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Abstract pendent shear forces have been predicted to complicate

- the maintenance of crystalline structures larger than a one-
. +
Recently, the phase transition of a low-ene#ig dimensional (1D) string of ions [2, 17, 19]. In this paper,

ion beam into the Coulomb-ordered ‘crystalline’ state

could be realized in the rf quadrupole storage ring PALLAiZi;%CIZS'Ir?%XEEdAItSIOaanef(t)r:gnglg?ecéysséalggg dbgsargsf arzgt'ac:r-]
at the LMU Munich. Thereby, an increase of the phas ! : Iscu unct

space density of the beam, subjected to longitudinal Iasgfr ltf:e 'Orn be?ir: Vi(telocl}'tyd AntOtTﬁr |rssrlljde ﬁwt\hat Io?g';uc:"n
cooling, by about six orders of magnitude was observed. fi 'aser cooling 1Sell, due 1o the rahdomness of photo
Ecatterlng, may cause transverse instabilities of crystalline

this paper, we focus on the systematic experimental invesfi .
gation of the role of the focusing conditions and of bendin eams [18], as this effect has been proposed [20] to have

: . . . Tiindered the crystallization of dilute ion beams in the stor-
shear in the storage ring on the attainment of crystallin . .
beams of different?:rystagll structure. y age rings ASTRID (Aarhus) and TSR (Heidelberg) [16].

CRYSTALLINE BEAMS EXPERIMENTAL TECHNIQUES

Almost two decades after the first discussion of the A sketch of the low-energy table-top rf quadrupole stor-

‘crystallization’ [1, 2, 3, 4] of stored ion beams into a29emng PALLAS [21]is givenin Fig. 1.
Coulomb-ordered state, this phase transition could recen . |
be realized in the table-top rf quadrupole storage ring PAL= perimental Setup
LAS (PAul Laser CooLing Acceleration System) for coast- For the transverse confinement and simultaneous bend-
ing [5, 6, 7] and for bunched ion beams [8, 9]. The phasgg of a low-energy**Mg* ion beam, an rf voltagé/, s
transition of a space-charge dominated ion beam to thg several 100V is applied between the quadrupole ring
‘crystalline’ state can occur when the mutual Coulombelectrodes, depicted in Fig. 1, at a frequeity= 27 x
energy of the ions overcomes their mean kinetic energy.3 MHz. The alternating quadrupole field leads to a bound
by about two orders of magnitude [1, 7]. As typical interperiodic motion of the stored particles at the secular fre-
ion distances of stored singly charged ions amount to @fuencyw... = ¢Q2/v/8 superimposed by a fast quiver
the order of10m, beam temperatures in the range omotion (micro-motion) at the driving frequeney, where
mK are required. This temperature range can be reachgd- 2¢U,.; /(m$)*r3) denotes the stability parameter of the
with laser cooling [10] provided that heating mechanismgnderlying Mathieu differential equatioaandrm stand for
as intra-beam scattering (IBS) [11, 12] in the emittancethe charge and mass of th&Mig™ ions,r, = 2.5 mm for
dominated ‘gaseous’ regime are sufficiently reduced. Thigie aperture radius of the quadrupole channel.
can be achieved either by a strong dilution of the ion beam, Similar to the more common case of an ion storage ring
as demonstrated by experiments on electron-cooled heayynsisting of a periodic lattice of bending and focusing
ion beams [13, 14, 15] and on laser-coolgk™ beams magnets, the transverse confinement of the ion beam in the
[16], or by minimizing modulations of the beam enveloperf quadrupole storage ring PALLAS can be characterized
which has begn realized Wlth'PALLAS- by the period length of the confining force and the corre-

