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Zusammenfassung

In dieser Arbeit wurde ein Elektronenkiihler, der auch als Target fiir Elektron-Ion
Rekombinationsexperimente dient, am elektrostatischen kryogenen Speicherring
CSR implementiert und in Betrieb genommen. Das Photokathodensystem fiir
kalte Elektronenstrahlen des Ionenspeicherrings TSR wurde in den CSR Elektro-
nenkithler integriert. Nach ersten Betriebstests des Elektronenstrahltransports,
realisiert mit supraleitenden Magnetspulen im kryogenen Teil des Speicherrings,
wurden systematische Studien zur Elektronenkiihlung von gespeicherten Ionen-
strahlen mit Energien im keV Bereich durchgefiihrt. Effiziente Elektronenkiihlung
der atomaren Ionen F®" und O sowie der molekularen Ionen HeH* und HD*
wurde bei extrem niedrigen Elektronenenergien bis zu etwa 10 eV und bei niedri-
gen Elektronendichten im Bereich von nur wenigen 10° cm™ realisiert und un-
tersucht. Kiihlzeiten im Bereich weniger Sekunden und transversale Strahlbreiten
gekiihlter Tonenstrahlen im Millimeterbereich konnten gezeigt werden. Des weit-
eren wurde das Aufbldhen der transversalen Strahlbreiten sowie der Bunchlan-
gen von gekiithlten Ionenstrahlen aufgrund diffusiver Aufheizprozesse wie strahlin-
terner Streuung durch Verdnderung des lonenstroms vermessen. Ebenso wurden
Raumladungseffekte von gebunchten Ionenstrahlen im elektronengekiihlten Gle-
ichgewicht untersucht.

Abstract

In the present work a novel electron-ion merged-beam setup for electron cooling
and electron-ion recombination studies has been implemented in the electrostatic
cryogenic storage ring CSR and commissioned. The photocathode setup for cold
electron beams previously operating at the heavy ion storage ring TSR has been
integrated in the CSR electron cooler. After first tests of the electron beam trans-
port, realized by superconducting magnets in the cryogenic part of the storage
ring, systematic studies of electron cooling of stored keV ion beams were per-
formed. Efficient electron cooling of atomic ions F® and O as well as molecular
ions HeH" and HD* has been realized and investigated at low electron energies
down to about 10 €V and at low electron densities of only a few times 105 cm 3.
Electron cooling times in the range of only a few seconds and transverse beam
widths of cooled ion beams in the millimeter range have been shown. The blow-up
of the transverse beam widths and bunch lengths of electron cooled ion beams
due to diffusive heating processes like intrabeam-scattering has been measured by
varying the ion current. Furthermore, space charge effects of bunched ion beams
have been investigated in an electron cooled equilibrium.
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1 Introduction

1.1 Merged-beam physics in ion storage rings

Fast ion beam setups, like ion storage rings, offer the opportunity to study a broad
range of particle reactions, having a broad range of applications in elementary par-
ticle, nuclear, atomic and even molecular physics. On the one hand, collision beam
experiments, as they are carried out for example at the CERN Large Hadron Col-
lider (LHC), explore reactions at highest collision energies in order to investigate
or even find new elementary particles. On the other hand, for atomic and molec-
ular systems, lower energies down to the eV and meV range are of interest.

Lowest collision energies down to the order of only 1 meV can be achieved by
using merged-beam techniques |1]. With this approach, a fast ion beam is merged
in a collinear fashion over an extended interaction length in the storage ring with
a target beam of similar velocity. An example for such a target beam is given
by an electron beam which is guided and merged with the ions in a dedicated
electron-ion interaction region. By a detuning of the velocity of the electrons,
high energy-resolution experiments with ultra low center-of-mass energies can be
performed.

Moreover, the merged-beams technique can be advantageous for studying highly
reactive or short-lived systems while guaranteeing a high detection efficiency of col-
lisional reaction products due to their high laboratory-frame velocity [1].

A strong motivation for the investigation of especially low-energy electron-ion
reactions in the laboratory comes from the field of astrochemistry. Over the years,
astrophysical observatories have improved their spectroscopical capabilities, lead-
ing to a steadily increasing number of molecular ions that have been observed in
space [2], for example in cold molecular clouds in the interstellar medium (ISM)
or planetary nebulae.

In order to understand the atomic and molecular abundances in such astrophys-
ical plasmas, and to understand the dynamics of their complex chemical reaction
networks, models are calculated relying on measured reaction cross sections. A
reaction type of great importance in cold molecular clouds is dissociative recom-
bination (DR) [3]. In this process, a molecular ion captures a free electron and
subsequently undergoes a dissociative break-up. Merged-beam electron-ion colli-
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sion studies in storage rings in the last years have made essential advances to a
deeper understanding of the DR process. DR measurements have been carried out,
for example, at the CRYRING in Stockholm, Sweden [4], the TARN II storage ring
in Tanashi, Japan [5], the heay ion storage ring ASTRID in Arhus, Denmark [6]
and at the TSR heavy ion storage ring in Heidelberg, Germany [7].

1.2 The CSR: A novel machine for cold molecules

The above mentioned magnetic storage rings rely on magnetic bending and focus-
ing elements for the beam guiding. This creates a mass limit at a given energy
for the desired ion beam species to be stored due to the technical limit of the
magnetic fields that can be created by these elements. However, the astrochemical
community has a strong desire for experimental collisional reaction cross sections
of heavier molecules.

In the new Cryogenic Storage Ring (CSR) at the Max Planck Institute for Nu-
clear Physics, all deflecting and focusing elements are electrostatic. In this case,
at a given energy, a mass-independent storage can be realized. A variety of this
kind of electrostatic storage devices have gone into operation in recent years, the
first one being ELISA in Arhus, Denmark, with a closed ion beam orbit of only
6.3 meters [8]. The TMU E-ring in Toyko, Japan, has been constructed with a
similar design, with the difference that this device can be partly operated at liquid
nitrogen temperature [9]. The first electron merged-beam device in an electrostatic
storage ring has been taken into operation at the KEK High Energy Accelerator
Research Organization in Tsukuba, Japan [10]. Even more recently, advances have
been made towards operating the complete beam line of an electrostatic storage
ring machine at cryogenic temperatures of about ~10 Kelvin. This allows for a
storage of slow keV ion beams with very low beam loss due to residual gas scat-
tering and therefore enabling long ion beam storage lifetimes. Among the CSR
itself, these are DESIREE in Stockholm, Sweden [11], where merged ion-beam ex-
periments are performed, and the cryogenic electrostatic storage ring RICE at the
RIKEN Advanced Science Institute in Saitama, Japan [12].

The CSR, commissioned in 2015 [13], takes a unique spot in this rather broad
landscape of ion storage ring devices. With a closed orbit of about 35 meters
and ion beam injection and storing at energies up to 300 keV per charge state, it
exceeds the dimension and maximum ion energies of the smaller, table-top style
electrostatic storage rings listed above. In the CSR, ions are stored for up to
thousands of seconds in a low-temperature radiation field given by the black-body
radiation of the beamline wall at even less than 10 Kelvin. In this environment,
stored molecular ions can undergo radiative relaxation toward their ro-vibrational
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ground-states, making the CSR the ideal platform for experimental studies under
conditions as they can be found in molecular clouds in the ISM.

A versatile range of experiments with these ions in well-defined quantum states
can be performed. Besides merged-beam atom-ion, electron-ion and ion-laser in-
teraction studies, a reaction microscope will complete the CSR facility in the near
future. The CSR is up to now the only electrostatic cryogenic storage ring with
a functioning electron-ion merged beam setup which is not only used for (among
others) state-of-the-art DR electron-target experiments, but at the same time can
be operated as a low-energy electron cooler.

1.3 Low-energy electron cooling at the CSR

This work is dedicated to the first electron phase space cooling operation of the
CSR electron-ion merged beam setup. A process where the temperature of a
stored ion beam is reduced and its density in phase space is increased is termed
as phase space cooling. The idea of phase space cooling by superimposing a co-
moving electron beam to the stored ion beam was first proposed by G. I. Budker
in 1966 [14]. Experimentally, this idea was first realized in 1974 in the NAP-M
storage ring at the BINP in Novosibirsk [15].

The electrons are continuously renewed and ideally have a much smaller energy
spread than the passing ion beam. Energy exchange between the “cold” electrons
and “hot” ions takes place through Coulomb collisions, effectively extracting heat
from the system and thereby reducing the ion beam temperature.

At the ultra low meV electron-ion collision energies targeted with the CSR
electron-ion merged-beam setup, the electron beam temperature plays a crucial
role for the achievable energy resolution.

The production of cold, intense electron beams with a semiconductor photo-
cathode electron source at the CSR [16,[17] therefore remains a relevant research
topic going hand in hand with electron cooling and electron-ion collision studies.

At the CSR, phase space cooling by velocity-matching of heavy ions stored at
low keV kinetic energies with a cold electron beam in the merged-beam electron-
ion interaction region requires to overcome certain challenges. Ultra-low kinetic
electron energies are needed, while maintaining high electron densities. The setup
is designed to achieve energies as low as ~1 eV at an energy spread of about 1 meV.

In the course of this work, the CSR electron-ion merged beam setup has been
completed and commissioned. The laboratory work performed in the framework of
this thesis was dedicated to complete (large parts of) the setup and the surrounding
equipment, to the development of operational techniques and the control system,
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and to the commissioning of the system. The very new regime of low-energy
electron cooling is investigated for a number of atomic and molecular keV ion beams
down to only ~10 eV electron cooling energy, making first steps of systematic
cooling performance studies and testing the limits of the experimental setup.

1.4 Qutline of this work

This introduction is first followed by a review of important concepts that are re-
lated to electron cooling in ion storage rings in chapter 2, starting with the basic
notations and definitions that are needed to describe the dynamics of stored ion
beams. An overview of electron cooling theory as well as diffusion processes like
intrabeam-scattering is given.

Chapter 3 describes the structure and realization of the electron-ion merged
beam setup. The key features for low-energy, cold electron beam operation are
highlighted. Furthermore, the ion beam diagnostic techniques at the CSR that are
used for the demonstration of electron cooling in this work are introduced. The
experimental setup chapter concludes with a presentation of spatial profiles of the
electron beams transported through the complete cryogenic beam guiding system.

The very first experimental electron cooling studies of keV ion beams at the CSR
are presented in chapter 4. These cover the first demonstration of electron cooling
realized for a bunched F® beam in 2017, followed by results of the first system-
atical studies in 2018 for longitudinal cooling of coasting and bunched beams as
well as transverse cooling of coasting beams. These studies are extended by an
investigation of ion beam space charge effects and the blow-up of ion beams by
diffusion heating processes like intrabeam-scattering.

The concluding chapter 5 summarizes the key achievements of the low-energy
electron cooling operation together with important results observed in the pre-
sented experiments. Finally, an outlook for future beam times is given.
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In order to motivate electron cooling in a storage ring, the basic principles of the
dynamics of a stored ion beam are summarized in this chapter. The phase space
of an ion beam in a storage ring will be defined. A large part of this work’s
experimental studies presented in chapt. {4]are performed with ion beams that are
manipulated by rf-bunching. A strong focus is therefore placed on the explanation
of this particular technique and its effect on the longitudinal ion beam dynamics.
The role of Liouville’s theorem for phase space cooling will be pointed out before
introducing electron cooling itself. Finally, a simple approach for the theoretical
description of the electron cooling force is presented.

2.1 lon optics and phase space

The term don optics is used to describe the techniques for ion beam manipulation
in a storage ring. It is often equally used to describe the physical processes that
are involved. Depending on the type of accelerator, various elements that make
use of electromagnetic fields are employed for ion beam guiding and focusing. The
Lorentz force exerted on a charged particle passing, for example, a bending magnet
or an electrostatic deflector is given by

F=q-(E+(UxB)) (2.1)

where ¢ is the charge of the particle with velocity v. In high-energy storage rings
with ion velocities close to the speed of light, magnetic fields on the order of 1 Tesla
are common in the bending magnets. The much larger electric field equivalent of
about 3- 108% for 1 Tesla explains the preference for magnetic ion optics in storage
ring experiments with relativistic particles.

