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Abstract 
hnplementation the quadrupole wiggler, optical amplifier and second wiggler as an analogues of 
a pick-up, .. amplifier and a ticker ill well known stochastic cooling method, drastically 
increases the bandwidth of the system. Some estimations made for amplifiers with Dye, Titanium 

Sapphire and Co,. . 

I. IntrodudioD 
Stochastic cooling method was proposed about 2S years ago [I]. Basically the method deals 
with the fast feedback loop arranged in a storage ring and includes a pickup. an amplifier and a 
ticker. The cooling rates are defined by a bandwidth of the equipment listed. above. The . 
(anti}proton beams were the only subjects for application due to low rate of dampini. 
In (2) a drastic increase in the bandwidth was proposed by implementation the optical analogues 
of the pickup. the amplifier and the ticker into the feedback loop. A typical decrease in the 
damping times was estimated to be down to 10' of previous. coming to a millisecond level. 
Under this rates of cooling. the method, called Optical Stochastic Cooling (OSC), could be 
interesting not for the protons only~ but for electrons also, as well as for Jl-mesons and multi 

charge ions. For electron and positron beams the method allows drastic reduction of fmal 
temperature with an optical amplifier of intermediate complexity. 
The necessity to keep the bunch length unperturbed from pickup to the ticker witbiD 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 ticker as well. However. the 
transverse tick 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 ticker. So, simultaneous cooling of transverse and 
longitudinal emittances yield some threshold value in the iIlvariant emittance level as 

YE~: J\ y .(4!i E 1 E) ~ where yEa -is the invariant radial emittance. J\ - is a central wavelength 

of the optical amplifier (and all system), y= E 1 mel, 4!i E I E - is the initial relative energy 

spread in the beam. The above value is of the orderYE~==3+5.10-4 em· rod for J\: 111m. what 

slighdy exceeds the typical value for the damping ring for Next Generation of Linear CoUider. 

yEll :3·10-4em · rad [3). In (4J some developments in OSC method made in attempt to 

eliminate dependence of initial emittance. 

I For eiec:bOII-posilron beams typical rate or damping due to synchrotron radiation is about 1-10 msec. 

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 YEll : 3· 10-8em· rod . 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. 

QUDdrupole wiggler IJS a ticker also rejects this problem. 

hnplementalion of OSC method in Kayak-paddle type of cooler. allows further lowering the 

beam emittance down to .o:t times. For Laser Acceleration concept this allows utilization of a 

III m laser for acceleration [6). 


In this paper we reviewed the OSC method and made some practical estimations for different 

types of optical amplifaers. 


2. Stochastic cooling 
Cooling and lowering the beam emittance are synonymies for the beam technics. Nonnally the 
beam emittance E could be represented by a quadratic fonn 

E= r X2 +2·Ax·x'+Bx,2 = (X;X'){: ~} (:,). (I) 

where A, B,r are the parameters of this fonn. Basically (I) represents the ellipse. Maximal 

deflection of the beam envelope and its derivative could be represented as 
r;:;:: CD / dB( s)

x'=="IEr ,x:"IEB, A=----, rB-A2=1. (2)
2 tis 

where s is a longitudinal coordinate. 
For electrons, a synchrotron radiation treated as radiation of individual quants, carries out the 
particle's momenta in direction of instant motion2

• This includes both longitudinal and 
transverse components. As usuaI,longitudinal component is restored by RF cavity. So after one 
tum the slope of ttajectory is decreased. Characteristic frequency of radiation is 

tJ} c == (3c12p)y ) and corresponding wavelength 1 == c1tJ} c= (2/3)p1y). For typical 

parameters, the number of the particles distributed longitudinally within the wavelength is much 
more than unity. Hence, the radiation within the bandwidth around tJ} c .occurs only due to 

fluctuations of the number of the particles withiD this bandwidth selectedl
. So only .IN 

particles, where N is the total number of the particles in the beam, involved in radiation process". 
but all these particles radiate coherently. So, formally. intensity of radiation is proportional to 

(.IN)2 =N. The length of radiation formation is 'F : ply, where P --is the bending radius. 

As at the distance IF about a = e2 1lie : 1/131 photons are radiatecL the total number of 

photons radiated by each particle per tum wiD be NT == (a· 28p)/(P1 y): ay: y/131. 

