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Abstract
The one-dimensional ordering of protons has been
studied at S-LSR, while the ordering of the highly
charged heavy ions has been found at ESR and CRYRING.
Abrupt jumps in the momentum spread and the Schottky
noise power have been observed for protons at the particle
number of around 2000. The beam temperature was 0.17
meV and 1 meV in the longitudinal and transverse
directions at the transition, respectively. The normalized
transition temperature of protons is close to those of
heavy ions at ESR. The lowest longitudinal beam
temperature below the transition was 0.3 K. It is close to
the longitudinal electron temperature.

INTRODUCTION
Anomalous behaviour of Schottky signal as a function
of the particle number for the electron-cooled proton
beam was firstly reported at NAP-M [1]. Later, the abrupt
jump of the momentum spread was found at ESR for
highly charged heavy ions [2]. The similar jump of the
momentum spread was also confirmed at CRYRING for
other heavy ions [3]. Such phenomena are now called
one-dimensional ion ordering. However, the jump of the
momentum spread has not been found for protons. Even if
the phase transition of the proton ordering occurs, the
lower transition temperature is expected, because the
Coulomb interaction of protons is much smaller than that
of the highly charged heavy ions, which is proportional to
Z2. For the proton ordering, the low electron temperature
in the cooler and the small heating in the ring are
necessary. The high stability of the cooler and the ring is
also required.
We have performed the experiment of the onedimensional ordering of protons at Small-Laser Storage
Ring (S-LSR) at Institute for Chemical Research, Kyoto
University [4]. It is the first storage ring optimized for the
high space charge beam. The lattice of the ring is
designed so that the betatron tune in a superperiod
becomes as small as possible. It is essentially important to
avoid the resonance heating due to the space charge. It
also has a small magnetic field error and a stable power
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supply. As the results, the closed orbit distortion and the
stopband of the resonance become small. The parameters
of the one-dimensional ordering experiments for protons
at S-LSR are shown in Table 1.
Table 1: Parameters of the one-dimensional
ordering experiments for protons
Beam
Revolution frequency
Lifetime with cooling
Ring
Betatron tune
Max. β-function
Max. dispersion
Electron Cooler
Energy
Electron Beam Current
Expansion Factor

Proton, 7 MeV
1.61 MHz
1.7 x 104 sec
(1.645, 1.206)
(3.9 m, 3.2 m)
1.8 m
3.8 keV
25, 50, 100 mA
3

ONE-DIMENSIONAL ORDERING
EXPERIMENT FOR PROTONS
Longitudinal Beam Temperature
The longitudinal beam temperature T// is defined by
the momentum spread (δp/p).
2

⎛ δp ⎞
(1)
k B T// = mi β 2 c 2 ⎜⎜ ⎟⎟ ,
⎝ p⎠
where βc is the velocity of the particle. The momentum
spread is calculated from the frequency spectrum of the
Schottky noise, which is measured by the helical pickup.
The minimum particle number for the momentum spread
measurement is around 1000 protons. It is limited by the
noise of the pre-amplifier (SA-230F5, NF Corporation).
The Figure 1 shows the momentum spread and
Schottky noise power as a function of the particle
numbers [5]. The electron current in the cooler is 25 mA.
The particle number is measured by the ionization
residual gas monitor. The momentum spread is
proportional to N0.29 above a particle number of 4000. At
the particle number of around 2000, the momentum
spread drops abruptly. The transition momentum spread is
3.5x10-6, which corresponds to the ion temperature of
0.17 meV from eq.(1). It is considered that this abrupt
drop is evidence of ordering of protons. The lowest
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momentum spread below the transition is 1.4x10-6, which
corresponds to the longitudinal ion temperature of 26 μeV
(0.3 K). It is close to the longitudinal electron temperature.
The Schottky noise power in Fig.1(b) is proportional to
N0.99 above a particle number of 6000. At the transition
point, it drops by one order of magnitude. Similar
phenomena have been observed for highly charged heavy
ions at CRYRING [3].
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Figure 1: Momentum spread (a) and Schottky noise
power (b) as a function of the particle numbers with the
electron current of 25 mA. The momentum spread is
defined as 1σ of the fitted Gaussian function to the
momentum distribution. The Schottky noise power is
defined as the integrated area of the spectrum.

condition between the proton and electron orbit. The “0.5
mrad” means the artificial misalignment of 0.5 mrad. The
electron misalignment induces the beam heating and the
momentum spread is saturated.

