
A

U

tJl' l

-ii.

S *.

. or.uai jot ot the i j
lO t ' t f i ! ! - ! NO VV

Sity}}\. itic u S Govt

S-
31

i n n

1

Guwcinmt'nt
1O9-ENG-38.

nem (claim a
5L- to publish
,--rr> n) ;H 5

LASER COOLING OF
IN THE ASTRID STORAGE RING.

V/Cf -$j6o S

7.5. Nielsen, J.S. Hangst, O. Poutsen", J.P. Schiffer', P. Shi', and B. Wanner*
Institute of Physics and Astronomy, Axhus University

DK-8000 Arhus C, Denmark

ABSTRACT
Laser cooling of "Mg* has now begun at the ASTRID storage ring. In contrast to
'Li*, which has been used up to now, it is now possible for tbe laser to interact with
all of the beam. In this paper some of the results from the first beam time with MMg*
are described. By frequency chirping a single laser, laser cooling has been performed
on a coasting beam, and first evidence of sympathetic transverse cooling has been
observed.

1. INTRODUCTION.

At the Institute of Physics and Astronomy at the University of Aarhus, the ion 7Li* has, during the last
few years, been used to study laser cooling in a stored ion beam [1,2]. A longitudinal temperature of 1 mK
(Ap/p=1.5-10<i) has been achieved'. However, this ultralow temperature was achieved in a very dilute beam, in
which the momentum diffusion was dominated by the diffusion due to the laser and not by that due to intrabeam
scattering. For a more dense beam the diffusion is dominated by intrabeam scattering, and tbe ullralow
temperatures cannot be obtained.

7Li* is an almost ideal ion for laser cooling. It has a nearly closed transition (branching ratio less than 10')
at a wavelength of 548.6 run (green light), where CW lasers are very well developed. However, the lower state
of the cooling transition is tbe metastable Is2s 3S0 state, 60 eV above tbe groundstate. It was hoped that tbe
groundstate ions would be cooled sympathetically due to Coulomb interactions with the coolable metastable ions.
Measurements have now shown that in the ionsource used at ASTRID, only -10"* of the ions are produced in
tbe metastable stale. There is therefore no hope of any significant sympathetic cooling, on the timescales ol the
storage lifetime. Tbe energy which can be removed by the laser is too small to change the velocity distribution
of toe beam as a whole.

2. LASER COOLING OF "Mg\

A new ion has therefore been chosen, which has a suitable cooling transition operating directly from the
groundstate, so that all the ions can be addressed. This ion, MMg\ has a closed transition, with a lifetime of the
upper state of only 3.S ns. The short lifetime implies that the maximum cooling force due to the spontaneous
force can be potentially up to -20 times larger than that in the case of 7Li\ The range of the force in velocity
is also larger because of a larger natural linewidth. Table 1 summarizes some of the different properties of 7Li*
and MMg\ Unfortunately, the transition wavelength is in tbe UV at 280 nm, where CW lasers are not very well
developed, and it has up to now not been possible to produce enough CW UV laser power to use this ion to
perform laser cooling in a storage ring.

By the technique of frequency doubling, a tunable CW UV laser system capable of routinely producing
50-60 mW has been developed at our institute. This power implies that the maximum force on a single MMg*
ion is approximately the same as that on a 7Li* in the metastable state. But because all ions can interact with the
laser in the case of MMg*, the force on the beam as a whole is more than 10* times larger than that in the case
of 'Li*. This increase in tbe force has allowed a manipulation of the velocity distribution of the ion beam as a
whole.

In Fig. 1 are shown two longitidinal Schouky spectra of a 100 ke V MMg* beam. One (dashed line) is taken
without laser, and the second (solid line) is taken after a laser scan from -2 GHz (Ap/p=-6.2-lO"*) to +12 GHz
(Ap/p=3.7-103) relative to the linecenter. The laser is able to change the momentum by Ap/p = 3.9-103,
corresponding to an energy shift of 780 eV. A slight decrease in the width of the distribution is also seen, but
this effect has been reduced by the heat up after the laser scan, due to diffusion from intrabeam scattering. Some
ions are left behind by the laser. This is partially due to intrabeam scattering events in which ions undergo so



large a velocity change that they end up on the "wrong" side of [he scanning laser and are lost from the cooling
process Another reason is that as ions get accelerated their orbits in the nng shifts due to dispe'Mon (l) I-2.7 m),
and the physical overlap between the laser beam and ihe ion beam is thus reduced

Table 1: Some of the different properties of 7Li- and :4Mg*

Coolable fraction

Typical saturation parameter"

Max cooling force on a coolabie ion. averaged over the
ring circumference"

Max energy change per round trip, averaged over all of
the beam

Max cooling power, averaged over all of the beam'

Typical thermal energy in the beam (in ibe Jab. frame)c

Range of force (FWHM Ap/p)c

7Li-

-10"

25

8 meV/m

-33 HV

1.4 eV/s

190 eV

6-106

:4Mg-

1

0.25

42 mcV/m

1.7 eV

38 keV/s

190 eV

1.4105

* The saturation parameter is the ratio between the laser intensity and the saturation intensity for the transislion. A saturation parameter
of 1 means that the spontaneous force on resi^ance is haJf of what it would be with infinite laser intensity.
b AssumjDg overlap for 4 m (1/10 of ring circumference)
' at E=100 keV
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Figure 1. Two longitudinal Schottky spectra, measured from 0 s to 11.2 s after injection. One is taken without
laser (dashed line) and one is taken after a laser scan from -2 GHz to +12 GHz.



