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Very cold systems of ions with sufficiently low number of particles arrange in an ordered string-like fashion. The determination of the longitudinal momentum spread and
of the transverse temperature then is no longer possible by normal Schottky diagnosis. In this paper we simulate such systems in an infinitely long beam pipe with periodic
boundary conditions under the influence of all long-range Coulomb interactions by Ewald summation. Then we derive the behaviour of the longitudinal Schottky signals for
cold string-like systems as well as for the transition to warmer systems when the strings break, up to hot gas-like systems. Here effects from the finite number of particles,
of higher harmonics and of temperature agree with those derived analytically in the limits of very low (ordered strings) and very high (gas) temperatures.
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Figure 1: Calculated integrated Schottky spectra for the linar density λ = 0.00015 at various longitudinal and transverse temperatures and various number of particles N=50, 100, 200 .
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In short:
• Schottky analysis is well established for many hot ions

•Theory known for cold or hot, but not in between

•⇒ Uncertainties for few ordered cold ions

•⇒ Molecular dynamics for few cold and hot ions

•⇒ Transition from cold to hot

•⇒ Few particle effects

—————————————————————

Figure 2: Early (1993) Schottky spectra from the ESR before (green) and
after (red with δp/p = 2 × 10−5) electron cooling.
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Theory: [1, 2]

HOT : |Pgas|
2 ∝ T|| (1)

COLD : |Pstring|
2 ∝

N 2

n2
(2)
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Procedure:
•Chose density λ or average distance d
•Cylindrical tube with periodic boundary conditions
•Randomly distributed according to

temperatures Θ = (kinetic energy)/(q2/d)
•Molecular dynamics
•Reflect or pass each other?
•Good statistics ⇒ Red curve of Fig.3, ref. [5]
•Good statistics ⇒ Necessary conditions for ordered strings

ref. [7]
•Record signals at pickup, Fourier transform and integrate

the Schottky signals over one harmonic
•⇒ Spectra of Fig.1
•⇒ Widths of Fig.4 → thermal
•⇒ Hot systems of Fig.5 linear with Θ, eq.[1)
•⇒ Hot systems of Fig.6 l independent of particle number

for N > 100, new effects for for N < 100
•⇒ Cold systems for Fig.7 obey ∝ 1/n2 and ∝ N 2, eq.[2)
—————————————————————

Figure 3: Momentum spreads of an U92+ beam at 360 MeV/u. The red
line is the calculated reflection probability. After Steck [4] and Hasse [5].
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Results:
—————————————————————
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Figure 4: Rms width over average value of the integrated Schottky spectra
of Fig.1 for various temperatures (same color code).
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Figure 5: Temperature dependence of hot integrated Schottky signals for
various particle numbers.
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Figure 6: Particle number dependence of hot integrated Schottky signals
vs. harmonic normalized to unity for N →∞.
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Figure 7: Particle number dependence of cold integrated Schottky signals
(divided by N2) vs. harmonic.
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