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Abstract

Compton sources of gamma-ray photons can produce ul-
timate intensity, but suffer from large recoils experienced
by the circulating electrons scattering off the laser photons.
We had proposed the asymmetric fast cooling which en-
ables to mitigate the spread of energy in Compton rings.
This report presents results of further study on the fast
cooling: (1) A proper asymmetric setup of the scatter-
ing point results in significant reduction of the quantum
losses of electrons in Compton rings with moderate en-
ergy acceptance. (2) Proposed pulsed mode of operation
in synchrotron—dominated rings enhances overall perfor-
mance of such gamma-ray sources. Theoretical results are
in good accordance with the simulations. Performance of
an existing storage ring equipped with a laser system is also
evaluated.

INTRODUCTION

Compton rings, i.e. electron storage rings equipped with
laser resonators such that the circulating electron bunches
scatter off the photons of the laser pulses, have few if any
competitors as intensive sources of gamma-ray radiations.
The gamma-ray radiation is generated by electrons of mod-
erate energy. One of the major limitations in the perfor-
mance of these sources arises from the large recoils un-
dergone by the electrons scattering off the laser photons,
which causes a large spread of energy of the circulating
electrons, see [1].

In previous work we demonstrated that small sizes of
the laser pulse lead to a reduction of the steady-state emit-
tances by up to a factor of 1/2. In our recent paper [2], we
studied — both theoretically and with simulations — a model
which considered the interaction of electrons circulating in
a Compton ring with the laser pulses to occur in a disper-
sive section of the ring. In this model it was supposed that
only electrons with positive energy deviation were exposed
to the laser photons. It was shown that under these condi-
tions the energy spread in the bunch as well as the cooling
time may be sufficiently reduced.

In the present paper we report further studies on the
asymmetric cooling including an account of the transverse
oscillations. The study covers both theory and extended
simulations.
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ASYMMETRIC COOLING

Earlier we presented a method of asymmetric laser cool-
ing of bunches circulating in Compton rings [2, 3]. This
method is based on setting up the collision point (CP) at a
location of nonzero (horizontal or vertical) dispersion and
with a definite asymmetry of the laser pulse along the di-
rection of dispersion.

For a semi infinite laser field, i.e. a transverse pulse
overlap range z > 0 where z denotes the transverse co-
ordinate along the dispersion, the following set of equa-
tions describes the evolution of the second moments of the
electron-bunch density distribution:
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where S = (p?) is the squared momentum spread, e = €/3
the normalized transverse emittance, g = D/ /3 the normal-
ized dispersion at CP, and b ~ 4771, the maximal recoil
undergone by the electron scattered off the laser photon,
G = g+/S/e. The nonlinear functions E.(G) and F;(G)
coupling the longitudinal and the transversal motions are
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where H(x) designates the Heaviside unit step function.
Numerical solutions of the equations (1) show the fol-
lowing features (see Fig.1):

F\(G)
F.(G)

e The steady-state (asymptotic) energy spread is fairly
independent of the dispersion value.

e The steady-state value of the parameter g+/S/¢ is
also rather insensitive to the dispersion, and therefore
e(T = 00) ~ g2

e The cooling time — the number of scatterings neces-
sary to reach a minimal spread — is approximately in-
versely proportional to g and strongly depends on the
initial emittance value.

e The time interval in which the transverse emittance
approaches its asymptotic value is much longer than
the cooling time for the energy spread.

Detailed simulations of the asymmetric cooling produce
a bunch behavior in agreement with these theoretical pre-
dictions; Fig.2. In the simulations, the semi-infinite trans-
verse laser pulse density was modeled by two parallel
Gaussian pulses with o, = 50 um; the center of the first
pulse was shifted by A = 25 um, that of the second pulse
by 75 pm.
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Figure 1: Cooling process for g = (0,1,2,3,4) x 1073
from top to bottom, resp.
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Figure 2: Simulations, solid curve — theoretical for g =
2 x 1073, Electron energy 500 MeV, two CO2 laser pulses
with 1 Joule in each.

Results

As can be seen from this study, the asymmetric laser
cooling in a Compton ring enables the construction of a
damping ring with relatively low energy and short cooling
time. For example, in the aforementioned model the energy
spread cooled down from 3.6% to 1% in less than 400 ys.

QUANTUM LIFETIME

Fluctuations of radiation emitted by the electrons circu-
lating in storage rings cause losses of the electrons — so
called quantum losses (the inverse of the quantum lifetime)
[4]. In Compton sources the quantum losses are much
higher due to the higher energy of the emitted quanta [1].
These losses are of prime importance in Compton gamma
sources, where in a single collision electrons can lose a
fraction of energy comparable to the ring energy accep-
tance. A plot of the longitudinal phase space together with
the region from which beam particles may be lost from the
RF bucket in a single scattering event is presented in Fig. 3:
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Only particles within the band extending from the bottom
separatrix up to the yellow curve may be lost.

