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Abstract 2 TRANSVERSE DIAGNOSTICS

At the ASTRID storage ring we have recently developed Blon-destructive measurements of the transverse degree of
high resolution technique to monitor the transverse size off¢edom can, in some cases, be done by studying the noise
stored ion beam utilizing the fluorescent light from a lasersPectrum in the beam, working on the sidebands of the nat-
excited ion beam. With this novel technique we have studtral (betatron) oscillation frequency of the beam in the fo-
ied the transverse size of a coasting ion beam during londitising lattice of the storage ring, the amplitude of the so-
tudinal laser-cooling to ultra low temperatures. We obsergalled Shottky-noise spectrum [6]. This method, however,
that we can obtain a constant (high) density as a function 6¢quires fairly high beam currents, and does not determine
beam current, which suggests that the beam is space chatd@beam profile. Furthermore the application of laser cool-
limited with zero emittance. However the limiting densitiedng, induces large distortions in the Schottky noise spec-
does not comply with this conclusion, and the beam shap&&m [7]. A residual-gas ionization beam-profile monitor
does not deviate from Gaussians as one would expect i{BPM) detects the ionization products from collisions be-
zero emittance beam. We suggest as a possbile mechaniéfygen beam particles and rest gas. This technique has for
that large space charge tune shifts changes the beam tuné¥gance been employed at the TSR storage ring in Hei-
be close to a resonance, thus causing strong heating in @fiberg [8]. However, the resolution of this technique, is
beam. These observations may have implications for g0t sufficient for detailed study of the small beams studied
taining a crystalline beam, as well as to the ultimate limit§ere. We have therefore implemented a system to measure

to beam quality of a stored ion beam. the beam profile by imaging the flourescent light from the
laser-excited ion beam onto a high-resolution, low-noise
CCD camera.

1 INTRODUCTION

a) CCD b) —

Laser-cooling [1] offers high cooling rates and low temper- - Filter

atures. Since it’s first demonstration on stored ion beams Filter

[2, 3], it has risen much interest due to it’s potential for ob- — —

taining high phase-space densities in stored ion beams [4].

In the extreme case where the emittance approaches zerg,

one has predicted that the beam will eventually crystallize ® P ———

[5].

In this paper we present recent results from experiments PAT
on laser-cooling of coasting ion beams. As laser-cooling in
a storage ring is only applicable in the longitudinal dimen-vacuum tube Vacuum tube

sion it is of major interest how strong the coupling to the

transverse dimensions is, and whether it can be strengffigure 1: Schematic drawing of the experimental arrange-
ened. We have therefore studied how the size of a lasanent for imaging the horizontal beam size. a) Downstream
cooled beam changes as a function of the number of pariew, b) Side view. The filter is a UV filter to block out
ticles in the beam. We observe that the size scales asrest of the light coming from other sources than the beam.
squareroot of the number of particles, i.e. we have a con-

stant denSity as afunction Of the beam current. Th|S iS What Figure 1 ShOWS a Schematic drawing Of the experimen_

would be expected for a zero-emittance space charge lifyg arrangement. The camera can be set to observe the ion
ited beam, however the limiting density observed does ngeam vertically or horizontally (only the horizontal con-
comply with what would be expected for the given lattice.figyration is drawn on figure 1). In front of the CCD is
For these experiments we have developed a new type @fmechanical shutter which can be controlled externally,
transverse beam size measurement, which relies on the ftnereby making it possible to image the ion beam at differ-
orescent light from the laser-excited ion beam. The flucent times after injection. The current CCD system consists
rescent lightis imaged onto a high-resolution CCD, and inf two CCD cameras (one for each transverse dimension)
this way the transverse density distribution is measured. with 1024x1024 pixels with a side length of 24 microns.
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Thus the limiting resolution is- 24 microns with a mag- 3.0 : ‘ ‘ 40
nification of 1, more than adequate for the observed beam
sizes of 1 to 12 mm (FWHM). The CCDs are cooled with.Z 50 [
liquid Nitrogen to reduce the thermal noise. In order tog
produce a spatially flat laser light distribution the strongly§ 1o |
focused (FWHM~ 1.0mm) laser beam was actively swept f
(with a frequency of~ 100 Hz) in the desired plane.
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Figure 3: Horizontal and vertical particle distributions for