The crystalline state of an ion beam represents the stajgonding transverse ion motion. The number of focusing
of ultimate brilliance in the sense that for given focusingections per revolution, the periodicify, corresponds to
strength and ion current, ultimate phase space densities &i@ number of rf cycles per revolutioR = Qfwrey =
reached [5]. Moreover, crystalline beams were found to bB R /v and the number of transverse betatron oscillations,
rather insensitive to the strong heating mechanisms (IB®)e storage ring tuné), to the number of secular oscil-
omnipresent in the non-crystalline regime [5, 6]. As thesgitions in the rf fieldQ = Weee/Wrev = wseeR/v. NoO-
mechanisms rely on dissipative Coulomb collisions, thejably, both quantities become velocity dependent in con-
are strongly suppressed in the crystalline regime [2, 11, 1@ast to the case of magnetic confinement. For a typical
17]. Even without further cooling, no significant emittancepeam velocity ofv = 2800 m/s, the periodicity amounts
growth was experienced for crystalline beams for typicallyo P ~ 800. Although the absolute focusing strength of
10° focusing periods [5, 18]. the rf electric focusing is comparatively strong in PALLAS

Yet, the inevitable modulation of the beam envelope i, . = 27 x 390 kHz for Q = 50), the phase advance per
the alternating fields of a storage ring and velocity detattice cell2r x Q/P and thus the envelope modulation of
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t email: ulrich.schramm@physik.uni-muenchen.de After the loading of the ring with a cloud of ions [6],

t present address: NIST Boulder, USA the resonant light pressure of the continuously tuned co-

0-7803-7739-9 ©2003 IEEE 112



Proceedings of the 2003 Particle Accelerator Conference

rf quadrupole storage f .
ring PALLAS uorescence images

(continuous cooling)

© T
5 W
24Mg *_ jon beam

v =1000...5000 m/s
N =...100.000 ions

cooling (1,2) and accelerating (1)

fluorescence detection
laser beams ( A~ 280 nm)

(PM or CCD camera)

Figure 1: Schematic view of the table-top rf quadrupole
storage ring PALLAS. The design orbit of the ion beam
is defined by concentric ring electrodes in quadrupole ge-
ometry (aperture radiugy, = 2.5mm). Two counter-
propagating laser beams are overlapped tangentially with
the ion orbit. ~150

relative fluorescence signal

i

100  -50 0

relative detuning Aw(t) [I/2]
propagating laser beam (frequency(t)) is used to accel- W, (t)
erate a non-crystallin&Mg™ ion ensemble to a beam ve- —’I/\
locity v defined by the fixed frequenay, of the counter- ety ; ; i
propagating laser beam, as sketched at the bottom of Fig. 2 ‘ 2000 2200 2400 2600 \[
and described in [5, 6]. Thengitudinal velocity spread ion beam velocity [m/s] ©2
of the ion beam is efficiently reduced by the friction force,
resulting from the combination of both accelerating and dd=igure 2: Fluorescence signal of an ion beaM (=
celerating forces. No direct damping of transverseion ~ 18,000) as a function of the relative detuninfw, (t) of
motion is applied which therefore has to rely on the couthe co-propagating laser beam in terms of half the natural
pling of the transverse to the longitudinal motion by thdransition line widthI' = 27 x 42.7MHz. In this non-

laser force

inter-particle Coulomb interaction. stationary cooling regime, used also for the acceleration
of the ions as sketched below, the laser frequengft)
lon Beam Crystallization is tuned at a typical rate of about B0s. With an increase

_ _ _ of the focusing strengthy(= 0.2 — 0.31) the phase transi-
The fluorescence signal emitted by a non-crystallingon s induced. The signal changes markedly as described
beam ¢ = 0.2) as a function of the relative detuning in the text and further displayed in the inserted fluorescence