For the protons under cooling, the synchrotron radiation is not significant. This is because the 
protons under cooling have energy below relativistic, while the bending radius R, which defined 

1 Within a smail_tie -II r. 

) Or with oda words, due to fluctuations in the Ionaitudinal posicions or these particles. 

4 As the bunch length is bigger. than - c 1tJ}c 
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by a magnetic field. remains about the same as for electron machines. 
So stochastic cooling (SC) method deals with finite number of particles in the bandwidth 
directly [I]. Transverse fluctuation of the center of gravity position of N particles each having 
transverse coordinate Xj is 

N 

!Xj A 
< x >= J=~ ... r;;- , (3) 

s v"'s 
where A is an effective amplitude of transverse oscillationS. 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 signal 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 trajectory, so the betatron amplitude of oscillation 
changes. Mathematically this could be described by transfonnation 

N N 

rxf ~ !x;W 
x'!"'" =x~-G~ ... x~ -Gi_Gl!!.- (4) 

, - I N. i Ns N ' 
s 

where i marts selected particle, and where the part. associated with this selected particle was also 
detached from the sum. G is a normalized amplification in the feedback. One can see, that the 

damping associated with the signal from the particle itself is .. G~=G NA and the rest part 
Ns s 

.. G ~x j =G4 represents the beating for this particle selected. Squaring one can obtain for 
s vNs 

dipole kicker [I J 
d<X7> 2G-G7 
---+---< X2 :>= 0 

.. Ns ' 

where" marts 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 lhe cooling rate is simply associated with the number of the particles in the 

bandwidth. This number is Ns -!!...~. when: 4f - is the bandwidth, III-is the bunch length7, 
4f I. 

e-- is the speed of light For typical proton cooling system with 4f ... 250 MHz. N s .. 4 . 10' . 
2.1. MierottltlPe pick "". 
So as the optical amplifier becomes a natural analog of microwave amplifier. the analogues for a 
pick up and a kicker were found to be a quadrupole and a dipole wiggler correspondingly (2). 

, This conesponds 10 a model. where all particles have the same amplitude. but random betatton phases. An effective 
beam emittance is represented as ellipse. This still euct ror the beams with constanl deasity also. 
6 Whal includes lhc pick up electrodes ilselr plus diffc:renliaiampliflCf or any other element. when: signals from 
opposite electrodes .-e subtrack:d. 

1 For conlinues beam the orbil perimeter suhstitutcs the bunch length. 
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For ordinary pick up the bandwidth can be estimated as - e I D. where D is a characteristic size 
of electrodes. Electromagnetic energy deposited in the electrodes could be estimated as _ql I D. 
where q-- is an effective charge induced by the part of the beam inside the electrodes. Typical 
frequencies correspond to - ell, = e I D. so energy of the quanta at characteristic frequency is 
about It fII ... It el'• ... It e I D. For integrating pick up q =eNs. so the number of the quants 

radiated is N, =(q7 I D) I (Ite I D) =(e1 IIte)N: =a N: what is proportional to the number of 

the particles in a power two. This means that all particles in the bandwidth radiate coherently. For 
differential pick up eleclrode q =eNs < x >siD , where < x >s - is an averaged over 
bandwidth position ofcentroid. So in this case 

e7N'1. D Al A2 
N, =(q21 D) I (ltel D)==-gf<x>~ Ite =aN: D2N =aNs D7 ' (5) 

s 

where we suggested, that < x>s= A I ,Jii;.One can see, that for differential pick up electrode 

(see comment 6) the number of the quants is proportional to the number of the particles in the 
bandwidth in a power OM. 

More precisely, effective charge q =eNs < x >s I D appears, when electrodes connected to so 
called dif/erenliDl amplifier. The same is valid if the signals from the opposite electrodes 
subtracted with help of passive element(s)l. In any case, 0{Je can say, that proportionality to the 
number of the particles in the bandwidth appears when the photons. radiated in each individual 
electrode, MSfnlctiwly interfere in the amplifier on in the passive element One can also say that 
linear proportionality appears due to fluctuations of centroid, what in it's tum is proportional to 
- A I ,J'ii;. In both cases, like in synchrotron radiation, the number of the photons. radiated by 

each particle in the bandwidth, defmed by length of formation. is proportional to the fine 
structure constant. a =e2 lite. 
To fanalize the considerations of pick up, let us estimate the back reaction of the pick up to the 
particle. If the electrical field, generated by induced charge is EL' then the transverse kick to the 
momenta of each particle wiD be 