2.1.1 Definition of phase space coordinates

The following description of the phase space coordinates and introduction to ion
beam dynamics in this chapter mainly summarizes and follows the notations given
in [18] (chapters 4, 6 & 7). The co-moving standard coordinate system of a particle
moving periodically on a closed orbit in the field lattice of a circular accelerator is
shown in fig. . The transverse coordinates (z,y) describe the particle position
in a plane orthogonal to a reference particle’s direction. The orbit of the reference
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particle is fixed by the design of the ion optics and often denoted as ideal orbit,
reference orbit or equilibrium orbit. The position s gives the arc length to an
arbitrarily chosen point along the circumference Cy and completes the curvilinear
(z,y, s)-coordinate system commonly used in accelerator physics (it is left-handed
for the sense of rotation adapted here). The position of a particle is now described
by the vector

7(s) = To(s) + x(s)t(s) + y(s)iy(s) (2:2)
where 7 (s) is the ideal orbit and the corresponding line element is
dr' = uydr + u,dy + Us(1 + hx)ds (2.3)

Here h = 1/py = ‘% is the curvature of the ideal orbit that depends on the
deflecting forces. The particle angle in the horizontal and vertical direction is

obtained by differentiation along the longitudinal coordinate s

dex p
I —_— — 7x 2 '4
v ds  po (2:4)
dy p
, _ —-— 7y 2 . 5
V=05 T o (2.5)

where p,, is the particle momentum in the respective transverse coordinate and
po is the momentum of the reference particle along its orbit. One can further
define the path length difference [ and the momentum deviation 6 of a particle
that passes a certain position s with a time difference At =t — ty to the reference
particle:

P — Do
o6 = . 2.7
" (2.7)

These longitudinal coordinates are referenced to the lab frame, and not to the
co-moving frame (z,y,s). The complete six-dimensional phase space vector of a
particle is finally given by [18§]
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0 S X

Figure 2.1: Standard coordinates in the co-moving frame of a particle moving
on a closed orbit in a circular accelerator; modified from [1§] for the
sense of rotation of the CSR.

2.1.2 Transverse beam dynamics

In a linear approximation shown in detail for example in [1§], the equation of
motion of a particle in the periodic lattice of a storage ring resembles the motion
of objects of mass in periodic external fields found by astronomer G.W. Hill [19]:

d?z(s) 6
1s2 + ky(s)x(s) = o) (2.9)
d di(;) +ky(s)y(s) = 0 (2.10)

The periodicity of the coefficients k’m,y(s)lﬂ along the ring circumference is reflected
by

kay(s) = kay(s + Co) (2.11)

Neglecting any off-momentum particles and only considering particles with 6 = 0,
the equations above turn into the so-called Hill equation which is the equation of
a pseudo-harmonic oscillator.

In accelerator physics literature, the coefficients kzy(s) are referred to as the quadrupole
focusing strength.
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Betatron oscillation

The solution of the Hill equation are oscillations around the ideal orbit, denoted
as betatron oscillations:

z(s) = az\/Be(s)cos (V.(s) + Vo) (2.12)
y(s) = ayy/By(s)cos (¥y(s) + Vo) (2.13)

where U is the starting phase of the particle. The functions 3, , are denoted as
betatron functions and a is the betatron oscillation amplitude of the particle. The
amplitude of the pseudo-harmonic oscillations a - y/5(s) varies with s along the
orbit.

Betatron tune and working point

With the knowledge of the betatron functions and their relation to the phase
function ¥, , of the betratron oscillations given by

[ ds
—Jo 6:841(5)

one can further define a value called the betatron tune or () value that describes
the number of betatron oscillations a particle performs in one turn along the ring
circumference:

1 pstCo  ds
Quy = 5/ (o)’ (2.15)

The tune values (Q,,@,) of a storage ring define its so-called working point.
Integer and half-integer values of @), , result in resonances where any perturbations
of the ideal orbit by dipole or higher order multipole errors become synchronized
with the betatron oscillation. Such a perturbation can be caused for example by
a field imperfection of the storage ring’s magnets or deflectors. When planning
or operating a storage ring, one generally uses a resonance diagram (sometimes
also called working diagram or tune diagram) to identify possible working points
avoiding these tune resonances. Such a resonance or working diagram is shown in
fig. The resonance lines satisfy the equations

U, (s) (2.14)

p = n-Qy (2.16)

where p, [, m are integer numbers. Resonant lines up to order n = 4 are shown
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Figure 2.2: Working diagram of the CSR. Black lines: first and second order
resonances (including border lines of the plot), green lines: third
order resonances, red lines: fourth order resonances. The black dot
marks one working point setting where 250 keV HeH™ ions have been
stored. Blue: line for the the difference resonance | = —m = £1.

in the working diagram, together with a measured working point setting of the
CSR where 250 keV HeH™ have been stored in the beamtime 2018. In the CSR
layout operation close to the difference resonance with [ = —m = +1 is
acceptable. A resonance of this type only makes the ion beam sensitive to the
coupling of the horizontal and vertical motion.

Transverse emittance and acceptance

The solution of the Hill equation [2.12

u(s) = ay/B(s) cos (V(s) + Vo) (2.17)

and its derivative

W(s) = —2 (15/@ cos (U(s) + o) — sin (U(s) + \Ifo)> (2.18)
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Figure 2.3: Courant-Snyder invariant e displayed as ellipse in the (u,u’) phase
space (adapted from [18]).

together define the parametrization of an ellipseﬂ The area E of the ellipse

2

E = ma® = me = const (2.19)

is defined by the single-particle emittance € and can be shown to be a constant of
motion (see sect.[2.2). The value € is known as the Courant-Snyder invariant. It
can be expressed in the (u,u') phase space by the following equation:

v(s)u(s)? + 2a(s)u(s)u'(s) + B(s)u/(s)* = a® = ¢ (2.20)

where in addition to (s) following from the solution of Hill’s equation, «(s) and
~(s) are introduced as further lattice functions:

afs) = —38(s) (2.21)
B 1+ a?(s)
v(s) = 56 (2.22)

2the variable u here represents both transverse coordinates ()

10
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The lattice functions (in the literature sometimes also called optical functions)
define the shape of the phase space ellipse. It is important to note that these
functions are defined purely by the ion optics of the storage ring. The phase space
ellipse is shown schematically in fig.[2.3] Even though it is derived from the motion
of a single particle along the beam line, it will contain all particles with a betatron
oscillation amplitude smaller than its own.

However, the density of the particles in the (u,u') coordinates is not homoge-
nous, but rather described by two-dimensional Gaussian distribution. To make
the step from the individual particle description to the definition of a beam profile,
the two-dimensional intensity distribution is projected onto the u-coordinate. The
resulting profile is again a Gaussian distribution and can be measured for example

by beam scrapers (see sect. [3.6.1]).

The beam emittance 7e is defined differently throughout the accelerator physics
community, depending on the number of standard deviations that are used in the
definition of the beam size o:

Ve p(s) =0y, 1€98(s) =20, +/e¥6(s) =30, (2.23)
The values

Umaa(s) = Vey/B(s) (2.24)

Umaa(8) = Vey/7(s) (2.25)

which are also indicated in fig. give the beam envelope and its maximum
divergence, respectively. The acceptance A of a storage ring is defined as the
maximum phase space area €,,,, where ions are still stored before being lost by
colliding with the vacuum chambers of the beamline or other barriers:

A = Temaz (2.26)
In this thesis, the ion beam is characterized by standard deviations of position and

velocity.

2.1.3 Definition of ion beam temperatures

The velocity @; of an ion moving in the beam coordinate system given in sect.
is given by

171‘ = Ui,mﬁm -+ Ui,yﬁy + Uz"sﬁs (227)

The velocity component in direction s is now denoted as the longitudinal velocity
component such that v; s = v;| = v;5, and hence defines the longitudinal beam

11
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temperature. The transverse temperature 7', is defined as the average of the
horizontal and vertical temperatures T}, (s) and T} (s), respectively. This leads to

kT = M; <Ui||>2 = Mo} (2.28)
1 1
kpT, = 5]\/[Z [(vm)2 + <vi,y>2} = ing(Ji, +02) (2.29)

where vy is the longitudinal (laboratory frame) velocity on the closed orbit and
where 0,/, 0, and o; are the standard deviations of the respective quantities in
eqn. 2.8 Eqns. 2.5] & are used for the transverse temperature derivation
while for the longitudinal momentum deviation the definition of § from eqn. is
used.

2.1.4 Phase slip factor and dispersion function

As it can be seen in eqn. , a momentum spread Ap/p of a stored beam affects
its horizontal position . A determination of the momentum spread is possible by
measuring the distribution Af of the revolution frequency fy together with the
ion optics dependent phase slip factor n:
soar _ 187 (2.30)
Po n fo

where py and f are the momentum and the frequency of the reference ion.

In the derivation of the phase slip factor for an electrostatic storage ringﬂ, as
shown in great detail for example in [20], one finds several important relations that
will be summarized here.

A deviation Az(s) from the closed orbit z((s) is given by the dispersion function
of the storage ring D,(s) and by the momentum deviation Ap relative to the
reference ion’s momentum pg or, equivalently, by the energy deviation AFE relative
to the reference ion’s energy Ej:

Ap 1AFE

Ax(s) = Dy(s)— = Dp(s)

I 2.31
Po 2 Ey (2:31)

The momentum compaction factor o, relates the circumference Cy of the closed
orbit to the ion momentum and can be expressed via the dispersion function:

o AO/C() . 1 /CO Dp(S)

o — _ L
P Ap/pe Co po(s)

ds (2.32)

30nly ions with non-relativistic velocities are considered here.
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2.1 Ion optics and phase space

where po(s) is the radius of the central orbit. The phase slip factor is finally
calculated from the momentum compaction factor to [20]

n=1-2q, (2.33)

specifically for an electrostatic storage ring case.

Magnetic fields have a different influence on the ion, since they can only change
the direction of the ion velocity but not its absolute value. The phase slip factor n,,
of a conventional magnetic storage ring in the non-relativistic approach is therefore
instead given by [21]:

M =1— 0oy (2.34)

2.1.5 Longitudinal beam dynamics and Rf-bunching

Applying a time dependent acceleration voltage to a drift tube in a storage ring can
imprint a time structure on a circulating ion beam and transforms this coasting
beam, or dc-beam, into a bunched beam that is now composed of discrete ion
pulses.

This section gives an insight into the longitudinal dynamics of ion beams during
rf-bunching in circular accelerators following [18] (chapters 2 & 8). Theoretical
reviews of the topic go back as far as 1966 [22] and detailed formulations of the
involved processes can also be found in [21]. The effect of electron cooling on such
charged particle bunches will subsequently be discussed in sect. [2.2]

The frequency wy¢ of the applied rf-signal is matched to the revolution frequency
wo = 27 fo of the reference ion,

wt = h - wo (2.35)

where h is an integer number. We consider the acceleration in a drift tube

of length L with a time of passage t; = L/(2vy) and a drift tube voltage of
U(t) = — T coswt with ® = wyt. Upon passing the drift tube electrode, de-
pending on the rf phase ® at the time when a particle reached the center of the
drift tube it experiences an energy gain AFE,; per turn given by

AEy = ZeUyglcos (& — wyit ) — cos (O + wiyt )] (2.36)

where wyf = hL/Cy using fo = 27 L/Cy and U is the amplitude of the rf-voltage.
For the following considerations it will be more convenient to rewrite eqn. in
the form

AEy = ZeUugsin® (2.37)

13



2 Electron cooling in ion storage rings

with an effective bunching voltage

A A L
Ug = 2Uygsin (hﬂ'). (2.38)
Co

The bunching section of the CSR is composed of two drift tubes of different
length (340 mm and 736 mm). For rf-bunching, generally only the shorter drift
tube with L = 340 mm is used.

Synchrotron oscillation

The longitudinal phase space coordinates (I,¢) defined above in eqns. &
are related to the coordinates (AE = E — Ey, A® = & — &), which will be used
for the following descriptions, by [1§]:

_ UoA(I) _ C()A(I)

] — 2.39
h(JJO 2mh ( )
AE
o = — (2.40)
Povo
The time deviation At =t — tq is furthermore related to A® by
AD
At = . (2.41)
Wrf

The energy of a particle stays unchanged if it has a phase ® = 0. A phase
® > 0 means the particle lags behind the rf-signal and will become accelerated.
Reciprocally it will become decelerated if it is ahead of the rf-signal (& < 0). A
particle with energy FEy(t) that passes the drift tube center always with the same
phase @y and is synchronised to the revolution frequency wy = wy¢/h according to
eqn. is defined as the synchronous particle.