Aw (t) of the co-propagating laser beam (and thus of thgnages, recorded at constant detuning.
beam velocityv) is shown in Fig. 2. The behaviour dras-

tically changes when the focusing strength is raised and
the coupling between the ions is enhanced (grey curve Properties of lon Crystals

g = 0.31). The signal first increases corresponding to
the cooling of the initially non-crystalline beam. Then, The structure of crystalline ion beams was first studied

at Aw,(t) ~ — 25T/2, the signal decreases and subin MD simulations [22] and observed in experiments with
sequently rises to a sharp peak. At last, the rate drog$ongatedstationary ion crystals in ring-shaped [23, 5, 7]
off when the forces of the two laser beams compensag#id linear [24] rf quadrupole traps. It was found to
(Aw(t) = 0). For the ion current discussed here, thiginiquely depend on the dimensionless linear density:
signature of the ‘dip’ in the fluorescence signal is characN/ (27 R) x a,,s expressed in terms of the Wigner-Seitz ra-
teristic for the phase transition to a crystalline beam. It cafiusa.s = [1/(4meo) x 3e?/(2mw?,,)]*/* to account for
be understood as a vanishing of the rf heating (IBS) in thide dominant influence of the charge neutralizing confining
gaseous regime which else caused the broadening of thetential on the average ion density. The structure devel-
velocity spread. With slightly reduced rf heating the phaseps with rising) from a string of ions for\ < 0.71 over
transition sets in earlier. The characteristic ‘dip’ cannot b& zig-zag band into three-dimensional helical structures, as
resolved any more (black curve@t= 0.31). later illustrated with Fig. 4. Also dynamic properties of
The phase transition to the crystalline beam is furthéhe ion crystal as the plasma frequengy = /2w, are
pinpointed by the sudden decrease of the transverse begliermined by the focusing conditions.
size to the size of a linear string of ions [5, 6], demonstrated The state of the stored ion ensemble is characterized by
with the images inserted in Fig. 2. the plasma paramet&}, = 1/(4req) x €2 /(aws kT the
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O L R A B L With the use of the relation®/a,,s VA (solid) con-

r 1 tour lines are drawn for the threshold values of constant
= linear density [23]. In this way, the classification of the
° ] crystalline beams (filled symbols only) relies on the deter-
! _ mination of the width of the beam and of the rf voltage
S V) - | U, [6], both of which are known to better than5% The
alternative classification, based on the ion numberis
expressed by the different symbols.
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Lol Crystalline beams were observed to occur only in a
100 200 300 400 500 curved band in thel(,; — ¢¢) diagram (filled symbols in
rf amplitude U [V] Fig. 3 [6]). Although the time-averaged focusing force
is exactly canceled by the space charge force of a crys-
Figure 3: Correlation of the absolute width of stored ionalline beam, the constituent ions are forced to oscillate in
beams (not corrected for the spatial resolution of the imaghe transverse plane because of the discrete (or in this case
ing system of about pm) and the applied rf voltage. Crys- time-dependent) periodic focusing [27]. Following Schif-
talline beams are depicted as filled (black), non-crystallingr [17], an apparent temperature can be assigned to the

beams as open (grey) symbols. For crystalline beams, tBgread of this transverse motion
solid contour lines of constant linear denskgeparate re-

gions of different crystal structure. At the dashed line, the p Ace\? /oc\? Q*muv?
energy contained in the driven transverse motion equalizes BLAFA ( s ) (E) “opz

the melting temperature of crystalline beams. The grey 9 3 \ 2

lines illustrate transition paths (marked a,b,c) from the non- ~ ¢ ™ AQ . (1)
crystalline to the crystalline state (constan). dmeg aws 6 P2

This relation can be rewritten for an apparent plasma pa-

ratio of the energy of the mutual Coulomb repulsion to theameter’/,, oc 1/(U§]{3UC)2 x (P/Q)?/X.

thermal energy. Large three-dimensional ensembles are ex-The curvature of the band in Fig. 3 follows the dashed
pected to be in the crystalline state oy > 178 while line, which is based on the argument that the apparent tem-
surface dominated ensembles like ion beams may requipgrature equalizes the melting temperature, orftigf ~
higher values [26]. For the case of the sample crystalline30. Yet, it has to be emphasized that this driven periodic
beam presented above, the linear stringy( 0.4), the ve- transverse motion in the quadrupole potential should not
locity spread and thus the plasma parameter was measuk&jautomatically regarded as random or thermal motion.