D eU e q e eN. < x >s e'l Ns A e'l A..[ii;
41=eE -=-=--=----=----=---. (6)

Le e cD cD D eD2..[ii; e D2 

According to relation lJpllx =It , one can conclude, that uncertainty in location of each individual 
particle wiD be 

Ite D2 D7 
/J.% =It I lJp =-r--;-r::-A =131--;--r=::-A• (7) 

e "vNs "vNs 
For the beam centroid uncertainty one need to average (1), so the beam uncertainty becomes 

Ite D7 D2 
<1lx>=-r =131 (8) 

e ANs ANs 

For typical case with D == lem, A == O.lem, N s == 10', < /J.% >= 1.31· 10-3em. Formally for one 
electron, Ns =I, resolution becomes bigger, than dimensions of the pick up. 

• As a transrOl'lllCl' with two oppositely ('l(JI'IDCCtcd primary coils. ror example. 
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3. Optical Stochastic Cooling 
So one can conclude, that the bandwidth is a crucial parameter for stochastic cooling. In [2] there 
was proposed to move the feedback. loop bandwidth to the optical range. Typical optical 

amplifier on Dye or Ti Sapphire has a bandwidth on the level 6· lOll + 1014 Hz , what means the 
bandwidth increase up to 104 

+ lOS times. The rates of cooling, corresponding to this bandwidth 
could be interesting for electrons and positrons. The C02 amplifiers also demonstrate the ability 
to amplify a picosecond pulses [10]. Powerful CW C02 laser amplifier might be interesting for 
the proton cooling as wen as for JI- meson and nwlti-charged ions cooling. 

3.1. RlldilltiDllfrv- II fIIIIIlnIpok wiggin' 
Quadrupole wiggler is a series of quadrupoles with alternating sign of gradient installed along 
straight line with a period 2L Such arrangement ~ the density of radiation in the 
bandwidth. Magnetic field in the aperture of the lens could be represented as H, (x) =g. x, 

H,,(Y) =g. y, where g - is a gradient. For a particle. which is going off the central ~jectory, 
the field picture looks like a freld in ordinary dipole wiggler with magnetic freld proportional to 
the displacement. Betatron motion modulates the field with the frequency of transverse 
oscillations [7]. Electrical freld in far zone can be represented as 

- e iiX«ii-P)xii) 
E(t)= cR (I-iip) 

(=I-R(()lt: 

where ii -is an unit vector in direction of observation, R-is the distance to the observer at the 

In d' I .. ii K he K egx2 L moment labon.0 f cad·· lpo e approXimation, f' 1.S - , w re = -2--2 :s; 0.7 , r Kme 

P = 4+A=kP, where k -- is an unit vector in longitudinal direction. The field becomes 
. 

- e Pl. _ e 4r2 Pl. 
E(t)=- cR'I-jJ(iik) =- cR (I+K2+r2d 2)2~,..-R(()lc '''..,--(I')lt: 

(9) 

where d -- is an angle between k and ii . 
Transverse acceleration can be represented as 

~pl"/"ix If;/= qAt, (10) 
.u mer mer 

so (9) can be rewritten as 

- J e 4r 2 g / I (11)1E;(t'l=- me2 R'(I+K2+ 2d 2)2' X; =E•.x,(t).r r (=I-R(()lc 

In expression (II) we ignore the dependence R(t') in denominator. Mostly important influence 

arises from R(t') containing in x. So what is important, is that the electrical field is proportional 

to the particle's displacement in the lens. In the same manner one can consider the radiation in 
sextupole and so Oft wiggler. This may give an 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 (II) arisen from all particles. So the expression for the 
field becomes 

£.(/) =- Eo' i X; (/ 
1 )1 ' £,(/) == - Eo' i y;(t/)1 . 