Figure 3: Scheme of Compton quantum losses.

Proper asymmetric setup of CP helps to reduce the quan-
tum losses in gamma sources and thus improves efficiency.

Theory

Consider the ensemble of electrons experiencing recoils.
The density of this ensemble in the longitudinal phase
plane (¢, p) is proportional to the product of the bunch den-
sity and the laser pulse density convoluted with the prob-
ability of suffering a definite reduction of the momentum,
& = p' —p, due to recoil. The fraction of this density shifted
outside the separatrix determines the quantum losses.

A laser pulse with density profile L(¢, p) scattered off a
bunch with density G(¢, p) yields the density probability

S(¢,p;b):
/dp /d£5£+p p)
w(p',&b)L(o,p)G(o,0),  (2)

where w(p’,&;b) is the spectrum of the recoils, i.e. the
probability for an electron with energy & to be transformed
into an electron with energy p’.

The lost fraction, Q@ = Q(b; ring parameters), is then

S(¢,p;b

T —ps ()
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where —pj is the bottom branch of the longitudinal separa-
trix. Thus, the quantum loss rate per scattering is

T = @

provided that S(¢, p; b) is normalized to unity.

The evolution of the distribution of recoiled electrons
at a certain phase ¢ over the longitudinal phase space is
sketched in Fig.4. An initial bunch density (yellow) scat-
ters off symmetric (red) or asymmetric (blue) laser pulse —
top panel. (The laser pulse is supposed to be semi-infinite
transversely.) The densities of scatterings are presented in
the middle panel. The corresponding densities of recoiled
electrons are presented in the bottom panel.
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Figure 4: Density mapping.

As it can be seen from the picture, asymmetric CP sub-
stantially reduces quantum losses (density tail below the
separatrix, p/ps < —1, bottom panel).

Mapping of semi-infinite laser field onto the phase plane,

L(¢.p) =1+ ext (j%) 7 @

is determined by the dispersion at the CP and by the trans-
verse emittance. The scaling factor is g/ /e ~ /fcp.

‘Proof-of-Principle’ Experiment.

Quantum losses are exponentially proportional to the ra-
tio of the maximal recoil, b, to the separatrix height, ps.
For Compton gamma sources based on conventional stor-
age rings, e.g. ATF DR [5], the maximal recoil is about
equal to the longitudinal energy acceptance, b ~ ps.

Even if the maximal recoil b is about the acceptance half-
width, the asymmetric scheme produces significant reduc-
tion of the quantum losses.

Table 1 summarizes simulation results for the ATF DR
at 1 GeV beam energy, equipped with a laser resonator
stored 10 mJ laser pulse of 1.16eV photons, for 0.14 rad
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crossing angle, 3.0 mm dispersion, 2 m beta function at CP
(max ps = 0.016 =~ b = 0.018).

Table 1: Yield/turn/electron, y, and lifetime, 7, for different
laser pulse displacement A.

A,um y,107% 7, Mturn YXT
+30 1.35 20.6 277.86

0 1.26 13.1 164.83

—30 1.28 12.2  156.78

The simulations show that even in the case of a ring en-
ergy acceptance comparable with the maximal recoil, the
asymmetric CP will provide detectable enhancement in the
beam lifetime. Also the efficiency of gamma-ray gener-
ation will increase: each electron will scatter off a large
number of gammas during its lifetime in the storage ring.

SUMMARY AND CONCLUSION

The study of asymmetric cooling shows that the mini-
mum energy spread of the circulating bunches is attained
in a significantly shorter time than under conditions of reg-
ular radiative cooling.

Asymmetric fast cooling will make it possible to con-
struct relatively low-energy damping rings with rather short
cooling period when intense lasers generating low-energy
photons become available.

Since the associated transverse emittance is increasing
much more slowly, a pulsed mode of operation of the
gamma sources will be feasible, with synchrotron radiative
cooling in between consecutive gamma-ray bursts.

A proper asymmetric setup of the collision point in
Compton rings gamma sources results in significant reduc-
tion of the quantum losses of electrons in rings with mod-
erate energy acceptance. This allows constructing Comp-
ton sources of intensive gamma-ray beams based on storage
rings with moderate rf voltage.

A ‘proof-of-principle’ experiment may be carried out at
existing storage rings with state-of-the-art laser systems.
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