[5] to T, > 500, well within the crystalline regime. It was shown in simulations [19, 28] as well as in experi-
ments [5, 18, 14] that the energy transfer from the periodic
SYSTEMATIC STUDIES to the random motion is strongly suppressed compared to a

non-crystalline ensemble. Thus, crossing this line does not

In Fig. 3, the transverse width® of crystalline (filled immediately lead to the melting of a crystalline beam. On
symbols) and non-crystalline beams (open symbols) of dithe other hand, for beams which are not sufficiently cold
ferent particle numberd is plotted against the applied rf the coupling of collective motion into random motion is
voltageU, ;. The phase transition from the non-crystallineexpected to increase and to hinder the crystallization.
to the crystalline state can be followed for two typical cases The same curved bands of stability dominate the graphs
(grey lines). In (a), a reduction of the focusing strengthin Fig. 4. In these X — Q) diagrams, upper and lower
which was initially chosen rather high for the preparatiodimits of the focusing strength can be distinguished. The
of the beam, lead to a reduction of the rf heating of théower focusing limit appears to be rather constant for 3D
gaseous beam and thus to a reduction of the transveils®ams but considerably raises for the lower dimensional
width down to the point where the crystallization occurredtrystalline beams. This effect is believed to be due to the
for a given cooling strength. Especially for beams of lowspecific cooling scheme, based on direct longitudinal laser
linear density, the focusing strength had to be at first resooling. Below the limiting focusing strength the ion den-
duced to a point where the width of the beam expanded Bity and thus the coupling between the transverse and the
order to reduce rf heating. A quick increase in the focusinpngitudinal degrees of freedom becomes too low to pro-
strength, increasing the coupling between the longitudinaide sufficient sympathetic transverse cooling. Thus, the
and the transverse motion, then lead to the crystallizatidendency was to raise the focusing strength in order to in-
of the beam (b), similar to the sample situation discusseztease the coupling up to the point where the depth of the
above [5]. Both phases are possible for identical focusingansverse modulation of the crystalline beam sets the up-
conditions (hysteresis). per limit.
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CRTTTTTITTITTITTITTTTTITTTY  heavy ion storage rings like TSR witl)(= 2.8, P = 2).
1604 > 400 [ | v =1650 m/s | The above criterion is not restricted to crystalline beams
o i N ] but part of a more general approach to envelope instabilities
120+ S 300 F N ] of space-charge dominated beams. There, the latter condi-
> = f . R ] tion corresponds to the first half-integer stop band (Math-
804 5200 [ ) ieu instability) or, in other words, to the condition that the
=) © : phase advance per lattice cell (or per rf period) must not
~ 40 % ool exceed2r/2+/2 [29, 30]. For emittance dominated (non-
y L crystalline) beams, the phase advance per unit cell has to re-
[ main belowr /2 [29, 30]. This criterion is important for the
“ 94+ =100} generation of crystalline beams starting from the gaseous
39 o [ v ] phase and independent from the treatment of heating due
~ 704 3300f , %4> . . to intra-beam scattering.
8 = S “ e o
7] o, t o Mt AR~ © ©
3 47 Ezoo} B Bending shear
1 t - 4
o o [ ’4,/,,,/»"“""" ] In addition to the previous presentation, the focusing
° 231 10 T . conditions are now discussed for the three different beam
5 I S B B N B B velocities, depicted in the three separate graphs of Fig. 4.
; 66 =400 L ‘.‘\\ v = 4000 m/s ] Obviously, crystalline beams of higher linear density could
£ j [ . 1 only be attained for the lowest beam velocity of =
© 49 Ts00l & ri\ &\\ N IEREE. 1650ms~!. For higher beam velocities, and especially
@ = i 3 ] for v = 4000 ms~*, the beams were lost when the focus-
% 334 gzoo a _,f«\/! . /1 ing strength was decreased into a region where crystalline
o [ B beams had been attainable at lower velocities. Surpris-
16 b 0o b '/,/’”’ i ingly, the lower focusing limit for the highest linear den-
A D N T B sities seems to appear at a tune(dpf~ 45 independent

1

2 3

5 .
linear density from the beam velocity.