.=1 ,'=I-R(")I< ,=1 I'=I-R«()I< 

The sum could be transfonned into convolution (II) with nonnalized 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 iJ 2E I iJSiJm = ~£(mf . 
One can see from (9), that the time dependence of electric field strength E(/) copy the time 

dependence of the particle's acceleration in a time scale 1/(1-P(kii», what is basically a 

Doppler's factor, Fig. I, 
~ Quadrupole wiggler 

~~~~~~ ----____~~~ff_ _ 
x k 

~- ~.~~--

Betatron 
oscillation 

fNlfSlfNlfSlfNlfSl Observer 

Acceleration ~ 

J\vD~~~f~-
Fig. I. Radiation from a quadrupole wiggler [7]. 

For transverse kick in a quadrupole wiggler, the time sequence in the picture must be reverJ. 
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.2, so the radiation in the forward direction interferes destructively. 

Quadrupole ScreenI~sI 
.IAL 

a R 

a 

rl 
t 

Fig. 2. Destructive interference of radiation in a quadrupole lens from two particles. 

9 So the radiation and the particle are moving to the left side in Fig. I. At the wiggler position the dispersion must be 
a nonzero one. 
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1be size of coherence ~A 2ML •where M - is a number of periods. is bigger than the transverse 
dimension of the beam 

~A. 2ML~.J£B. (12) 

where A== l.( I + K1 + r1 
,,1 ) I r 1 is the wavelength of the wiggler radiation. £. B~~ emittance 

and envelope function - parameters of ellipse from (1). (2). So. radiation in /orwanl direction 
occurs only due to fluctuation of the gravity center in a wiggler. similarly to the microwave pick. 
up, described above. Using the electrical field aqxaentation (9). one can obtain the spectral 
density of photons as 

dNT Kl I [ CIJ CIJ 1]---==4Jfa--·-· 1-2-+2(-) , (13)
d(ClJI CIJ_) 1+K1 2 CIJ_ CIJ_ 

2Jfr 1 c. ., . 
where CIJ _= L'(l+ K2) IS the DlU.uDal frequency m the spectrum correspondmg to the first 

hannonic. In the specbUm region CIJ_ +t»- -(I-II M) • the number of photons becomes 

NT == 4a Kl I (I +Kl), with K1 - x2 • So the number of photons radiated by the particle with 

amplitude A in the relative bandwidth is /1 / == 11 M becomes 

N,=a(~J = a:. · (14) 

where Ao is a normalization amplitude, corresponding the beginning of the cooling. when K-o.7 
and A - is an actual amplitude, £ 0 , E -- are the cOlTeSponding emittances. 
If Ns is the 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 is NT == aNs£1£ o' 

Total number of the photons, radiated by the beam with N particles. becomes 
is NT ==aNeIE o' (15) 

Each of these photons has an energy 

_ 2Jr Ik:r2 (16) 
Ittl} =L.(I+Kl+r2,,2)' 

So the total energy carried by these photons becomes Wpict == It CIJ is NT 

3.2. T"""~lSe tiel ••er ellBV c""'6t 
According to the idea of stochastic cooling the radiated electromagnetic wave 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 samedire.ction. As the direct transverse kick. is DOl possible 
under this condition, the transverse kick. arranged through the energy change in the place, wbere 
dispersion of trajectory has some value 17(8). That means the amplitude of transverse betatron 

'11 • 10 is E he is E . 
OSCI ations ~ new closed orbit will change on is x == 17 (s)E' w re E - IS a 

relative energy change, see Fig.3. According to previous considerations, 

10 Corresponding to new energy. 
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.:1 x:: AI.J!i; == " (s).:1 £ 1£. (11) 

If the dipole wiggler has the same period and undulatority factor", then relative energy change 
will be 

.:1E _ eEJ.KLM A 

E - Er ,,[ii; , (18) 

Betotron oscillotions in the ring Equilibrium orbit for fo+~E 

,/ 
Energy jump ~-"""lJ£/ 

orbit for ~+lJf/ 

Reference closed orbit for £=£0 


Fig.3. The transverse kick. through energy change. 


where E1. - is the electrical freld strength in the electromagnetic wave after amplifICation. The 

last expression allows to calculate 
AEr 

EJ. == eKLM "Jji; (19) 

3.3. AlllplijiellliDII. 
So the total energy delivered by optical amplifier must be 

I 2 
W 1iI:t== 4Jr 

EJ.V , (20) 

where V - is an effective volume. One can estimate 
V ==Jr~/. ==Jr2LMA I., (21) 

where transverse cross section chosen COITeSponding to the size of coherence (12). Combining 
(15). (16). (19), (20). (21) and estimating ,,== Ao .(.d E I Ef' and .d / I / == II M •one can obtain 
the amplification required from the optical amplifier as [2)

r=iW'" ;;; rl, ~E..!.. ~f • (22) 