Particles that have an energy deviation AFE and phase deviation A®, will start
to perform oscillations around the synchronous particle. As also described by [18§],
this can be seen by imagining a particle with phase deviation ® — ®,. Assuming
Ad > 0, its energy gain AFE(P) will be larger than that of the synchronous
particle AE,¢(®g) (see also fig. [2.4] left). Consequently, it will become faster and
pass the rf-bunching tube earlier, making the phase deviation A® smaller and
smaller each turn (see fig. right). Eventually a maximum of AFE is reached
when A® = 0. When the point of negative phase deviations A® < 0 is passed, the
particle gets decelerated because AF,¢(®) now becomes smaller than AE(Py).
The deceleration in each turn continues until AEF = 0 at the point of maximum
phase deviation ® < 0 is reached. This phase focusing process that results from the
coupling of energy and phase oscillations can be expressed by equations of motion

14



2.1 Ion optics and phase space

for a particle in the longitudinal phase space (AFE, A®). In order to demonstrate
this oscillatory behaviour, one starts by looking at the change of the phase and
energy deviations per turn:

A(ADP) = —77%27% (2.42)
Po
A(AE) = ZeU.g- (sin® — sin @) (2.43)

The time derivates can be calculated from simply dividing by the revolution period
TO = 27T/CL)0

d 2 fohM;
D g - _2mIhMm g (2.44)
dt 2
d .
%AE = foZeUesg(sin @ — sin D) (2.45)
which can be summarized in a differential equation of second order [18]:
d? 2hM; ~
AP = — Jo nZeUeﬁc(sin d — sin ) (2.46)

ae” PE
In the case of small deviations A® the approximation sin ® — sin &y ~ cos PyAP

becomes applicable in the eqn. of motion [2.46] yielding the equation of a harmonic
oscillator:

2
4 Ao +w? A®=0. (2.47)

dt2 sync
This can be solved by
AD(t) = ADyq, cOS (Wsynet + Psync) (2.48)

where synchrotron frequency

2

2 f2m;h A
Weyne = J 7Tf(;ongeUeff cos P (2.49)

The solution for AFE is given by the derivate of A® according to eqn. [2.44}

AE = AE,,q; 8in (Wsynet + Gsyne) (2.50)
where
2
Wsyne pO
AFE, 0w = —2 2.51
Wo thn ( )
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2 Electron cooling in ion storage rings

Separatrix AE

® [rad]

Figure 2.4: The energy gain per turn AE,; of a particle passing the bunching
drift tube is a periodical function of the rf-phase ® (left). Right:
stationary rf-bucket (®y = 0). The border of the area of stable
trajectories is marked by the separatrix (red line).

eqn. [2.49/further defines a requirement for stable solutions of the oscillatory motion:
A eﬁegn cos @y > 0 (all other factors below the square root in eqn. are always
positive).

Fig. 2.4] (right) shows example solutions for the synchrotron oscillation in the
form of longitudinal phase space diagrams. In the case of a slip factor n > 0,
representing conditions in the CSR, the particles move counter clockwise on their
trajectories given by the closed curves. If n < 0, they would move clockwise in the
phase space. The border between stable solutions and unstable solutions of the
oscillatory motion is given by the red line, the so-called separatriz which defines
the maximum energy deviation and phase deviation acceptance (AF,4z, AP paz)
before particles are lost from the bunch. Particles whose trajectory is located inside
the stable area can imagined to be trapped in what is often called the rf-bucket or
simply bucket created by rf-bunching with the sinusoidal signal shown on the left.
The number of buckets in which particles can be trapped along the ring’s orbit is
defined by the number h. For smaller amplitudes the particles move on elliptical
orbits (inner blue lines) since they can be described by the harmonic oscillator
(eqn. . The phase space diagram in the right of the figure shows the case of
a synchronous phase ®; = 0. The particles always pass the bunching drift tube
when the field is at zero, creating a stationary rf-bucket as it is the case in the

CSR.
Simulation of the rf-bunching process

With the set of equations above that govern the single-particle motion in the
longitudinal phase space, a multi-particle simulation of the rf-bunching process in
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2.1 Ion optics and phase space
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Figure 2.5: Rf-amplitude timing scheme.

the CSR has been performed. The structure is similar to the simulation program
that has been used for bunch simulations at the TSR [23]. The time evolution of
the longitudinal phase space is calculated under the influence of the CSR rf-voltage
ramp shown in fig. 2.5

A scheme of the simulation program is shown in fig. 2.6 The phase space coor-
dinates AE and A® are handled as vectors whose dimension is given by the chosen
number of particles. The evolution of the phase space vector is then calculated
in steps of revolution turns. The initial energy distribution of the unbunched ion
beam is defined by a Gaussian distribution whose width is one of the fixed starting
conditions.

The results of such a simulation for a number of N = 10000 ions (mass number
A = b, charge state Z = 1) that are injected at a kinetic energy of Ey; = 250
keV with initial Gaussian energy spread of o(E) = 66 €V is shown in fig. 2.7 For
this one-bunch simulation with A~ = 1, the revolution period and bunch period
are identical 7y = 11.33 ps. In order to demonstrate the motion of the particles
according to the synchrotron oscillations shown in fig. 2.4] the number of particles
is chosen such that the bunch is not completely filled after the simulated time
evolution.
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2 Electron cooling in ion storage rings

Initial phase space coordinates:
Gaussian distribution — AE(0)[N=1,...,N__ ..

E,. h, o(E), U (), N Random distribution — A®(O)[N=1,...,N__ ..

revolutions

Start conditions:

N

particles’

ﬁR i=1: Nrevolu!ions \

T,=C,/v,

Vo= 2Ekin‘0/ M ]2
v=[2(E,, .+ AE()) /M 1v?
T=T,[1n(v-V,)/V,]
w, = 2mnhy,/ C,

AD(i+1) = ( w, T - 21th ) + Ad(i)
AE(i+1)=AE(i) + U, Ze [ sin(A®(i+1) + ®,) - sin(®,) ]

ti+1) =t(i) + T,
N 4

E., .+ 2e0_sin(®)

kin,0 ~ —kin,0

E

Figure 2.6: Scheme of the simulation program for the longitudinal phase space
distribution during rf-bunching. The time ¢ is the time after injection

according to fig. 2.5
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Figure 2.7: Time evolution (in time after injection) of the longitudinal phase
space distribution of a number of 10000 particles injected with 250
keV in the CSR under the influence of the rf-bunching ramp shown in
fig. 2.5] The black line marks the separatrix. See text for simulation

detalils.
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2 Electron cooling in ion storage rings

2.2 Electron cooling and diffusion heating

The general concepts that one needs in order to describe and characterize the
properties of a stored ion beam were presented in the previous section. Based on
this, phase space cooling and its benefits will be first motivated from a general point
of view. Electron cooling is then introduced as a powerful tool to improve a stored
ion beam’s quality and a theoretical model of the cooling force is reviewed. An
extensive review on electron cooling related topics that comprises many important
aspects from theory to applications was written by H. Poth [24].

2.2.1 Motivation for phase space cooling

The occupied phase space of a stored ion beam given by its emittance can be used
in combination with the momentum spread as a measure of the beam quality. By
phase space cooling, the beam emittance can be compressed, resulting in a shrink-
ing of the ion beam’s radius and divergence. This is especially of advantage when
for example electron-ion recombination experiments are performed and one wants
to localize the origin of recombination events as precise as possible. A compressed
emittance also means that the ions are in average located closer to the central
orbit, which can significantly increase the lifetime of a stored beam inside the
ring. Another positive effect of phase space cooling is the reduction of momentum
spread. A reduced momentum spread can reduce the spread of the relative velocity
in ion recombination experiments, which in turn determines the achievable energy
resolution when the electron velocity spread becomes smaller than the ion velocity
spread.

Without further proof, it is already mentioned in sect. that the emittance
of an ion beam is a constant of motion (eqn. . This statement is based upon
Liouville’s theorem: the density of particles in the siz-dimensional phase space
is conserved under the influence of conservative forces. Consequently, while any
kind of magnetic or electrostatic bending, focusing or shifting operation on a stored
ion beam changes the shape and position of the phase space ellipse, the area it
encloses is invariant (see also [1§], chapter 10).

There are processes that violate Liouville’s theorem and hence cause a growth of
the emittance, for instance collisions of the stored ion beam with rest gas particles
or multiple Coulomb scattering of the charged particles in the beam. Phase space
cooling is able to counter such diffusional (heating) processes, accompanied by all
the advantages mentioned above. Both aspects, electron cooling and heating by
diffusion, will be introduced in this chapter.
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2.2 Electron cooling and diffusion heating

4 N

w lon co-moving beam frame +

,\ NI &;
,t\x R

electron electron
gun coIIector

Figure 2.8: Principle of electron cooling in a storage ring. Continuously renewed,
cold electrons (blue arrows) are merged with the hot ions (red ar-
rows). The average velocity of the electrons (7,) in the laboratory
system, determined by the acceleration potential between the elec-
tron collector and the electron gun, is matched with the average ion
velocity (7;). The electron beam is typically guided by a solenoidal
magnetic guiding field.

2.2.2 Basic idea of electron cooling

The idea of damping the synchrotron and betatron oscillations of a charged par-
ticle beam in storage rings and accelerators by superimposing a co-moving elec-
tron beam over a certain length was first proposed by G. I. Budker in the early
1960’s [14]. It was first realized in 1974 in the NAP-M storage ring at the BINP in
Novosibirsk where the effect was investigated for a beam of 35-80 MeV protons .

The principle of electron cooling in a circular accelerator is shown schematically
in fig. 2.8] The idea can be visualized in a co-moving beam frame where the parti-
cles are moving only due to their thermal energy distribution. The electron beam
is accelerated and merged with the ion beam in the way that the average electron
velocity matches the average velocity of the ion beam. Ions are typically created
at much higher temperatures than electrons. They repeatedly pass the cold and
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2 Electron cooling in ion storage rings

dense medium given by the electrons, resulting in a temperature relaxation of the
electron-ion plasma. Energy (heat) can be transfered out of the system due to
the fact that the heated electrons are collected in a Faraday cup outside of the
interaction region and are continuously replaced by new, cold electrons.

The underlying process of the energy transfer from the hotter ions to the colder
electrons are Coulomb collisions, taking place every time the ions pass the electron
cooling section of the ring. The energy loss AFE of an ion passing a distance Ax
in the electron cooler thus yields an effective friction force F:

AET
Ax v

The friction force depends on the velocity of the ions and is opposed to their
motion, similar to the drag force an object experiences in a viscous fluid. This
friction force does not have to be aligned with ¢/, however, F# = AFE /At is the
power of the friction force and AE/Az is the component of F in the direction of .

Fe (2.52)

The temperature equilibrium in such an electron-ion plasma picture is governed
by the cooling effect on the ions due to the friction force, on the one hand, and the
heating effect through diffusion on the other hand. Diffusion arises from multiple
scattering processes of the ions, resulting in a blow-up of the ion beam velocity
distribution.

2.2.3 Electron cooling rates

Before going into more detail on the derivation of the frictional cooling force and
diffusion in the picture of the electron-ion plasma, a definition for an electron
cooling rate is derived for a strongly simplified picture, in the case of a “uniform
machine”, similar to the considerations by [25].

The equation of motion of a stored ion that experiences a friction force F' due to
an energy loss in the electron cooling section are expressed by rewriting eqns. [2.9
& for a time dependence. The equations of motion for the transverse direction
of a coasting beam under the influence of a frictional force can be expressed by:

M;ii — Fcool,J_ +Kiu = 0 (253)

where u again equally stands for both transverse coordinates, x and y, and the
restoring term K | u reflects the transverse quadrupole focusing of the ion beam
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2.2 Electron cooling and diffusion heating

that causes the betatron oscillations. In the longitudinal direction,

Mil.—Fcool,” = 0  unbunched (2.54)
Ml = Fupy+ Kyl = 0  bunched (2.55)

where [ is the longitudinal phase space coordinate that is defined by eqn. [2.6] and
the longitudinal restoring term K| takes into account synchrotron oscillations from
a longitudinal manipulation by rf-bunching.