Continuous bending of a crystalline beam extending into
the horizontal planeX > 1) implies that the beam has to
propagate with constant angular velocity to maintain its
crystalline order [2, 17, 19]. The consequence of cool-
ing the beam to constant linear velocity was illustrated by
Schiffer [17] assigning an apparent temperafljjg, to the
mean centrifugal energy spread of the beam

|
4
A

Figure 4: The focusing conditions for which crystalline ion
beams of different linear density and thus of different
structure (as illustrated below) were attainable in PALLAS o\ 2 mu? o2 A2 )

are illustrated (grey shaded area) for three beam velocities3ks 17, ~ <E> 5~ 9 02 (2)
In each of the three graphs, the dashed line corresponds to TE0 Gws Q

the one in Fig. 3, the dotted and dash-dotted lines indica{gnich can be related to an apparent plasma parameter as
the increasing influence of bending shear with rising veloqazpp ~ 0.7Q2/\. When the beam is laser-cooled to con-
ity as explained in the text. Few solid lines indicate pathgtant linear velocity, this energy spread is fully transferred
from the non-crystalline to the crystalline state or to beanhto random motion. This condition translates into the
losses (crosses), respectively. lower limit of the focusing strength as a function of the
linear density, that is indicated by the dash-dotted lines in
Fig. 4. It rises with increasing beam velocity in the same
This upper limiting focusing strength lies more than away as the experimental observations. This agreement is
factor of three below the value at which an excitation oemphasized by the dotted lines which result from a multi-
bulk modes of the 3D crystalline beam is expected to occuplication of the latter limit by a factor of 1.5. The factor
Their characteristic frequency is close to the plasma fresould be interpreted as taking into account only the trans-
quencyw, = V2 ws.. [25]. To avoid an excitation of such verse degrees of freedom in Eq. 2. It seems that, at present,
bulk modes in the oscillating fields of the storage ring, theending shear prohibits the attainment of large crystalline
lowest possible side-band of the driving frequeri@y(w,) structures already above velocities of around 2500 m/s in
has to exceed twice the eigen-frequengyor 2 > 2w,, PALLAS.
which translates into the often discussed maintenance crite-However, to a certain degree, an already existing crys-
rion P > 2v/2 Q [17, 12]. This criterion is always fulfilled talline beam has been expected to withstand the bending
in PALLAS, whereP = v/8Q/q andq < 0.9 for a sinu- due to its natural shear elasticity, characterized by the sec-
soidal rf driving voltage, but difficult to meet in the existingular frequencyw;.. divided by A [2, 17]. In this model,
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the condition for a crystalline beam to resist bending sheaf transverse electron and longitudinal laser cooling. With

becomeg) > )\, as the characteristic frequeneys(./\) the operation of larger heavy ion synchrotrons (SIS 300 at

has to remain higher than the driving revolution frequencgSl), laser cooling of Li-like ions of the order of uranium

wrev- Thus, no evidence for this ‘stiff beam limit' has beenbecomes possible with fascinating possibilities for the for-

found in the present experiments. ward scattering of laser light into the keV range. On the
Cooling the ion beam to constant angular velocity couleéther hand, the application of refined cooling techniques

help to unambiguously decipher the role of bending sheaould strongly enhance the luminosity of radioactive beam

in the observed velocity dependence of the lower focusingplliders, presently under discussion.

limit. Due to the comparatively low ion velocity in PAL-

LAS, this cooling scheme could be accomplished by merg- REFERENCES
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