Transverse Beam Temperature
The transverse beam temperature is defined from the
beam size measurements,
ν x +ν y
1
(2)
k B T// ≅ mi γ 2 β 2 c 2
ε,
2
R
where R is the average radius of the ring, and νx,y are the
horizontal and vertical betatron tunes, respectively. ε is
the transverse emittance. Figure 3 shows the horizontal
beam size as a function of the particle number [5]. The
beam radius is proportional to N0.28, and monotonically
decreased. The beam radius is 17 μm at a particle number
of 4000. It is impossible to determine whether there is an
abrupt jump of the beam size, because of the insufficient
resolution of the scraper. The corresponding horizontal
emittance is 1.7x10-4 π.mm.mrad with the β-function of
1.7 m at the scraper. If it is assumed that the horizontal
and vertical emittances were equal, the transverse
temperature is 1 meV from eq.(2).

The transition of the momentum spread depends on
the various experimental conditions. Figure 2(a) shows
the momentum spread with three different electron
currents of the cooler: 25 mA, 50 mA and 100 mA. The
transitions are observed with all electron currents. Above
the transition, the momentum spread with an electron
current of 100 mA is smaller than others. On the other
hand, below the transition, the momentum spread is
1.4x10-6 with electron currents of 25 mA and 50 mA. The
momentum spread with the electron current of 100 mA is
higher.
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Figure 2: Momentum spread as a function of the particle
numbers with the various electron current (a) and the
proton-electron orbit misalignment (b).
Figure 2(b) shows the momentum spread with two
alignment conditions. The “0 mrad” is an exact alignment
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Figure 3: Horizontal beam radius as a function of the
particle number with the electron current of 25 mA. They
were measured by the scraper and the ionization residual
gas monitor.

ORDERING CONDITIONS BETWEEN
PROTONS AND HEAVY IONS
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The conditions of the one-dimensional ion ordering
for heavy ions can be explained by the reflection
probability between two particles [6]. The momentum
spread of the heavy ions has a transition at the reflection
probability between 60 % and 80 %. In order to compare
the heavy ions and proton, the normalized temperature
was introduced as the following definition [7],
−2 / 3
)
2 ⎛
ν⎞
(3)
T//,⊥ =
2
r
k BT//,⊥ ,
βγ
⎟
⎜
i
R⎠
mi c 2 ⎝
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where mi is the mass of the ion, ri is the classical ion
radius, βγ is the relativistic factor, ν is the betatron tune
and R is the average radius of the ring. Table 2 shows the
transition temperatures and normalized ones for the
proton at S-LSR [5] and for the heavy ions at ESR [8].
Although the transition temperatures are different by a
factor of 1000 between U92+ and p+, the normalized
transition temperatures are very close and both have the
similar reflection probabilities. It suggests that the
transition of the momentum spread occurs by the same
mechanism from highly charged heavy ions to proton. It
is a general phenomenon for the ion beam.

Table 2:Transition temperatures T//, ⊥ and the normalized

Horizontal Emittance (π.mm.mrad)
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Figure 4: Beam trajectories in the cooling process on the
phase space of the horizontal emittance and the
momentum spread. The particle number is 2000 and 6000.

)

temperatures T//,⊥ for heavy ions and protons.
Ions

T//

T⊥

)
T//

)
T⊥

p+ [5]

0.17 meV

1 meV

1.2

6.5

C6+ [8]

4.0 meV

11 meV

0.62

1.6

[8]

78 meV

0.64 eV

0.78

7.6

[8]

470 meV

3.4 eV

0.70

5.1

30+

Zn

92+

U

The molecular dynamics simulations were carried out
for the proton ordering to analyze more precisely. The
program code was BETACOOL [9] and the electron
cooling was treated as the constant cooling rate, which
was calculated from the cooling force measurements.
Figure 4 shows the trajectories in the cooling process on
the phase space of the horizontal emittance and the
momentum spread. The particle numbers are 2000 and
6000, respectively. In both cases, the beams are cooled
down along the similar trajectories but the beam at the
particle number of 6000 stops at the point with the
momentum spread of 6x10-6. It reaches the equilibrium
state, where the electron cooling rate and the IBS heating
rate are equal. On the other hand, the momentum spread
at the particle number of 2000 decreases monotonically
and there is no limit of the lowest momentum spread. The
reduction rate of the momentum spread is almost the same
as the input cooling rate.
These simulations suggest that the cooling rate
exceeds the maximum heating rate at the particle number
of 2000. Concerning the transition, the mechanism in the
one-dimensional ordering is similar to that of the
crystalline beam. This result explains why the onedimensional ordering occurs at the very small particle
number. Because of the small cooling rate of the electron
cooling, it can exceed the IBS heating rate only with the
very small particle number. It is different from the
crystalline beam simulation by laser cooling. The laser
cooling has a higher cooling rate and can overcome the
intrabeam scattering even with the large particle number.
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CONCLUSION
From the particle refection model, the transition
temperature of the proton coincides with those of the
highly charged heavy ions at ESR using the appropriate
scaling. It shows that the one-dimensional ordering is the
common phenomena of the electron-cooled ion beam
from the heavy ions to the proton. The molecular
dynamics simulation gives the consistent result with the
measurement.
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