Cooling rates shall be derived under the assumption that the cooling force de-
pends linearly on the ion velocity. This is valid in the case of small betatron and
synchrotron oscillation amplitudes and small relative velocities of ions and elec-
trons [15]. Furthermore, it is assumed for simplicity that the longitudinal force
solely depends on the longitudinal velocity, and likewise the transverse component
solely depends on the transverse velocity. With these assumptions one can define
the friction force coefficients o) and o, by:

Feool| = =y (2.56)

Fcool,L = —01vy (257)

where @ is identified by v, and [ by ).
The second order differential equations [2.53| [2.54] & [2.55] can be rewritten in the

form

Myi+ou+Kiu = 0 (258)
Mil+ail = 0 unbunched (2.59)
Mi+ai+Kl = 0 bunched (2.60)

With an exponential Ansatz e*, one obtains the following equations in the longi-
tudinal direction

A+ % = 0  unbunched (2.61)
N+ ZA+ K| = 0 bunched (2.62)
which is solved by
A= —% unbunched (2.63)
i
ol K K
Mg = al £ =L — 2y i + iy =1 bunched (2.64)

CoMi T \4M, M T 2M; M,

where /K /M; is identified with the synchrotron oscillation wgy,. (eqn. [2.49|
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2 Electron cooling in ion storage rings

Analogously, for the transverse direction

o KL
Aog=——-= 2.
1,2 2MZ 1 MZ ( 65)
In the literature, the so-called damping decrements are often defined by
Q@
ki = J\Z” (2.66)

With the relations above one is ready to define the electron cooling rates r
(negative real parts of \) and electron cooling times 7, ). One must also consider
the finite length of the interaction region of the electrons and ions by introducing
the ratio 7. of the electron cooling length to the ring circumference. The cooling
rates (times) in the different cases are then given by:

1
T—H =7 = N % longitudinal cooling rate (coasting beam) (2.67)
L_p = .9 jongitudinal cooling rate (bunched beam) (2.68
T—H—r” RN ongitudinal cooling rate (bunched beam) (2.68)
1 Ne Q1 .
o rLo= 5 I transverse cooling rate (2.69)

2.2.4 Fokker-Planck equation

The evolution of a time-dependent distribution function p(7,v,t) for ions in the
six-dimensional phase space (7, ¥) can be described by the Fokker-Planck equation.
The Fokker-Planck equation becomes applicable to systems where fluctuations due
to small disturbances are present. It is assumed that these disturbances, e.g. in
the form of multiple small-angle scattering in the case of an electron-ion plasma,
change the variables of the system in an unpredictable yet very small way [26].
With the Fokker-Planck equation, a time-independent probability function ¥ for
finding a scattered particle in a given phase space position can be determined. The
process of many small collisions adding up statistically can be seen as a type of
diffusion and is therefore sometimes labeled as diffusion approzimation [24]. The
phase space function in this approximation can then be written as:

p(7, 7, 1) = / (7,7 — ATt — At)T(T — A, AT)AAT (2.70)
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2.2 Electron cooling and diffusion heating

A second order Taylor expansion of pV yields

p¥ = p(7, U, t — At)U (U, Av) — Az‘;’aa(ptll)
v

—l—lAU AT 872( )
27 " 9w, 0u,, p

(2.71)

where Av is the velocity change in the time interval At. The evolution of the
distribution function in time is now given as rate of change resulting from the
collisions by

ot At
and after integrating over Av in eqn. finally defines the Fokker-Planck
equation:

(2.72)

o= | e () 27
with

(AT) = / ATY(T, AT)AAT (2.74)
and

(AvmAv,) = / Avp Aoy W (7, AT)AAT (2.75)

where (m,n) symbolize velocity components in direction z,y, z. With eqns. [2.74
& the frictional force F' and diffusion tensor D,,, can be defined [24]:

= M; (AD)
(Av, Avy)
D = =t (2.77)

The relations above also help to clarify the meaning of friction and diffusion. While
the frictional force F' is obtained as an averaged rate of particle velocity change,
the diffusion tensor D,,, is related to the increase of the velocity variance.

Taking into account every velocity component in the plasma, the Fokker-Planck
equation can be given as a sum of the form [24]

9 [=p(En/M) + O(pDimn)/Ov,]

— 0v,,

(2.78)
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2 Electron cooling in ion storage rings

In one dimension it is reduced to:

op 0 F 0
E = % (—pM + ay(pD)) (279)

This equation will be further used in sect. 2.5

2.2.5 Binary collision model

The electron cooling force can be derived from a simple binary collisional model in
the electron beam rest frame, which will be summarized here following the review
given in [24]. When ions interact with electrons at relative velocity v, pass the
electrons, they undergo multiple Rutherford scattering and momentum is trans-
fered via Coulomb interactions. A schematic picture illustrating the kinematics of
the electron-ion collision is shown in fig. [2.9) (a). The momentum that is transfered
in such a collision is given b

1 < Ze? 27e?
Ap = / - 2.80
b 4dmeg J—o0o 22 + b2 4degu,b ( )
yielding an energy transfer to the electrons of
(Ap)? 272t
AE((b) = = 2.81
(b) 2. (4meg)?mev2b? (281)

As mentioned earlier in sect. [2.2.4] diffusion arises from multiple scattering in
the electron-ion plasma. Analogously to eqn. [2.77] this diffusion effect is described
by the statistically averaged variance of the momentum components, transferred
over the collision planes at a fixed impact parameter b:

1
<ApmApn> - 5(5mn - Urmvrn/UE>Ap2
27%e4
_ 2
= (Omn — vaUT‘n/UT)W' (2.82)

where m and n describe the coordinates of v.

Using the flux 2wbn.v, of colliding electrons, the diffusion tensor (eqn. [2.77)) is

4Note that only the transverse component of the Coulomb force is considered for the calculation
of the momentum transfer. The longitudinal component vanishes when integrating over a
symmetric interval.
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ion

@ electron ds

(a) Scattering of a positive ion from a negative (b) Illustration of the integration over possible
or positive charge with scattering angle Og.qs; collision planes and impact parameters b for
and impact parameter b. an ion passing the electrons in their rest frame.

Figure 2.9: Kinematic collision geometry in the electron beam rest frame, modi-

fied from [24].
obtained as
(Av, Avy,)
D, — 2.
A7 (2.83)
1 00
= ]\4@2/0 db - 2bnev, - (ApmApy,) (2.84)
2.4 [e%S)
_ 27T7Z€ 27%¢ Omn _ UrnUrm / @ (2.85)
M? (4mep)? \ v, v3 o b
The non-converging integral is now replaced by
o db bmaz db
N - 2.86
which introduces the so-called Coulomb logarithm
bmam
Le=1In (2.87)

bmin

with the maximum and minimum impact parameters b,,,, and b,,;,. The mini-
mum impact parameter can be calculated from the maximum possible momentum

transfer (eqn. [2.80) for a head-on collision
Z%? 1

Amegme v?

(2.88)

bmin =
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2 Electron cooling in ion storage rings

However, for relative velocities that are smaller than the thermal spread of the
electrons, the relative velocity v, in b,,;, is replaced by the transverse thermal
electron velocity spread. The transverse spread is used since it is generally much
larger than the longitudinal velocity spread. This anisotropic electron beam ve-
locity distribution, with thermal velocity spreads

AeH = \/kBTeH/me (289)
AeL = \/2kBTeL/me (290)

is discussed in more detail in sect. [3.3]
A reasonable approach for the maximum impact parameter is the Debye screen-

ing length \| = \/ eokpTe, /(nee?) of an ion inside the electron plasma. Assuming
the ion moves through the electron plasma with relative velocity v,, the screening
length can be bigger and is expressed by v, /wy |25] with the plasma frequency

nee?

wpr = (2.91)

€0Me
This frequency is attributed to oscillations of the initially uniform electron charge
density as response to an approaching ion.
From these considerations, the impact parameters b,,, and b,,;, which, neglect-
ing any magnetic field influence, define the Coulomb logarithm Le = In (b,42 /bmin)
are given by

bnaz = max(v,/wp, A1) (2.92)
Z2e? 1
bk = —— (2.93)

dmegm, (max (v, Agy))?

A calculation of the impact parameters for typical electron beam properties at
the CSR is shown in fig. [2.10]

The frictional force is obtained from the energies transfered into the transversal
coordinates of both, electrons and ions,

- 00 1 1 27%e4
Fog——| 2bH< ) 2.94
! e P 77 (4meq)v7b? 29
Multiplying with v, this yields
2mn, 27%* U,

m, (4meg)? v3 ¢

P (2.95)

where m,. is the reduced mass of the electron-ion collision system. For cooling of
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Figure 2.10: Impact parameters (neglecting magnetic field influences) cal-
culated for a singly charged ion and typical electron density
ne =5-10° cm™3, longitudinal temperature kg7, = 80 peV and
transverse temperature kg7, | = 2 meV. The typical radius of the
electron beam (dashed line) is given in sect. [3.7]

atomic ions with M; > m,., m, can be replaced by m, with negligible error.

To finally arrive at the realistic expressions for the electron cooling force and
diffusion, one has to take into respect the velocity distribution f(,) of the elec-
tromns.

Setting v, = U; — ¥,, the general result for the cooling force is then given by

Z%e*n,

Ui - 176
4megme

F(w) = d*%, (2.96)

‘Uz —17@|3 ‘

/LCf(Ue)

For an isotropic Maxwellian electron velocity distribution with thermal velocity
spread A, this formula can be approximated by [24]

2.4 =
3 Z7e*n, V; U

Feap = 2 f
(4%) 24mwedme C [viP + 243 v,

(2.97)

where A, = /2kgT./m. = V/20,. The cooling force as calculated by eqn. [2.97]is
shown in fig. [2.11] The maximum of the cooling force appears at v; = A.. For
v; < A, the cooling force has a linear proportionality to the ion velocity v;, which
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Figure 2.11: Frictional force F as a function of the ion velocity for an isotropic
electron velocity distribution with velocity spread A, = /2kT./m.

(eqn. .

is from now on throughout the following chapters often referred to as the linear
regime of the cooling force.

Influence of a longitudinal magnetic guiding field

Electron cooling devices in storage rings typically realize the merging of the elec-
tron and ion beam by guiding the electrons with the help of a longitudinal magnetic
field (see chapt. |3| for technical details).

The magnetic field B forces the electrons to rotate around their axis with the
cyclotron frequency we. = eB/m.. The radius of these transverse gyrations is
given by the Larmor-radius (or cyclotron radius) 7y, = v /we..

In the presence of a magnetic field, the impact parameters can be seperated
into two classes [24]. Binary collisions that have collision times much smaller than
the inverse cyclotron frequency (cyclotron period) are labelled as fast collisions,
or non-magnetic collisions, since the confinement by the magnetic field is not
visible. If, however, the electrons complete many gyrations within the collision
time, one speaks of adiabatic collisions. In adiabatic collisions, the transverse
velocity of the electrons cancels out (averages to zero) and only the longitudinal
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2.2 Electron cooling and diffusion heating
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Figure 2.12: Impact parameters of the binary collision model (eqns.
as a function of G,y = max(ugq, AeH), calculated for a longitudinal
magnetic field of B = 90 Gauss, n. = 5 - 10° cm—3, kpTe) = 80
peV, kT, | =2 meV and ion charge Z = 1.

velocity component will be considered. The relative velocity v, is thus replaced
by g = U; — V.. The theory of the binary collision model has been extended
to take into account the effect of the longitudinal magnetic field by Derbenev and
Skrinsky [27]. Within this treatment the electron cooling force is seperated into two
contributions originating from the two types of collisions such that F = Frmy fad
The impact parameters "™ for fast collisions and ¢ for adiabatic collisions can
be summarized to :

b:LnTZg; = uad/we,c (298)
Ze? 1
Uin. = 2.99
mn dmegme (max(ugq, Aey ))? ( )
bty = max(taa/wp, A)) (2.100)
Ze? 1
b = max(tg/wee, — (2.101)

dmegme (max(tag, Aej))?

yielding the adiabatic and non-magnetic Coulomb-logarithms L% and L™, re-
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2 Electron cooling in ion storage rings

spectively, in the presence of a magnetic guiding field, as

L = (b(rlwslax/ bmm) (2.102)
where \| = OKT, -<l is the longitudinal Debye screening length (compare eqn. [2.92)).

The border between adiabatic (fast) and non-magnetic collisions as discussed above
is defined by the cyclotron period w, .. A calculation of the impact parameters for
typical electron beam settings and the typical longitudinal guiding field of B = 90
G at the CSR electron-ion merged-beam setup is shown in fig. Here, it was
considered that the relative velocity i,y = ¥; — ¥, has a finite minimum given
by Ag. For this reason, the impact parameters are calculated and plotted for a
relative velocity @laq = max(uqq, Ae|).

