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Abstract

When a beam in a synchrotron is subjected to transverse
cooling, the betatron oscillation amplitudes of the individ-
ual particles are reduced. A method to establish the ve-
locity of the amplitude reduction as a function of the am-
plitude itself has been developped. The beam profile can
be measured aong the cooling process with for example
beam ionisation monitors. From successive profiles one
computes the time evolution of the amplitude distribution,
which in turn allows the determination of the amplitudere-
duction velocity. This method could be applied to investi-
gate the influence of the transverse el ectron temperature on
electron cooling performance.

1 INTRODUCTION

The schemeto provideion buncheswith sufficient intensity
for thefuture LHC (Large Hadron Collider) requiresthe ac-
cumulate of a low intensity beam from an ECR source in
asmall synchrotron through the use of electron cooling. A
good understanding of electron cooling is essential to op-
timize this accumulation scheme. In particular, the timeto
reduce the transverse oscillation amplitudes limits the rep-
etition rate of the multiturn injection and thus the accumu-
lation rate.

The distribution of beam particlesin phase space can be
described by an oscillation amplitude distribution. In this
paper, a method is presented to determine experimentally
the drift velocity with which the oscillation amplitudes are
reduced, is presented. For this, the time evolution of the
profile is observed with, eg., a BIPM (Beam lonisiation
Profile Monitor). From the profiles, the oscillation ampli-
tude densities are computed. The time evolution of the |at-
ter allows a determination of the drift velocitiy of the oscil-
lation amplitudes.

In Sections 2 and 3 the mathematical transformations
needed are explained. In Section 4, the method is applied
to abeam undergoing el ectron cooling.

2 FROM PROFILESTO AMPLITUDE
DISTRIBUTIONS

Particle beams with azimuthal symmetry? (for example a
beam injected into a synchrotron after filamentation) are
uniquely determined by either the amplitude density or the
profile. The transformation of the amplitude density p(A )

INote that any phase space €llipse can be transferred into acircle with-

out affecting the position z
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into a profile can be derived with the help of Figure 1.
Therearep(A,) A A, particleswith oscillation amplitudes
between A, and A, + AA, (top picture). These parti-
cles occupy the ring-shaped area indicated in the middle.
The phase-space density is given by the number of par-
ticles divided by the area p(4,) AA./(2nA, AA,) =
p(V 22+ 2"2) /(2722 + 2'2). The profile density at alo-
cation z isthe number of particles contained in the hatched
strip in the middle picture, divided by thewidth Az. Thus:

/ dA, pz z

A2 _ 22
where R denotes the oscillation amplitude of the extreme
particles. The inverse transformation from profiles to am-
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Figure 1. Amplitude distribution (top) and profile (bottom)
of a beam with azimuthal symmetry. In this example the
beam is hollow, as it may happen after misteering at the
injection for cooling investigations.

plitude distributions is more complicated and given by :

dG,(A,,1)

pZ(AZ’t) = 2 dAz
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with G.(4.,t) = dz———"=.
( ) A, 22— A2

The exact derivation[ 1] involves complicated mathematics,
but a "physicist’s derivation” of this transformation from
profilesto amplitude distributionsis given [2].

3 FROM AMPLITUDE DISTRIBUTIONS
TO AMPLITUDE DRIFT VELOCITIES

When the beam in the synchrotron is subjected to cooling
(or to any other process changing the phase space distribu-
tion) the profilesvary with time. If the processthat changes
the particle distribution in phase space (or the amplitude
distribution) is dominated by a drift (e.g. friction force due
to electron cooling) and not by diffusion, one can derive
the drift velocity (dA/dt) as a function of the amplitude
A with help of Figure 2. During the time interval At, the
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Figure 2: Time evolution of the amplitude distribution.

particles in the hatched strip in the upper part of the figure
drift over theamplitude A and end upin the hatched strip in
the bottom part. During this time interval, the surface un-
der the amplitude distribution from A up to the edge of the
beam is reduced by the surface of the hatched strip. This
leads to therelation :

dA, d (B . .
dt At pz(Az) = At E " dA pz(A)

With the help of the equations from Section ref Prof ToAmp
one obtains the amplitude drift velocity :

dA,  2(dfd) G(A., ) (d/dt) Gu(As,t)

it p.(A) (dJdA,) GL(Ast)

4 TRANSVERSE AMPLITUDESAND
THEIR DENSITIES

In practice, the ions execute oscillations in both transverse
phase spaces and often both horizontal and vertical pro-
file measurements are available. For the following, one as-
sumes that the-two dimensional amplitude density is given
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by : p(Az, Ay) = pa(Az) X py(A,). Thismeansthat one
assumes no correlation between the two oscillation ampli-
tudes. The density p_ of the transverse oscillation ampli-

tudes A, = /A2 + AZ is computed by integration over
al possible combinationsof A, and A.,.