3. LASER COOLING BY FREQUENCY C

With only one laser, fixed in frequency, no stable point is possible [3). However, by scanning the
frequency of the laser, laser cooling is possible by pushing the ions in front of the laser.

Figures 2 and 3 show the velocity distribution during the last part of two cooling scans. These are
measured by scanning the voltage on a post acceleration tube, and thereby locally changing the velocity of the
ions. Looking at laser induced fluorescence, the number of ions can be measured as function of velocity. Figure
2 shows the result for a low density beam (n=2-10! cm3), and Fig. 3 shows the result for a bigher^densily
<.n=l-l(f cm'3). The scan ranges and the scan rates are the same for the two ((-2 GHz (Ap/p=-6.2-10"*) to +4
GHz (Ap/p=1.2-10•')) and 24 GHz/s). but note the different scale on the X-axis. It is seen that for a low density
the laser is able to collect all of toe ions, whereas this is not possible in the case of a higher density. The reason
for this is that intrabeam scattering or another diffusive mechanism is stronger for a higher density, and there are
therefore many more scattering events which will change an ions velocity by more than the capture range of the
force. For a lower scan rate the capture range is larger |3] and we find that the laser then is able to collect all
of the ions, even for the higher density.

From the distance from zero relative velocity (which is at the maximum laser force) to the peak of Fig.
2 and the scan rate, one can get an estimate of the strength of the laser force. We find this to be -26 meV/m
averaged over the ring cirfumference, in reasonable agreement with the theoretic value calculated in Table I

4. TRANSVERSE SYMPATHETIC COOLING

Laser cooling has up to now only been accomplished on the longitudinal degree of freedom of a stored
beam. The reason that direct transverse laser cooling has not been successful, is that the physical overlap between
a laser beam propagating transversely to the ion beam will be much smaller than for a laser beam propagating
parallel to the ion beam. It has long been believed that by cooling the beam longitudinally, the beam would also
be cooled transversely, because energy would be transferred from the hot transverse degree of freedom to the
cold longitudinal degree of freedom by intrabeam scattering. However, up to now no effect of this mechanism
has been measured. We have now seen evidence for such a transverse cooling. Laser cooling was performed with
a fixed frequency laser in an RF bunched beam as described in [4]. At a certain time after injection a vertical
scraper was run into the beam, and the loss of ions was monitored by a neutral particle detector. Assuming a
Gaussian distribution for the ion beam, the scraper spectra were fitted [5], and the resulting sizes are shown in
Fig. 4. In Fig. 4 the open circles are the beam sizes measured with the laser blocked and the filled circles are
with the laser on. Even though there is a large spread in the sizes for the laser on, the sizes with laser on are
significantly smaller. The averaged difference is -10%. The effect is not very big, and it will certainly be one
of our goals in future beam times to improve this.
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Figure 2. Velocity distribution measured during laser Figure 3. Velocity distribution measured during laser
cooling by frequency chirping in a low density beam, cooling by frequency chirping in a higher density beam.
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Figure 4. The vertical beam sizes measured with and without longitudinal laser
cooling. The errors are the statistical errors from the fit to the data assuming a
Gaussian distribution for the ion beam.

5. CONCLUSION

In this paper we have shown some of the results of our first beam time with MMg* in the ASTRID storage
ring. We measured among other things the beam dynamic and equilibration processes with laser induced
fluorescence, and we found that the laser was able to perturb and change the velocity distribution of the ion beam.
In addition we have for the first time laser cooled a stored ion beam bunched by an RF cavity [4], and fust
evidence for indirect transverse cooling has been observed.

For our next beam time, planned to take place in winter 1993, we will have two UV lasers. We can then
have one laser copropagating and one laser counterpropagating, which will allow us to have a stable point which
is fixed in velocity. This will also allow us to get a much higher friction force, and therefore achieve a much
lower beam temperature. The capture range of the force will also be increase, reducing the loss from the cold
distribution due to large velocity changes from the intrabeam scattering. Another aspect which will be further
pursued is the indirect transverse cooling.

This research was supported by the U.S. Department of Energy, Nuclear Physics Division, under
Contract W-31-109-ENG-38.
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