A more detailed discussion of the impact parameters and possible problems in
defining adequate impact parameter regions can be found, for example, in [25].

2.2.6 Calculation of electron cooling rates from approximation
formulae

In order to compare measured cooling times and cooling rates to theoretical pre-
dictions, a calculation of the damping decrement and hence the friction coefficient
is needed. In the linear regime of the cooling force, the friction coefficient is di-
rectly given by the slope of the cooling force. However, in the general case taking
into account an anisotropic velocity distribution for the electrons and ions, each
force component depends on both, the longitudinal and the transverse velocity
components. That means, in order to calculate a friction coefficient for one com-
ponent by this approach, the ion velocity in the other component would have to
stay fixed, ignoring the fact that the ion velocity is changing in both components
in the cooling process. However, readily derived approximation formulae are avail-
able and will be tested against the measured results in chapt. [4l The calculation
of a cooling rate from these formulae with a simplified approach is shown in the
following.

Spitzer plasma relaxation time for an isotropic velocity distribution

An approach originating from plasma physics turned out to be very useful in order
to get an easily accessible estimate for the electron cooling time. The relaxation
time Tpiasme Of an electron-ion plasma, describing the exponential time constant
that is needed for the ions with temperature 7T; to approach a colder, constant
temperature 7T, of the electrons, has been derived already in the 1940s by L.
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2.2 Electron cooling and diffusion heating

Spitzer [28]:
1 9 3/2
1 dT; 3(4meg)*meM; kgT; N kgT. (2.104)
T — — —_ = n .
" T; di 8v/2mn, Z2eA LEP \ M, Me

It is possible to reproduce the structure of this plasma physics formula also from
the binary collision approach, when assuming an isotropic electron and ion tem-
perature distribution [29]. In addition, for kgT;/M; < kgT./m., the formula can
be simplified and used to explain the basic scaling behaviour of the cooling time:

3(4me)?  MT3?
Tpl =
g 8\/27?64Lcm2/2 Z*n,

The minimum impact parameter for the Coulomb logarithm LgF**" = In pSpitzer /popitzer

can be calculated from the momentum transfer Ap under the assumption that the
electron-ion collision velocity is governed by the isotropic electron velocity spread:

(2.105)

- Ze?
bsztzeT — 2.106
e 47T603k?BT6m6 ( )
The maximum impact parameter is a again identified with the Debye screening
length:

piritzer — X =\ JeokpT,/(n.e?) (2.107)

With this definition, the Coulomb logarithm LZP"*“" is only a function of the
electron density n. and the isotropic electron temperature T,. The relaxation time
Ty describes the time constant of the temperature relaxation process. In the linear
regime of the friction force, it is the relative velocity of the ions and electrons that
decreases exponentially. Due to the relation

1 dy<vii> 114, 1 (2108)

g = — = -
. <@, > dt 2T, dt 27,

where k| | is the damping decrement defined in eqn. , a factor of 2 has to be
considered when comparing 7,; to electron cooling times. Additionally, as discussed
in sect. 2.2.3] another factor of two arises when the cooling process is refered to
the damping of synchrotron oscillations (shrinking of bunch width) or damping
of betatratron oscillations (shrinking of beam profile). Furthermore, the ratio of

the effective electron cooling length L to the circumference Cy of the storage ring,
defined by 1. = L/Cy (9. ~ 0.75m/35.12m ~ 0.021 for the CSR [30]). An isotropic
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2 Electron cooling in ion storage rings

electron cooling rate can be finally calculated from 7, by

r . _1Ine
— 1'Spitzer —
TSpitzer 4 Tpl

(2.109)

Despite the many assumptions that do not fully reflect realistic electron cooling
conditions, cooling time estimates from the Spitzer formula can often be close to
measured results or at least reproduce correct orders of magnitude. eqn. [2.105] is
therefore used to define a scaling parameter
neZ?
o — 2.110
= (2110)
that will be helpful to compare different electron cooling rates and have a measure
of the quality or efficiency of the electron cooling process.

Derbenev and Skrinsky approximation for a flattened velocity distribution

In regions of very small and very large ion velocities, it is possible to derive ap-
proximations of the electron cooling friction force where also a flattened electron
velocity distribution is considered. Asymptotes of the friction force in the linear
regime where v; is small compared to the electron velocity spread, the cooling force
from collisions not influenced by a magnetic guiding field is [31] ( [24] eqn. (43c)):

Filvy) ~ —4var2oCme (A~ (2.111)
(4meg)?me AL A V2

F Y A L 2.112

(o) = -7 WW cl e,L)E (2.112)

The Coulomb logarithm L¢ is calculated with the impact parameters defined by
eqns. & . Different from [24] the full impact parameter range is taken
into account in this Coulomb Logarithm as the magnetic field is disregarded. Note
further that in reference [24] A, = \/ 2kpTe|/me, eqn. [2.111|therefore here appears

with an additional factor 1//2.

The friction coefficients in the linear regime are simply given by
o). = Fj1(vi,1)/vi,. and the electron cooling rates r ; for synchrotron os-
cillation damping and betatron oscillation damping, respectively, are calculated

according to eqns. & [2.69;

. o Meopr _ Me (dFy (i)
Il,L,no field 9 Mz QMZ d/UZ'||7J_

(2.113)
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2.3 Ion beam space charge effects

Derbenev and Skrinsky approximation for a strong magnetic guiding field

Approximations have further been calculated by the same authors Derbenev and
Skrinksy [27] for the collisions which are strongly influenced by a longitudinal
magnetic guiding field, yielding the following formulas for the friction force for
v; < Ay ([24], eqn. 54a,b):

1 4nZ%e*n v;
Fod(y; v - ¢ Lad (g, )——i 2.114
(o)~ = o Crayim, 6 " R a (2114)
. 1 4nZ%*n, “ Vil
FLd('UiL> ~ In (AeH/Uz’L)LCd(Ae\\)i (2.115)

The adiabatic Coulomb logarithm L% (eqn.[2.102)) is calculated with the adiabatic

impact parameters 74" and b"%" (eqns. & [2.101)). As mentioned above, due
to the different definition of A, these formulas here appear with an additional
factor 1/(2v/2).

In the formula for the longitudinal friction force F“ﬁd and F¢ the transverse ion
velocity v;, still appears in the logarithms. Here, the thermal velocity spread of the
ions in the transverse direction A;, will be used for a reasonable approximation,
since it represents the most probable transverse ion velocity. The same is done in
the logarithm in the formula for the transverse force.

Within the low-velocity regime v;; < A the longitudinal cooling rates are
therefore approximated by:

d
o ape e dm
||,L,strong field 9 MZ 2]\4z dUiHVL

(2.116)

2.3 lon beam space charge effects

With an increasing number of stored ions, space charge effects in the beam become
more important. The Coulomb repulsion between the charged particles in the beam
can be seen as a defocusing force, opposed to the focusing force of the ion beam
optics. The immediate result of a lower focusing force along the ion beam orbit
is a reduced number of betatron oscillations and therefore a lower betatron tune
Qm,y-

In the case of a bunched beam, space charge effects play an important role for
the longitudinal density profile and thus the shape of the ion bunches. An in-
creasing space charge potential during electron cooling creates a lower limit for
the bunch length.

Space charge effects belong to the many-particle effects in the ion beam. This
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2 Electron cooling in ion storage rings

section will treat the betatron tune shift and the lower limit of the bunch length
in more detail. Another effect that falls into the category of many-particle effects
is intrabeam-scattering which will be treated in section [2.4]

2.3.1 Space charge tune shift

Two kinds of tune shift that are caused by the ion beam itself have to be distin-
guished. The incoherent space charge tune shift AQ),. describes the direct effect
of the space charge field on the betatron oscillation of a single particle. It is often
also simply labeled as betatron tune shift. In addition, a coherent tune shift AQ.
arises from image charges and image currents that the circulating beam induces in
the beam pipes. Assuming a perfectly round ion beam profile and a perfectly con-
ducting beam pipe, the coherent tune shift AQ. can be shown to be smaller than
the incoherent space charge tune shift by the square of the ratio of the ion beam
radius to the beam pipe radius [32]. In the CSR, where the radius of the beam
pipe is R =5 cm and the ion beam size is in the millimeter range (see sect.
this means that the magnitude of the coherent tune shift is never higher than a
few per cent of the incoherent space charge tune shift. The contribution of AQ.
will therefore be neglected.

The derivation of the incoherent space charge tune shift is shown in detail in [33]
and therefore not repeated here. For a coasting beam it is given by

r,NZ?

A sc ™ T a4 250 o~
e = o angige

(2.117)
where € is the 20-emittance of the ion beam, A its mass number, N the number
of ions, Z its charge state, 5y = vg/c and 7y, are the relativistic factors of the ion
beam and r, = €?/(4megm,c?) is the classical proton radius. For a bunched beam
with bunch length [, and harmonic number h, AQ,. increases by the factor Cy/hly.
The relation above can now be used to define a space charge limit for the maximal
number of ions N,,,, that can be stored in the ring:

Noaz = Bf Zﬂgﬂ 5€*7 A(Q5¢)max (2.118)

where By = hl,/Cy (By =1 for coasting beams and < 1 for bunched beams) ]
The maximal number of stored ions hence can be increased by increasing the

injection energy. Ions are lost when the incoherent tune shift becomes so large

that tune resonances are crossed in the working point diagram fig. 2.2l The tune

5The bunching factor is often also given as the ratio of the average current Iy to the bunch
peak current I,: By = f—o
p
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2.3 Ion beam space charge effects

shift given by eqn. 2.117| will drag the working point (@, @,) to a lower value
(Qz + AQsc, Qy + AQsc) on a diagonal line. A maximum allowed tune shift
(AQs¢)maz = —0.1 can be estimated from the CSR working point diagram.

In addition to collective effects, there is also an effect on the ion focusing from
the electron beam in the electron-ion interaction section. Ideas exist where a co-
propagating low energy electron lens is even used to compensate the ion beam tune
shift by its space charge field that is opposed to the one of the ion beam [34}35].
The tune shift AQ. due to the co-propagating electron beam is given by [34]:

Zﬁ:p, r neL 1— 6056
A(Qe)x,y - 2253 : Y

where L is the electron-ion interaction length, . = v./c is the velocity of the
electrons, n. is the electron density and £, , is the beta function in the interaction
section.

(2.119)

Both effects are calculated and investigated in sect. for a bunched beam
250 keV HeH™ electron cooling experiment.

2.3.2 Space charge limit of ion bunch lengths

In this subsection, the expected longitudinal density profile of an electron cooled
bunched beam will be discussed with respect to space charge effects. As shown
experimentally in sect.[4.2] the linear density profile of an electron cooled ion bunch
can be described by a Gaussian distribution

ZGNb t2
p”(t) = \/%O'b exp <_%‘_§> (212())

where N, is the number of ions in the bunch, Z its charge state and o, the Gaussian
bunch width.

It will be shown here that the space charge potential creates a lower limit for the
bunch length during electron cooling. A self-consistent model for the phase-space
distribution under the influence of the space charge has been published already
in 1979 [36]. Experimental studies in storage rings on space charge dominated
cooled bunched beams have been carried out for example at the TSR for a 50
MeV 2CT beam [37]. At the high energy electron-cooling system at the IUCF the
charge line density distribution has been investigated for bunched proton beams
in a synchrotron [38].