Wpict ro EN/ 

where ro = e2 I mel • 
We would like to mention, that amplification, like described in (22) COITeSponds to G = I in (4). 
So the equation for a change ofemittance will be 

d£ £ (23)
d,.=-N ' s 

II Typical magnetic field wi.. in the wigler is Ibout S-IOG for the parameaers under discussion. For quadrupole 
wialer as a kicbr. period must be the same. The fields in the qUlKltupoIe wialer will be the same as in pick up 
wiggler for IranSfonnation IIIIdrill between pick up and kicker equals to ·1. 
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N c A. I 
where Ns - ~f ,= MN,= MNL~. This gives the cooling times r= NsT for a single • • r 

cooling system. Cooling finishes when emittance reaches its final value like 
I 

£ Ja=£o-N ' (24)
a s 

what corresponds to one photon in the coherence volume. 
3.4. (lruuIruptIk wiggler lIS " ticur. 
In our considerations we used the dipole wiggler for 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 
uansfonnation 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 (16). All fonnulas for optical amPlification still valid, because the 
principle of operating through energy change in a wiggling trajectory 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 trajectory. This could be arranged by 
uansforming 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 see from (4). that particle's decrement arising only from interaction with self field, but 

l2amplified only to the level. required to eliminate awrage displacement in the pickup. 
Mathematically the action of quadrupole wiggler can be expressed as 

N N 

!x~ !x~014 2 

- 014 G "" j=' "" G (Xi ) oW i*X· =x. - ·X. •---+ X - ·---G ·X· .- ­
, -, Q' N. IONs 0' N ' s 

Where GQ is a normalized amplification. One can see from here. that the beating arising from 
N!x;" 

the second tenn could be decreased significantly, as Go' x;" ...i.!!..- -+ O. 
Ns 

3.S. TIle be"", 4JIIDMksfro. lite pic/aql ", llu ticUr. 

As one needs to cool both longitudinal and transverse emittance simUltaneously, the system with 

dipole wiggler as a second kicker must satisfy some certain conditions. 

Let us represent the ttansverse position of the particle as a sum of two eigenvectors called sine­

like S(s) and cosine-like C(s) trajectories. Basically these vectors describe the trajectory with 

initial conditions like ~ =0; xes) = Xo •C(s) and Xo =0; xes) =x~ . S(s). where index 0 marks 

the longitudinal position of pick up. So transverse position for the particle becomes [II) 

xes) Xo .C(s) +x~ .S(s) + D(s)· (~E I E). (25) 

where dispersion D(s), as one can see from (25). describes the trajectory for the. particle with 
different value of energy and zero initial conditions for coontinate and it's derivative. We also 
omitted index i. numbering each individual particle. Basically 

11 For all sample. or for all particles within the bandwidth. 
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s C(r) . IS S(r)
D(s) = -S(s)· ~r - C(s)· ~r. (26)I so p(r) so p(r) 

where p(s) -- is a current bending radius. In accelerator's physics accepted to separate the 

coordinate arisen from betatron motion itself and the energy offset like x =XII +". (£1 E I E). 

where function ,,(s) was used earlier. eq. (11). So (25) can be expanded 

~E 
xes) = Xo,.·C(s) +~II'S(s)+["oC(s) + r( o·S(s)+ D(s) IE . (27) 

One can see from (26), (27). that in absence of magnets. p -+ -. dispersion is absent also. 
Expression (27) can be also rewritten as 

x.- = xr +["tict+ Dtict ) £1E , (28) 

,.,. fIIid ,.,. £1 E+" 
E 

while the same for the pickup X = XII E (29) 

Simultaneous cooling requires. that "tict+ Dtict =-",.,. •so DIidr. =-2·,,"" and at least one 

of the integrals in (26) 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 

Sx Sc Ss ~ESD 
£11=-1 1r=-.toI ~r-x~I ~r-EI..,}T. (30)

soP soP soP soP 

Is . 
So as for example -p dr =2" o. then the lengthemng becomes 

~ 1== -~2" 0= -(~II + tfo .(£1 E I E»)-2" o' (31) 
For a practical reason 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 x,.,. =-xtict 13. One can see from (27), that 

in this case rr =-'I1'*" •because of same C and S -functions involved in transformation for X 

tict =and ". In this case one need to keep D 2· " ,.,. . The absolute value for the lengthening 

remains the same. As we suggested, that .fiB.,." ~EE • so the lengthening can be expressed as 

, {~ £1 E) .JiB ~ -I r:::D]£11=--'02"0= -+r(.- ·2· - £·(£1EIE) +r(o·'V£B. (32)