In order to apply the last equation in section 3, one
has to compute the function G | (A ) with the help of the
integral :

R ~ ~
dA-pi(A,t)

AL

1

5 EXAMPLE: SPEED AMPLITUDE
DRIFT VELOCITY AT AN ELECTRON
COOLER

In order to illustrate the method, it is applied to succes
sive profiles measured with a BIPM during electron cool-
ing. The measurements were done at TSR (Test Storage
Ring) in Heidelberg with a BIPM while the carbon beam
was subjected to el ectron cooling. Thetimeinterval of 0.1s
between two consecutive measurementsis given by thein-
tegration time of the BIPM.

In this application, one is interested in the reduction
of the transverse speed amplitude at the electron cooler.
Thus, for both transverse planes, the oscillation ampli-
tudes A, at the BIPM are transformed to speed amplitudes
Az B = (Breic)A:/\/B:8- Ec @ the electron cooler.
Orer 1S the relativistic g-factor of the beam and (., and
8. ec are the betatron functions at the location of the
BIPM and the cooler. From the horizontal and verti-
cal speed amplitude densities, the transverse speed ampli-
tude density p, (A, gc) is computed with the help of the
procedure oulined in Section 4. The quantity A, gpc =

\/ A§T gc + A?,% e denotes the transverse speed ampli-
tude.

5.1 Atrickto reduce noise

Figure 3 showsthe speed amplitude drift velocity asafunc-
tion of the speed amplitude obtained from two successive
profiles. One sees that, for speed amplitudes with a high
density, the drift vel ocities obtained follow a smooth curve,
whereas at locations with a small speed amplitude den-
sity, the result is very noisy. This is not surprising, be-
cause at low amplitude density one has to divide two small
guantities. However, during the entire cooling process, the
profiles move from large to small speed oscillation ampli-
tudes. Different measurements give precise results at dif-
ferent speed amplitudes. To reducethe noisein the drift ve-
locity (d/dt) Ay, gc, for every amplitude A, gc, themean
over al individual curvesis computed, with the amplitude
density as weighting factor.
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Figure 3: Two consecutive (distant by 0.1 s) amplitude dis-
tributions (top) and amplitude drift velocities (bottom) de-
termined from the two profiles underlying these amplitude
distributions.

5.2 Result

InFigure4the quantity (m/Z?) A, gc isplotted asafunc-
tion of the speed amplitude. Here m denotes the mass of
the beam particle and Z the charge state. The thin lineis
the raw result obtained with the procedure explained above
and the thick line is the same, after some smoothing. This
quantity (m/Z?)dA, gc/dt is not the transverse cooling
force (normalized to unit charge state), but closely related
to it. In fact?, this quantity is obtained from the cooling
force by some kind of folding over al possible betatron
phases and contains the space charge effect of the electron
beam.

From Figure 4 one observes that the drift velocity of
the speed amplitude increases to a maximum and then de-
creases at large amplitudes roughly inversely proportional
to the speed amplitude. Thefall off of the drift velocity for
high speed amplitudes agrees well with theoretical consid-
erations. However, the location of the maximum could not
be identified with the RM S spread (neither transverse nor
longitudinal) of the electron velocity. One also notes that,
for small speed amplitudes, the amplitude reduction does
not rise linearly, as one would expect. The reason is that
at low speed amplitudes, i.e. if the particle is close to the
equilibrium emittance, the result is falsified by diffusion.
The cooling is then counteracted by some heating process

2At least if the dispersion vanishes at the cooler. If the dispersion
is not zero, the longitudina cooling force may influence the oscillation
amplitude.
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Figure 4: Particle masstimes the speed amplitude drift ver-
sus speed amplitude at the el ectron cooler.

(e.g. intra-beam scattering or heating due to the electron
beam) and thus, the above analysis no longer holds.

6 CONCLUSIONS

A method has been presented, to determine the drift ve-
locities of the transverse oscillation amplitudes, from the
time evolution of the profile. This amplitude drift velocity
can betrandated into a speed amplitude drift at an electron
cooling device via the betatron functions and the relativis-
tic 8 factor. The latter is closely related to the transverse
electron cooling force. The oscillation amplitudes and their
drift velocities can also be transformed into normalized
phase space and are then closely related to the emittance
reduction.

Toillustrate the usefulness of the method, it has been ap-
plied to consecutive profiles measured with electron cool-
ing. From thesg, it is clearly seen that the speed amplitude
drift increases up to aspeed corresponding to the transverse
electron temperature, and then decreases for higher speed
amplitudes.
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