As discussed in sect. for a simplified case, applying electron cooling to
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2 Electron cooling in ion storage rings

a bunched ion beam introduces a friction force that dampens the synchrotron
oscillations of the individual particles in the bunch. As a result, the bunch length
is significantly reduced. Finally the bunch shape will be determined by the balance
between the longitudinal space charge voltage and the rf-bunching voltage. An
important initial assumption for the following calculations is that the longitudinal
motion of the particles is completely decoupled from the transverse motion, which
is justified when the bunch length is much larger than the beam radius [36]. The
longitudinal space charge field is given by [39]:

142 (Rtubﬁ) py (s)

Tbeam

Eo.(s) = (2.121)

dmeyyd Js

where pj(s) is the charge line density and vy is the relativistic factor of the ion
beam. Knowing that the synchrotron oscillation is slow compared to the revolution
frequency and thus does not strongly affect the position of a bunch particle during
one turn, the longitudinal space charge field can be assumed to dominate the ion
motion along s. One further assumes bunches with a short bunch length, where
the phase difference of the particles to the synchronous particle A® = —wrf%
(eqn. is small [37]. From eqn. one then obtains the approximate energy
gain per turn as ZeUeguwyes/vo. On the other hand, the energy gain of a particle
with coordinate s in the longitudinal space charge field is given by ZeFE.(s)Cy. In
equilibrium, this means:

14 2In (Hue) 5, ()

Tbeam

—Ze Co — ZeUuguor— = 0 (2.122)

degyd s Vo

By integration it can be now seen that the charge line density which fulfills the
condition above has a parabolic shape (see also [36])

pi(s) = PRuze (1 - i) : (2.123)

4sy, s,

Integrating the charge line density over the complete bunch length (2s,) yields the
number of charged particles IV, in the bunch

/Sb pi(s)ds = NyZe (2.124)

—Sp

An illustration of this space charge limited parabolic profile is given in fig. 2.13]

The space charge limited bunch length w = s;,/vg in units of temporal bunch
width can finally be calculated from inserting eqn. [2.123| back into eqn. [2.122] (see
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Figure 2.13: Illustration of the parabolic charge line density pj(s) of a sparce
charge limited bunch with bunch length s; in the longitudinal space
charge field Ey.(s).

also [37]) which gives:

o C(’j 3 (1+ 210 (Riuse/Theam)) - 1 2.125)

24m2cteq g h2 B3 Ues s

where [y is the beam velocity vg/c and I = hZeNyvg/Cy is the ion beam current.
The parabolic profile eqn. [2.123| derived in the space charge limit will be com-
pared in sect. with the Gaussian profile from eqn. [2.120]

2.4 Intrabeam-scattering

The charged particles within a bunched or coasting ion beam stored in a storage
ring will undergo Coulomb collisions between each other due to their betatron
oscillations in the transverse directions or synchrotron oscillations in the longitu-
dinal direction. The process of losing ions due to single, large-angle scattering
events out of the acceptance limit is called Touschek effect [40]. Multiple small-
angle Coulomb scattering on the other side leads to an expansion of the ion beam
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2 Electron cooling in ion storage rings

emittance in all three spatial dimensions. Without electron cooling to counter
the spatial expansion by damping the beam oscillations, the IBS effect leads to
a continous diffusion growth until particles leave the acceptance, which reduces
the beam liftetime. The balance of cooling and heating defines the equilibrium
size and temperatures of the beam. In the following, a simplified IBS model is
presented, based on an analytical model discussed in appendix [C] The simplified
model will be tested against measurements presented in chapt. [4.5

2.4.1 Simplified intrabeam-scattering model

Applying the considerations of the analytical IBS model (appendix |C]) to a stored
beam with particles of charge Z and atomic mass A at a non-relativistic velocity
(70 & 1), one arrives at a set of three coupled differential equations [41]:

(2.126)

_ Cifz ﬁgexeyo‘gobh
g; dt Z N

Ci X2 FezeyosCo for unbunched beams

1do; { Z._— N for bunched beams

where ¢;(i = z,y,d) are lattice dependent functions that depend on the beam en-
ergy only weakly and h is the number of circulating bunches. Further, €, and ¢,
are the beam emittances taken to be ¢, = 07/52 and €, = 0, /3] at any position
of the ring with appropriate S functions. In the case of a bunched beam with
Gaussian bunch length oy, the ring circumference Cj is replaced with the number
of bunches times their length.

The three coupled differential equations are simplified by the assumption
that the horizontal and vertical emittances, the square of the momentum spread
and the square of the bunch length are varying proportional to each other [41].
This yields:

L AZ330
, ) ciBefByZ*N
o; dt yeriren

(2.127)

. 4
1do; M% for bunched beams
% for unbunched beams

By introducing the IBS heating term f)i,b for bunched beams and f)mb for un-
bunched beams defined by

. AN

Dy = 22503]1 for bunched beams (2.128)
. AN
D; b ;125300 for unbunched beams (2.129)
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2.5 Electron cooling and diffusion in equilibrium

where ¢; = ¢;3,0,, the simplified and decoupled system of differential equations
can be expressed as:

(2.130)

1do; Di,b /o] for bunched beams
ag; dt n

Di,nb /o] for unbunched beams

with v = 6 for bunched beams and v = 5 for unbunched beams.

eqn. [2.130] can be solved analytically using the substitution u = g}, leading to
du/dt = v’ = yD;. The beam width during the IBS process is given by

oi(t) = (YDt + O’ZO)% for bunched beams (y = 6) (2.131)
oi(t) = (yDimpt + O’ZO)% for unbunched beams (v = 5) (2.132)

2.5 Electron cooling and diffusion in equilibrium

The effects of electron cooling and diffusion heating govern the electron cooling
process. Eventually, an equilibrium situation develops that defines the properties
of a stable, electron-cooled ion beam. In order to obtain the time evolution of the
ion distribution function in phase-space, the Fokker-Planck equation, introduced
in sect. has to be solved. The general procedure is to insert the expressions
for the friction force F' and diffusion D. However, this usually requires a numerical
approach. Another complication comes from the fact that the force and the dif-
fusion can depend on the distribution itself [24]. Therefore two simplifications are
assumed that are relevant in the thermal equilibrium: the diffusion in the cooling
process is constant and the electron cooling friction force is proportional to the ion
velocity (linear cooling regime). Moreover, the degrees of freedom are considered
seperately. In such a case, the velocity distribution function is described by a

Gaussian
1 v}

When this p(v;) is inserted into the Fokker-Planck eqn. a differential equation
for the time dependence of o,, is obtained:

1 doy, o D; 1 do,, 1 do,,
il NS T i — 2.134
Ov; dt MZ N 0-1211' (Uvi dt )cool N (U”i dt )heat ( )
This equation can be used to obtain the cooling to an equilibrium under a con-
stant diffusion D;, described by the second term on the right hand side ( [24],
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2 Electron cooling in ion storage rings

chapter 4).
Analogously to the simplified IBS model in sect. 2.4.1], this second term is re-

placed by the IBS heating rates, yielding (knowing that o; is proportional to o,,
for the stored beam):

il :—i—i—— Wlth{7

6

, for bunched beams
9,

Dy
Di,nb for unbunched beams

D (2.135)
g; dt Mz 0'7 Y ﬁl ‘

2

where «;/M; = k; (eqn. [2.66]).
This differential equation can again be solved using the substitution u = o7,
leading to

d -
dt
and the solution
0i(t) = [aexp (—vkit) + "7 (2.137)
where
a = 0jg—0ly (2.138)
c = 0]y (2.139)

with the starting beam width o; ¢ and the equilibrium beam width

ivo = V| D;/ki (2.140)

This describes the equilibrium width with IBS and electron cooling working simul-
taneously.

With D; as defined in eqns. [2.128] & [2.129]

v ki% for bunched beams (y = 6)

Tioo = (2.141)

o/ ki jégggo for unbunched beams (v = 5)

eqn. [2.141f predicts a scaling behaviour of 0;, o< N /7 This will be tested
and discussed in sect. [£.6.2] for an electron cooling experiment with bunched beam
HeH*.
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3 The CSR electron-ion merged-beam
setup

In this section, the implementation of the electron-ion merged beam setup into the
electrostatic cryogenic storage ring CSR is presented. Therefore the section starts
with a brief overview of the CSR facility and its most important features. The
production of cold electron beams with a GaAs photocathode setup and important
electron beam properties are discussed.

The general structure and magnet design as well as the implementation of the
setup in the CSR cryostat, realized in the course of this work, are presented. The
section concludes with a series of electron beam profile measurements.

3.1 Overview of the CSR facility

The CSR [13] is an electrostatic storage ring where ions can be stored in a closed
orbit of 35 m. Ions are injected from a high voltage platform that is equipped with
a variety of ion sources that allows for a broad range of storable ions. The kinetic
energy range of the ions is 20-300 keV per charge unit, limited by the maximum
voltage of the platform and other electrodes in the ring.

A schematic overview of the facility is shown in fig. [3.I] The ring has a four-
fold symmetry with equal sets of ion-optical elements in each corner, consisting
of two quadrupole electrodes, two 6° minor bending electrodes and two 39° major
bending electrodes. Three of the four field-free straight sections are reserved for
experiments, one section is dedicated exclusively for ion beam diagnostics.

An rf-bunching system is located in the straight section opposing the diagnostic
section. A special feature of the CSR is the possibility to cool the experimental
chambers, that are enclosed in a cryostat’s isolation vacuum, down to only a few
Kelvin by a liquid helium refrigerator system. Due to the extremely low vacuum
realized in this cryogenic environment, ion storage times of several 100 s have been
observed. The long storage time and the low temperature blackbody radiation
field allows infra-red active molecules stored in the CSR to equilibrate to lowest
vibrational and rotational quantum states.

Several types of ion reactions are studied in the CSR. In the electron-ion merged
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Figure 3.1: Schematic overview of the CSR facility at the MPIK.

beam section not only collisional reactions of electrons and ions, but also photon-
ion reactions can be investigated with a merged- or crossed-beam laser setup.
Reaction products can be analyzed by two types of MCP detector systems.
Charged fragments that leave the closed orbit of the stored ions can be detected
by a COld MOvable PArticle CounTer (COMPACT). A second detector (Neutral
Imaging in Cold Environment, NICE) is equipped to count neutral fragments
with high position-sensitivity and high time precision. Imaging experiments with
respect to electron cooling measured with this detector are presented in sect. [4.4]
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3.2 GaAs photocathode cold electron source

Furthermore, a merged-beam setup that studies collisions of ions with neutral
atoms has been added to the CSR facility recently.

3.2 GaAs photocathode cold electron source

In this section the electron beam production for the electron-ion merged beam
setup is presented. Photocathode electron sources offer the possibility to produce
electron beams that have lower initial energy spreads than those from conventional
thermocathodes. A setup for the extraction of dense electron beams from such
a source has been designed for operation at the TSR electron target in previous
works |16}/42,/43]. After the shutdown of the TSR in 2012, the setup was transfered
to the CSR and taken into operation at the electron-ion merged beam setup as
part of this work. Following an overview of the photocathode setup, further means
of reducing the electron beam temperature, adiabatic magnetic expansion and
kinematic compression, are presented.

3.2.1 NEA GaAs photocathodes

In the photocathode setup, p-doped GaAs semiconductor surfaces are coated with
monolayers of cesium and oxygen (see fig. (a)). As a result a surface state
of so-called Negative Electron Affinity is reached, where the vacuum level at the
surface is reduced below the conduction band minimum [44]. The emission process
of electrons that are excited into the conduction band by laser illumination from
the back (transmission mode) is sketched in fig. (b).

In the conduction band, electrons thermalize into a Boltzmann distribution that
is defined by the temperature of the crystal and drift towards the crystal surface.
The electron can escape into the vacuum by tunneling through the thin potential
barrier created by the (Cs,O) layer. This can happen either directly, or after
they lost energy in processes like scattering with surface defect states or phonon
emission [45]. In the latter case, electrons leave the crystal with a much broader
energy distribution. However, when operating the electron beam extraction in
the so called space-charge limited mode (see further discussion below), high laser
intensities and low extraction voltages cause the accumulation of an electron cloud
in front of the crystal surface. Very slow electrons are blocked by this potential
and the energy distribution of the extracted electrons in this mode is again given
by their initial distribution in the bulk GaAs [46,47]. With the NEA GaAs(Cs,0)
photocathodes available at the CSR photocathode setup, quantum yields of up to
~20% can be reached.
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3 The CSR electron-ion merged-beam setup

3.2.2 The electron gun design

The electron gun is designed in a so-called Pierce geometry [48], shown in fig.
(¢), and embedded in a high-field solenoid (compare fig. [3.4). The guiding field
of typically 2.0-2.5 kG in the gun region prevents a transverse blow-up of the
beam. Electrons are excited with a 808 nm laser (Coherent F6-808-3-2400C) with
a typical output power of up to 1 W. The photocathode holder is pressed by a
spring onto a copper surface by a spring that is aligned with the gun electrodes.
Versus ground, the cathode is held at a potential of —U,. The Pierce shield with
an aperture diameter of 3 mm is an important tool for shaping the electron beam
(see also sect. and typically set to voltages of about +3 V with respect to
the cathode potential. The extraction electrode is usally set to +15 V. The use
of an intermediate acceleration electrode has turned out to be not necessary and
it is therefore connected with the extraction electrode. Following the extraction,
the electrons enter a 25 cm long drift tube before magnetic expansion takes place
upon leaving the high solenoidal field. This is called the barrier electrode and held
to a small positive voltage U, with respect to ground. It accelerates the electrons
to Uy + U,. Tons produced by electron collisions with residual gas in the grounded
regions are rejected by the barrier potential U,.