uncooled (bottom) and cooled (top) beams~of5.810”

particles. The distributions have been normalized to have

cuntronoe an area of 5.80°. The dashed lines are gaussian fits to the
o distributions.
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this cooling procedure we have then studied the transverse
beam sizes as a function of current for beams vatigitu-
dinal momentum spreadp/p ~ 5-10~°. The current was

Kicker

. u. $ extracted from a measurement of the injected beam and the
LT R caity ifeti i '
beam lifetime, thus we varied the current by both changing
o 1 2 3 4m the injected current, and changing the time after injection

_ _ ~ at which the measurement was done.
Figure 2: The ASTRID Storage Ring. One of the cooling |, figure 4 we have shown the results of these measure-

lasers is split to provide light for the probe section (Il) inpents. We observe a good agreement with a squareroot fit
which both the velocity profiles, and the transverse spatigh the transverse sizes. This means that the beam density
profiles are measured. is constant as a function of the current. In the figure we
have also drawn the transverse size of a beam of uniform
density, which is how a zero emittance beam would be in
3 EXPERIMENT AND DISCUSSION the focusing potential of the storage ring. The confinement

. potential used for this calculation is given by the average

We have used the ASTRID storage ””9 (figure 2 [9]) Ir]‘ocusing force of the storage ring in terms of the average
Aarhus to store a beam of 100 ké¥Mg* ions. Coprop- une.

agating laser light, overlaps the ion beam in two straight It's evident from the figure that we have not reached the

sections of the storage ring, in one section it is overlaped _ : .
. T Maximum density we would expect possible. Furthermore,
by a counterpropagating laser, and both lasers have in this

. . . as we could see from figure 3, the beam profiles are Gaus-
section sizes of order 3mm. The copropagating laser _; L . . .
sian, which is not to be expected if we project a uniform

light in the second ring section is focused strongly and 'aensity beam into a plane (which is what we do when we

overlapping with the ion beam in a Post Acceleration Tublemagjes the beam onto the camera) [10].

(PAT)! in front of the transverse imaging system. In figure _ o
gl he ring averaged (constant) density in the beam cen-

3 we have shown some examples of transverse beam profil ¢ h -
measurements. ter we can extract from the measurements is; m—=,

As the ion beam is rather cold at injection we can COO\fvhere we have assumed that the beam size scales with the

the beam by detuning the two lasers slightly red from reggcal beta function, \_Nh_'Ch w_ould_n tbe the case .'f we were
onance with the center of mass velocity of the beam bl @ SPace charge limited situation. This density is about
fore injection. At injection the lasers then prevent thelsm of }’:’hat we would expect for th? uniform bear:n, thhus
beam from heating up in the longitudinal dimension. Usin pace charge mu§t be an important factor, even though we
re not limited by it alone.

1The PAT is a drift tube which can be excited by a DC voltage. Excit- Using this density we can calculate the first order space

ing the PAT changes the local velocity of the ions, and thus the velocit%(har e tune shift of the beam400.2. which is rather large
class of ions in resonance with the laser. By sweeping the voltage on the 9 T 9

PAT and simultaneously monitoring the fluorescence we can measure th@mpared to the betatron tunes in this experiment @
longitudinal velocity distribution [7]. 2.27, Q = 2.83). It therefore seems that the beam might
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varying potential which will change the local velocity as a
function of position. The bending introduced by the hor-

T izontal electric field could be compensated by a magnetic
Y dipole field. The proposed setup is illustrated in figure 5.
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) ) ) Figure 5: Tapered cooling by introducing a horizontally
Figure 4: Transverse beam dimensions for a laser-coolgrying potential by exciting two parallel plates around the

ion beam, as a function of the number of particles in thgeam. The magnetic field compensates for the bending that

$8,=12.13m and3,=2.61m. The solid curves are fits to
the data, assuming the beam size varies as the squareroot
of the number of ions. The dashed curve is the size of a
space-charge limited beam for a betatron tune pf2.5.

