = 400. For pumping the Argonne laser can be used here.
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In conclusion of this section we can say, optical amplifier must be able to give amplification about
1000 a peak power about 1 kW, average power about 10W. Repetition rate must be of the order of
few MHz. Some estimation made for Dye, Titanium Sapphire.

One interesting development of optical amplifier for OSC one can find in [15]. Here Optical
Parametric Amplifier suggested to operate at ?=2um brining energy of damping ring to

275/+2 @92MeV, what is absolutely acceptable.

CONCLUSION
We concludethat there are no apparent limitations in testing OSC with relatively low investment in
compact size ring. The profits might be sgnificant, however, if applied to the proton machines or
multi-charged ions. We suggested usage of wigglers with horizontal polarization of magnetic field.
This alows easy switch to gradient wiggler mode. As the lengthening is rot a function of bending
radius (31), some revision of dimensions can be made towards making the bends more compact.
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