Space-charge limited electron gun operation

Two modes of electron extraction are possible for the electron gun. In the current-
limited mode, high extraction voltage or low laser intensities result in the extrac-
tion of every electron that is emitted from the crystal surface. The emitted current
does not depend on the extraction potential, but is defined by the laser intensity
and the quantum yield of the photocathode.

In the space-charge limited mode, the electron current I, that can be extracted
from the cathode is related to the extraction voltage U.,; by the Child-Langmuir
law [24]:

]e = p(]ci{t2 (31)

where the perveance p is a gun geometry-dependent parameter with unit 1 perv =
ﬁ.Operating in this extraction mode has the advantage that one is independent
from any fluctuations of the laser intensity as well as degradation of the photo-
cathode surface layers which affects the quantum yield.

The extracted current from the electron gun that is collected by a Faraday cup
(see sect. [3.7)) is shown in fig. (a) as a function of the laser intensity. For an
extraction voltage of U.,; = 15 V the space-charge limited regime is reached at
about 600 mA operating current of the laser diode, corresponding to a laser power
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3.2 GaAs photocathode cold electron source
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Figure 3.2: GaAs-photocathode cold electron source (figures taken from , (c)
partly modified).

of ~ 50 mW.

fig. (b) shows the electron current as a function of the extraction voltage
(with respect to the cathode potential) for a laser current of 1000 mA (~150 mW)
and three different Pierce voltage settings. After a certain threshold extraction
voltage is reached, the electron current is clearly described by the space-charge
law. The perveance of the electron gun can be extracted from a fit of the function
I. = a(Ueyt — Uy f)3/ 2 to the space-charge limited regime of the extraction curves.
For a pierce voltage of 3.0 V, we find Uysy =~ 0 and a = p = 0.5 pperv. This is the
usual operation mode of the electron gun at the CSR.
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Figure 3.3: Photocathode electron gun operation in the space charge limited
mode.

3.3 Magnetized electron beam temperatures

The velocity distribution of the electron beam in the electron-ion merged-beam
section, given by the electron beam temperatures, determines the electron cooling
force (eqn. . Furthermore, from the point of view where the merged-beam
setup is used as an electron target for collision experiments, exact knowledge of
this distribution is needed in order to deconvolve measured recombination rates to
specify reaction cross sections [49].

Analogously to sect. 2.1.3] the temperatures of the electron beam in the co-
moving frame are seperated into a longitudinal and transverse component that are

defined by:

1 1

ikTe” = imeAg” (32)
1

KT, = 5meAgL (3.3)

(3.4)

where A, | are the transverse and longitudinal electron velocity spread, respec-
tively. With this definition

A = oy (3.5)

el
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3.3 Magnetized electron beam temperatures

In the general case o, # 0,,

kT,p = meor, (3.6)
kTey = meagy (37)
the transverse beam temperature is defined by
1
T., = 3 (I, +T,) (3.8)
_ 1 2 2\ _ 1 2
k’TCJ_ = ime (U,Ux + O-,Uy> = §m6A€L (39)

3.3.1 Adiabatic magnetic expansion

The initial transverse temperature of the extracted electron beam can be reduced
by an adiabatic expansion of the solenoidal guiding field B. The electrons move
on spirals around the magnetic field lines with the cyclotron frequency

eB
. = 3.10
we = (3.10)
and spiral radius
MeVe
= 3.11
re= "5 (3.11)

The longitudinal distance \. that is travelled by an electron during one cyclotron
spiral is then given by

Ae = 2L = 9p 0l

" e (3.12)

When the magnetic field strength B is varied along the beam slowly enough,

@
dz

<5 (3.13)
A '

the ratio (F) /B remains constant in the electron beam [50,51].
An adiabatic magnetic expansion of an initial field B; to a final field B; by
expansion factor

B;

= — 3.14
=5 (3.14)
thus reduces [51] the mean transverse energy (F ) and thereby T by

T\,
T f=—-. 3.15
L= (3.15)
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3 The CSR electron-ion merged-beam setup

Furthermore, the reduction of the transverse temperature is accompanied by an
increase of the electron beam radius R. According to the invariant R?B = const
[28], the final expanded beam radius is given by

Ry = +a- R, (3.16)

A reduction of the transverse temperature 7| by adiabatic magnetic expansion is
hence always accompanied by a decrease of the electron beam density n..

3.3.2 Longitudinal temperature

The longitudinal temperature component becomes significantly reduced compared
to the inital temperature in the laboratory frame due to the electrostatic accelera-
tion of the electrons. After their emission from the cathode with initial temperature
T, and acceleration by the potential Uy, the final longitudinal temperature is given
by [17]:

a—1\?\ kgT? e2nl/3
kgT) = (1 < < 1
Bl ( +< o} ) ) 2k, = 4Teg (3.17)

The term kgT?/(2E.) describes the kinematic compression due to the acceleration.
The final expression in eqn. is obtained by taking into account contributions
of temperature relaxation effects between the two degrees of freedom. Namely
these effects are transverse-longitudinal-relaxation (TLR), caused by energy being
shifted from the transverse to the longitudinal degree of freedom during adiabatic
magnetic expansion with expansion factor « (see below), and the electron den-
sity dependent longitudinal-longitudinal-relaxation (LLR). The LLR effect occurs
when the initially disordered electron cloud will restructure during the longitudinal
acceleration in order to minimize its potential energy. This is achieved by transfer-
ring potential energy into kinetic energy and hence contributies to the longitudinal
temperature [52]. The factor C' is a measure of the adiabaticity of the acceleration
process. For the rather fast acceleration at the photocathode by potentials on the
order of tens of eV, C' =~ 1.9 [52].

3.3.3 Electron velocity distribution
Due to the much stronger compression of the longitudinal temperature as com-

pared to the transverse temperature which is not affected by the electrostatic
acceleration, the velocity distribution of the electron beam is highly anisotropic
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3.4 Magnetic guiding field for electron beam transport

Table 3.1: Typical electron beam operational settings for electron cooling of the
ion species investigated in this work and corresponding electron beam
temperatures. The electron density n. in the electron-ion interaction
region is calculated with an estimated effective cathode radius 1.1 mm

(sect. . T follows from eqn. [3.17| with C' = 1.9.

E. [eV] a I [pA] ne [10° em™]) T., [meV] T,y [peV]

250 keV HeH™ 27.3 21.59 27.0 6.6 ~2 90
250 keV HD™ 45.7 30 34.7 4.3 ~2 78

250 keV OF 8.6 30 31.2 11.3 ~2 163
1.39 MeV FOF 46.1 21.59 14.4 2.9 ~2 66

and thus can be described by a flattened Maxwellian distribution:

L\ <'§L+(“e"§”el>)2>

me me I an i

7y = / 1
f () <21~CBTl k5T 7r3/2>6 (3.18)

The attainable transverse temperature of electron beams produced with the
GaAs-photocathode has been measured in 2007 when the photo-electron gun was
still in operation at the TSR. By measuring very narrow (less than 0.1 meV half
width) dielectronic recombination resonances of F* forming F°* in an electron-ion
merged beam experiment, the transverse electron temperature could be obtained
from a fit of such a resonance where the transverse and longitudinal temperature
are the only free fit parameters [46]. For an expansion factor of & = 20 and typical
electron density n, ~ 1-10° cm™ a transverse temperature of T, = 2.3(2) meV is
fitted. An expansion factor of o = 40 yields a lower value of T, = 1.6(1) meV.

At the CSR electron-ion merged beam setup, where no dedicated measurement
of the electron beam temperatures has been performed yet, one thus estimates
T., ~ 2 meV wherever the transverse electron temperature is needed to calculate
cooling rates (see sect. [4.2.4] and [4.4.2). A summary of typical electron beam
properties in the electron cooling operation for the different ion species treated in
this work can be found in table [3.1]

3.4 Magnetic guiding field for electron beam
transport

The structure of the longitudinal magnetic guiding field of the electron-ion merged-
beam setup has been created in this work and is shown in fig. It differs from
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3 The CSR electron-ion merged-beam setup

designs of magnetic guiding fields in conventional high-energy electron coolers [24].
In these S- or U-shaped designs electrons are bent into (and out of) the merging
plane horizontally by magnetic toroids that have rather large openings for the ion
beam. The inhomogenity of the magnetic field in these areas of the toroids cause a
vertical deflection of the ion beam that is corrected for with dipole compensation
coils. However, such a horizontal merging scheme is not suitable for typically slow
and light ion beams stored in the CSR where the deflection due to their low rigi-
tidy would become so large that it can not be corrected anymore by simple dipole
coils.

For this reason, the merging and de-merging of the electron beam into the ion
beam plane is performed by a combined dipole and solenoidal field. As proposed
by [53] in the early design phase of the setup, the electron trajectory starts above
the ring plane. After a 90° bend in a toiroid, the beam is merged down into
the ion beam orbit by a seperate dipole-like field. This net field experienced by
the ion beam in this arrangement is much more uniform than a toiroidal bending
field. The remaining deflection of the ions in this field can (as in the standard
setup) be corrected by dipole correction coils before and after the merged-beam
section. The realization of the proposed scheme into a magnetic field design that
is suitable to be implemented into the CSR has been done by A. Shornikov [54].
The design phase has been completed and the final construction phase of the me-
chanical components was started by S. Vogel |30], while the final construction of
the components and their assembly in the complete system was performed in the
present work.

An overview of the magnetic structure and its individual components is shown
in fig. [3.4l The setup can be divided into five parts: the electron beam production
section, the merging section, the interaction section, the de-merging section and
the electron collector section.

The beam axis of the electron beam production section is built 140 mm above
the ion beam orbit of the CSR. The photoelectron gun is embedded in a high-field
solenoid typically operated at fields of 2000-2500 G. Upon leaving the high-field
solenoid, the electrons enter a field of typically 200-250 Gauss, created by three
smaller copper solenoids. This is the area of the first magnetic expansion of the
electron beam.

The transition from the room temperature beamline into the CSR cryostat takes
place when the beam enters the toroidal solenoid. In the toroid, electrons first ex-
perience a 90° bend to be parallel to the ion beam orbit. The merging with the
ion beam is then realized by another 30° bend downwards in the toroid, using
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3.4 Magnetic guiding field for electron beam transport
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Figure 3.4: Overview of the CSR electron electron-ion merged-beam setup mag-
netic structure (modified from [30]).

the above mentioned dipole merging field. The latter is realized by four racetrack
coils, two of them positioned above and two of them below the ion beam orbit
(“Merging vertical” coils). The racetrack coils are located inside the field of an-
other solenoidal magnet, labeled as merging solenoid. All these components are
housed in the CSR cryostat and were home built using high-temperature super-
conducting material (HTS).

The second magnetic expansion with o = 2 takes place in the transition of the
merging section into the interaction section. A small 34 mm wide field gap at both
ends of the interaction section (compare fig. [3.19| (c)) is necessary to leave space
for electrical feedthroughs to the interaction drift tube electrodes, viewports for
a crossed beam laser setup, and feedthroughs for the rotary drives of the beam
wire scanners (scrapers) (see sect.[3.6.1). The interaction solenoid is therefore split
into two smaller solenoids (47 mm) and the main interaction solenoid (944 mm).
The length of the drift tube assembly in the main solenoid’s field is 870 mm. The
magnetic field dependence along this region will be presented below (fig. [3.19|(c)).

The de-merging of the electrons is performed symmetrically to the merging,
with the dipole merging field now obviously being directed upwards. Three copper
solenoids operated at the identical field as in the electron production are placed in
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3 The CSR electron-ion merged-beam setup

the electron collector section. With the electron collector cup the electron current
is monitored continously and it is routineously used to measure transverse elec-
tron beam profiles. The setup is equipped with a blocking electrode that can be
used to decelerate the electron beam, and can thus in principal be operated as a
retarding field analyzer. The electron collector section and electron beam profile
measurements are described in more detail in sect. 3.7

Two sets of dipole correction coils (“compensator pairs”), also built from HTS
material, are placed in front of and behind the interaction region to compensate
for the influence of the merging field onto the ion beam. During the storage of a
250 keV HeH™ beam it has been observed that the influence of the merging field
is so small, that even without operating the correction coils the ion beam is not lost.