B 0 E (~EI E) 

As the lengthening must remain below the wavelength of radiation. 1£1 4:s A. • (32) yields the 

threshold emittance value £ ..=1· £1: if the derivati.ve of ,,-function in the pick up wiggler is 

chosen close to zero if. == O. The last expression rewritten for invariant emittance becomes 

£1E A. £1E
r£,.=A.·rT=,·rl.E, (33)

• 
whererl•. (£1 E I E)- is so called invariant longitudinal emittance. For A. == l,um= IO-4 cm , 

~ E IE =10-'. r =ler (500 MeV). numerical value for the threshold emittance becomes 

n This COI"IeSpOOds to the betatron ttansfonnation malrix cquaI to -I. or C( aI bcUr,= -I. 
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rE ,.= 10...... em·rad. The damping rings for linear colliders have typical values of emittances 

rE .,=3·I0...... em·rad, r E ,...=3· 10-6em · rad [3j. For Kayak-Paddle type ring [51 equilibrium 

emitlances. can reach rE .,= I· 10-7 em· rad, rE ,...= I· 10-9em· rad, so there is no apparent 

limitations for this type of ring at all. 
One can also arrange the cooling system so that it is able to cool only the particles with lower 
derivatives of trajectory, that satisfy the condition (31). For example one can screen the radiation 
from some parts of the beam to avoid heating the core by peripheral parts of emittance. One 
positive property of quadrupole wiggler as a pick up. is that the central parts of the beam. what 
have higher values of slope .I; are moving cIos~, to the center of the lens. see (I). and. hence. 
radiate less. One can see also. that the particles with higher slope .r; in the pick up (and having 

maximal lengthening). will be at the center in the quadrupole wiggler used as a kicker if 
transformation matrix -I (or for cosine trajectory C(s -+ kid:) =-I) . That will reduce the 
heating from interaction with amplified radiation. 
So general conclusion is that the threshold emittance is not a problem for OSC in many 
interesting cases. ' 

The method described in (4) uses two dipole wigglers for manipulation with the beam emittance. 
As the dipole wiggler does not give any information about beam emittance, this infonnation 
acquired from (30). 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 beam radiates the same amount of radiation as initial 
one. So one needs to manipulate with amplification to keep cooling process steady. Indeed, in 
quadrupole wiggler cooled particles have lower amplitudes and. hence, move in lower faeld (zero 
at the axis) and radiate less. 

4. 0pCIeaI1IIIIpIIfter 
Fonnulas (19). (20), (22) give an idea about amplifICation required and the power contained in 
the laser flash. Two examples considered below use these formulas. 
Exatpkl. 

For N = 10
10 

, '. = IScm, M = 5, (it E I E) =. 10-', r == IW (500 M~V). A. =. III m, optical 
amplifier must be able to have amplification aIxlut 300, peak power about 5 l:W, average power 
about 25 W with repetition rate f of the order of 10 MHz. Number of the particles in the 

bandwidth Ns =. 3·10' defines the number of the turns and the damping time 

f e= Ns If = 3Oms. Emittance reduction E "E 0= lIaNs == 10-'. 

Exatpk2. 

For N = 10', '. = Scm, M = 5, (it E I E) == 10-4, r == IW (500 M~V), A. =. III 1ft, 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 

Ns == 2· IW defines the number of the turns and the damping time f e== Ns I / = Ims . 

Emittance reduction E " E 0= II a Ns == 7· 10-2 
• 

14 Low fn::quency of revolution is result of the presence of long straight sections in a Kayak-Paddle type cooler. 

II 

'The parameters described above look far or less realistic from the energetics. Optical amplifier 
needs to be done with lowest phase distortion and have minimal time delay. 
4.1. Dy~ Il""lifi~' 
For Dye amplifier with Rh6J, the operating wavelength remains within A. = 340+ 540nm. Ufe 

2time of the states excited is 'C' L:: Stu, absorption cross section 0'01= 2· 10-16 + 4 . 10-16 em , 

density of Dye molecules 110'" 1011 em-3. 'The last numbers give for absorption length value 

'. =. _1- = 0.05 + 0.1 em. So the pumping area could be estimated as S,.., = A.". =.5·1«rarlo 
1100' 01 

Saturation power density could be calculated as p.. =. 11m "01. ~ 100 kW I em2 and the power of 
f£ 

radiation required to pump the dye becomes I =p.. .S,.. == 05W Istage only. The pumping time 

1Ims7
11ol•required f ..,- - 0.15116. For pumping the Nitrogen laser with .t = 337nm could 