4 CONCLUSIONS

We have observed that an ion beam laser-cooled to a lon-
gitudinal momentum spread a@¥p/p ~ 5-10~° has a con-
be limited by the space charge tune shift, which brings th&ant density as a function of the number of particles. We
tune close to a resonance, and thus heats the beam. T&igued that this must be due to the large space-charge tune
indicates that the density limit is an equilibrium betweershifts induced by the reduction of the transverse beam size
the cooling from the lasers and the heating due to the regue to intra beam scattering. For these studies we used
onances. As the first order tune shift only depends on tﬁ;enovel technique for transverse beam size measurements,
beam density this explains the constant density as a furighich images the fluorescent light from the laser-excited
tion of current. ion beam onto a high-resolution CCD. These observations
One other mechanism which might limit the attainablén@y have implications for the possibility of attaining beam
densities is dispersion. It was early realised [11] that bérystallisation using laser-cooling.
cause of the different path lengths of particles with different This work was supported by the Danish National Re-
horizontal position in the ring, shear might prevent crysseéarch Foundation through the Aarhus Center for Atomic
tallization in a storage ring. However simulations showe®hysics, and by the U.S. Department of Energy, Nuclear
that under certain conditions they could survive [12]. HowPhysics Division, under Contract W-31-109-Eng-38.
ever as the stable situation requires the particles to have a
constantangular velocity and laser-cooling tends to give
_aconstantinear velocity itis n(_)t certain that laser-cooling [1] T. Hansch and A. Schawlow, Opt. Comais, 68 (1975).
is the tool the reach crydtsation. If however we assume .
that it's this effect which limits the density in our experi- [2] S.Schoderetal, Phys. Rev. Lett64, 2901 (1990).
ments, we would expect that as we have less current ani$] J-S- Hangsetal, Phys. Rev. Lett67, 1238 (1991).
the beam becomes smaller, dispersion would lead to ledd] Proceedings of the Workshop on Beam Cooling and Related
heating, thus the density should increase - since we don’t  Topics, Montreux, Switzerland, 199&dited by J. Bosser
observe this, this mechanism is not likely to be the problem  (CERN Report No. 94-03, 1994)
yet. [5] A. Rahman and J.P. Schiffer, Phys. Rev. Le83, 1133
Thus everything seems to suggest that we have a tune (1986).
limited beam. However, as we expect that this limitation[6] D. Boussard, Proc. CERN Accelerator School, vol. 2, Ox-
might be overcome, and we'll then face the limitation due ~ ford, 1985, ed. S. Turner (CERN 87-03, Geneva, 1987), p.
to dispersion, we need a way to generate a 'dispersive’ 416.
laser beam, or what has been called tapered cooling [12]7] J-S. Hangset al, Phys. Rev. Letts74, 86 (1995).
In Astrid the dispersion in most of the cooling section is [8] B. Hochadel et al., Nucl. Inst. & Meth. 843 401 (1994).

about 2.7m, thus a 1mm digglement equals a velocity [9] S.P. Mgller, in Proceedings of the 1991 IEEE Particle Ac-
offset of about 360 m/s., which corresponds to a frequency celerator Conference, IEEE 91CH3038-7, 2811 (1991)

change of the laser of 1.3 GHz. It's most likely not possitlo] M. Reiser and N. Brown, Phys. Rev. Leftl, 2911 (1993)
ble to generate a laser beam with a frequency gradient ﬁfl] J.P. Schiffer in Erice.

1.3 GHz/mm, thus we propose to compensate for the di
persion in the cooling section by introducing a horizontall
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