be used here as well as Xe laser with .t = 308nm or .a. =248nm. Amplification can be calculated 

as r=exp[O'I0(.a.)·,..·') ... 7 for the length '='. and "1-110. So thre~ stages can give 

73 = 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 

2arrangement can reduce power density to 10kW I em , and come to amplification per stage 

obtained about r == 2· 10" [9]. 
4.2. Ti:AlzOJ tIIIrpIiJNr 

2For Titanium Sapphire'C' £= 35ps, 0' 01 (49CWn) = 10-19 em • a 10(79<Wn) = 3.10-19 em', 

110 "" 1020 cm-'. Absorption length value becomes '.:: II (1100' 01):: 0.1 em, the pumping area 

S,.., = A..,. =7·1«r«. Saturation power density becomes p.. = 11m "0'. < 1MW I cm2 and 
'C'£ 

the power of radiation required to pump the Ti:A'zlh becomes I =p.. .S,.. = 7 W. 

AmplifICation can be calculated as r= exp[O' 10(.a. ).,.. "] "" exp(O' 101 a 01) = 20 for the length 

, = '.". So two stages can give a resulting amplification up to 202 = 400. For pumping the 
Argonne laser can be used here. 
4.3. C02 tIIIrpIiJNr 
COz amplifaer becomes interesting for cooling the protons and II -DlCSODS due to it's huge power 

(CW up to 200 l:W) available. In [(0) there is described the concept of (sub)picosecond amplifaer 
with CO2• To achieve the necessary bandwidth. there was proposed to use a high pressure (10-15 
aim) gas mixture, containing oxygen isotopes in proper combination. A picosecond pulse has a 
bandwidth of the order it f == 11 f = 10.2 Hz, what is good enough for many applications for 

proton. meson and heavy ions machines. For II -mesons, for example, according to (22), 

amplification required is '0 I r,. times bigger, what is about 100 times. Mostly adequate regime 

for this amplifier is CW operation. In this case the problems with repetition rate could be 
diminished. One can imaging that gas volume used for few rays. Appropriate scale of proton 
and heavy ion machines makes installation with COz amplifier adequate. 
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5. Iutallation in a damping ring 
An example of installation of OSC system for electron/positron cooler is represented in the Fig. 4 
below. This is so called Kayak-paddle cooler [5]. Straight section has wigglers and RF cavities 
installed in series. Equilibrium value of emittance in this system defined by the wiggler field and 
period. Energy of the cooler is around 5(X) MeV - to keep quantum excitations at the low level. 
Narrowing of straight section made for compacted design and in attempt to keep the cost of the 
ring lower. The end of the straight section arranged with quadrupole wigglers what is FODO 
structure. So dual bore lenses could be used here. The lenses of such type described in [12]. For 

the parameters we used above. the period of the lenses must be 2L == 2r 1AI (1 + Kl) what is 

about 2 m. 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 
I JJ m. Optical amplifier installed. at stabilized platform. For the fane 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.c> <)
W;gg'". and Rf Cav;/;" 

I 

FOFOFOFO 

MMMMMMMM 
(F 0 F 0 F D F 0) 

Fig. 4. Kayak-paddle cooler with OSC equipment. 

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 could be placed on the table symmetrically. The necessary optics for optical 
pumping also installed on the same table. 

6. CondusicMI 
The OSC method makes it possible to cool the beams at lower energy, where quantum excitation 

of emittance suppressed oc r S for fixed radius. Relatively low beam population required for a 

laser acceleration, oc 106 makes problem with intra- beam scattering avoidable. The method 
could be interesting for proton, JJ - meson and heavy ion cooling as well. 


In conclusion author thanks M. Zolotorev and A. Zholents for numerous discussions on the 

subject described. 
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Sanunary 
Optical amplifier is important component of the optical stochastic cooling method. In this 
method the quadrupole wiggler, oplical amplifier and second wiggler used as analogues of a 
pick.-up, an amplifier and a kicker in well-known stochastic cooling method. Optical amplifier 
must be able to give amplification about I(XX) a peak power about I tW, average power about 
lOW. Repetition rate must be of the order of few MHz. Some estimations made for Dye, 
Titanium Sapphire and COz amplifiers. 
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