The connections of the HTS magnets are realized in a way that in total only
8 connections (4 pairs of current inputs and outputs) and hence only four power
supplies are needed to operate the magnetic guiding and merging field as well
as the correction coils. All solenoidal magnets are connected in series with the
same power supply. The same is true for the two sets of four racetrack coils
in the merging (demerging) section that create the dipole merging (demerging)
field. Furthermore, the two outer and inner sets of ion beam correction coils are
connected to a single power supply, respectievely (see also table . The design
currents and corresponding fields of the HT'S magnets are summarized in table[3.2]
In addition, several steering coils wound from copper wire are placed in the room
temperature beamline parts as well as in the cryogenic region for minor corrections
of the electron beam position and angle.

3.5 Realization of the setup in the CSR

The implementation of the mechanical structure of the electron-ion merged-beam
setup into the very confined space in its dedicated section in the CSR has been a
challenging task. This section will give a summary of the final setup and some key
features for the operation will be discussed.

Fig. shows an overview of the electron-ion merged beam setup inside the
CSR. The GaAs-photocathode setup (1) is rather sizable due its set of separate
vacuum chambers for photocathode coating and crystal surface cleaning [46]. The
transfer of prepared photocathodes between these chambers and the transfer into
the elelectron gun chamber (electron beam production beamline) are performed
with vacuum manipulators (2). The vacuum of the room temperature beamlines
can be separated from the cryogenic part by two full metal valves (3). The electron
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3.5 Realization of the setup in the CSR

Table 3.2: Design values for the HTS currents for operating at 250 G solenoidal
field and 125 G in the interaction solenoid (defined by expansion o = 2
in this region) [30]. The HTS currents for operating at an interaction
solenoidal field of about 90 G that have been found experimentally
in this work to be most suitable regarding heat input. Optimized

current settings for electron beam transport and ion beam storage
differ slightly (compare sect. [3.7 and sect. [4.1).

HTS magnet Iyrs (design) [A]  Igrs (this work) [A]
Toroids 76 60.8
Merging Solenoids 76 60.8
Interaction Solenoids 76 60.8
Merging Verticals 60 40
Compensator Pair 1 68 54.5
Compensator Pair 2 69 55.2

collector (4) is located above the high-voltage platform (5) where power supplies
for drift tubes in the interaction region and the electron gun potentials are in-
stalled (for the complete scheme of the electronic circuit see sect. [3.5.1). A cold
head and heat exchanger (6) as well as the compressors and flow regulation (7) of
a closed-cycle HTS coil-cooling system (sect. are located on top of the CSR
cryostat.

A photograph of the cryogenic part of the merged-beam structure is shown in
fig. (a). Here, a horizontal cover on the outside of the CSR is lifted from the
outer cryostat wall (1). In order to view the inside of the merged-beam struc-
ture in the CSR isolation vacuum, the thermal shield (2) and the multilayer-
superinsulation foil (3) have to be dismounted.

In the view of the cryogenic part (fig. (a)), the iron shields of the HTS
magnets in the interaction and merging section are labeled by (4) and (11), re-
spectively. Two high-purity aluminum terminal plates (5) are mounted below the
interaction solenoid. The current leads (25 mm? flexible Cu lines) coming from
the warm electrical feedthroughs of the cryostat wall are first thermally anchored
on these cooled plates. The same is done for any kind of signal leads, for example
about 100 temperature sensor cables that are distributed all over the cryogenic
part.

Several cooling helium lines at different temperature stages between 2 K and 80
K are available in the CSR isolation vacuum [13]. The terminal plates (5) and the
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Figure 3.5: Photograph of the electron-ion merged-beam setup: (1) GaAs-
Photocathode setup, (2) vacuum manipulators, (3) full metal valves,
(4) electron collector, (5) HV platform, (6) cooling tower, (7) cooling
system compressors.

thermal shield (2) are in the usual cold operation of the ring connected to the 80 K
line. The beamline vacuum chambers are connected to the 2 K liquid helium line.
This is demonstrated by label (8) where a copper band that is fixed to one of the
2 K copper cooling blocks is guided through the gap between the small solenoid
and the main solenoid and connected to the interaction region vacuum chamber.
In order to shield the cold vacuum chamber from heat leaking through this gap
section, the area is enclosed as well as possible by several layers of bakeable mul-
tilayer insulation (10). The inlet and outlet of the HTS coil-cooling system are
marked by labels (14) and (15), respectively.

Special care has to be taken for the current distribution to the HT'S magnets. At
the design current values given in table that have been the initial test currents
in the commissioning phase, a thermal power input on the terminal plates of ~5.5
W per connection pair is estimated solely from the electrical power. Another ~3.5
W per pair have to be added for the heat conduction via the 1.6 m long and
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3.5 Realization of the setup in the CSR

25 mm? thick copper cables from the room temperature cryostat wall electrical
feedthrough to the terminal plate. The operation of the HTS magnets at the
design values hence yields a thermal power of about 35 W, which is with roughly
40% of the total estimated thermal power the biggest contribution on the terminal
plates and hence on the 80 K cooling line of the CSR [30].

In order to keep this heat input on the 80 K line decoupled from the HTS coil-
cooling system (sect. as efficiently as possible, the anchoring on the terminal
plate is constructed as shown in fig. (b). The decoupling scheme with details
of the construction elements is presented in fig. (¢). The main element of the
design is a flat copper connecting bar that is put on top of a sapphire piece. The
sapphire piece and the copper bar are pressed onto the terminal plate by a block of
PEFEK insulator material that is attached to the terminal plate by screws in four
positions. The copper bar is thus electrically isolated from the aluminum plate,
but has a very good thermal contact. The latter is improved even further by a
thin layer of silver foil between the sapphire and the terminal plate. The copper
cable is attached to one end of the connecting strip, while the other end is used to
realize a thermally decoupled current lead transition to the HTS magnets. This
is done by using the same type of HTS band wire that is used in the production
of the HTS magnets themselves. The HTS wire is indium-soldered to a copper
piece that functions as electrical connection to the copper bar. The HTS band is
then mounted onto copper rails (see also (a), label (12)) that are guided close to
the current leads of the respective HT'S magnets, where the last few cm are again
connected by flexible copper cables. To ensure sufficient cooling below the critical
temperature of 100 K for the superconducting transport line, the copper rails have
several thermal connection points to the HTS coil cooling system gas tubes (see
e.g. (a), label (13). The copper rails are fixed to the copper bar on the terminal
with an insulating teflon piece whose only function is to keep the copper rails in
place. The electrical connections are hence only realized by the superconducting
wire. These superconducting wire lines are used to distribute the current over
several meters inside the isolation vacuum. Ohmic heating from the connecting
cables could be significantly reduced by this design.
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(a) Realization of the cryogenic part of the electron-ion merged-beam setup inside the CSR
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Figure 3.6: Transition of the HTS magnets copper current line to a supercon-
ducting wire distribution line on the 80 K terminal plates.
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Figure 3.7: Schematic of electron beam formation electrodes and potentials in
the electron gun.

3.5.1 High voltage platform and electronic circuit

An overview of the potentials for beam formation in the electron gun is given in
fig.[3.7 The various electrode voltages are set with the help of an isolated platform
held at the cathode potential Uy with resepect to ground, called the high voltage
platform (see also [55]). The kinetic energy of the electrons (see fig. in the
CSR region is basically set by Uj.

The electronic circuit of the electron-ion merged-beam setup is shown in fig. [3.8|
For the purpose of describing the principle of the circuit, the setup can be divided
into three parts, the electron gun part, the interaction region with the drift tube
assembly and the electron collector part.

The potentials for the individual gun and collector electrodes are set by power
supplies inside a high voltage platform. The platform ground potential, defining
the cathode potential in the electron gun, can be set by either solely a slow, but
stable power supply of the model Iseg EHQ. On top of that, a fast-switchable
bipolar Kepco power supply is used for a detuning of the platform potential and
hence a detuning of the electron energy (see sect. for further details).
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3 The CSR electron-ion merged-beam setup

In the interaction region, the electron energy can further be tuned by entering
an assembly of drift tubes, held on potential U;,,; such that basically Ejyiy . = eUspn:
instead of Uy. An amplifier box on the high voltage platform is used to control
the interaction region drift tubes. The drift tubes are assembled symmetrically
to the center of the interaction region, with two longer 333 mm electrodes in the
middle and three shorter 30 mm long electrodes on each side. The idea of having
several stacked electrodes instead of one single, long drift tube is the ability to
have very smooth potential transitions along the drift region. The last three drift
tube electrodes in beam direction also have a vertical cut (marked by golden and
blue electrode pairs in fig. |3.8]), which allows to set a potential across the radial
direction of the beam axis. This is necessary to extract ions that are produced
by electron impact ionization with rest gas ions and can be caught in the radial
space charge potential of the electron beam. This set of electrodes are hence called
clearing electrodes.

In the electron collector part, the electrons hit a main cup at U,,. with respect to
the cathode. The cup has a pin hole through which some electrons may continue
to a retarding field anaylzer where the longitudinal electron energy distribution
can be obtained from deceleration of the electrons with the retarding potential
Uper [4856]. The current through the pin hole is also used for electron beam pro-
file measurements (see sect. [3.7). Here, no retarding potential is needed and the
collector electrodes are mainly grounded.

Two distinct control systems are placed on the platform for setting and reading
parameters. A commercial Nationals Instruments USB 6343 DAQ) card is used for
parameters that need fast switching times, for example the drift tube voltages and
the cathode potential detuning with the Kepco power supply. Parameters that
will be operated mostly at fixed or slowly changing values are controlled with the
in-house developed Eunet control system. A terminal PC communicates with the
DAQ card via an USB to fiber converter. The Eunet cards on the platform are
connected with an ethernet to fiber converter to their own server network.
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Electronic circuit of the CSR electron-ion merged-beam setup.

Figure 3.8
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3.5.2 Electron cooler as a cold-electron target

With the implementation of the electronic circuit as introduced in the previous
section [3.5.1] the electron-ion merged beam setup is not limited to the operation
as a low-energy electron cooling device, but also represents a versatile tool for
studying electron-ion collision experiments in a cryogenic environment as realized
in the CSR. The concept of using the merged-beam setup as a cold-electron target
shall be briefly introduced here.

Non-zero collision energies in the electron-ion interaction region are realized by
detuning the electron energy F, from the cooling energy F..,; at matched velocities

Me

Ecool - M

E; (3.19)
where F; and M; are the energy and mass of the stored ion species. The detuned en-
ergy Fy, representing the electron-ion collision energy in the center-of-mass frame,
is then given by

L

E;, = g (3.20)

_ (\/E _ \/5702 (3.21)

where
U= v, — U, (3.22)

is the detuned relative electron-ion velocity and an ideal situation is assumed where
the electron beam and ion beam are overlapped perfectly parallel to each other.
At lowest detuned velocities, the collision energy Fy has a spread that is deter-
mined by the velocity distribution of the electron beam (eqn. [3.18). In order to
perform high-precision collision studies, the use of a cold electron beam (sect.
is therefore extremely advantageous.

As mentioned above, a fast detuning of the electron energy is realized with the
fast-switchable Kepco power supply located on the high voltage platform of the
merged-beam setup. With this technique, where the electron energy is quickly

2
“wobbled” between E,,,; and E, = (\/Ecool + \/Ed) in a controlled way, electron-
ion collision energies can be scanned with high precision while intermittent electron
cooling will guarantee a low-emittance of the stored ion beam.
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3.5 Realization of the setup in the CSR

3.5.3 Performance of the HTS coil-cooling system

The CSR electron-ion merged beam setup is equipped with its own closed-cycle
cooling system for the operation of the superconducting magnets (compare fig. ,
independent from the He-cooling circuit of the CSR. The system has been designed
and developed by A. Shornikov and has later been extended with an automatized
flow regulation and stabilization by J. Lion [57]. The construction and commis-
sioning of the cooling system with a HT'S prototype magnet is described in [54].

In the original design of the cooling system, neon was foreseen as a suitable
cooling medium. Neon has the advantage that it starts to become liquid at tem-
peratures below 30 K. A significant amount of heat can be absorbed due to the
high enthalpy that is available in the transition from the gas phase to the liquid
phase. However, special care has to be taken regarding the freezing point of neon
at 24.5 K. An additional heater is installed that prevents the freezing of neon on
the cold head surface and a clogging of the cooling circuit, which would have the
dangerous result of a quenching of the HTS magnets. In the commissioning phase
of the electron-ion merged-beam setup, it was decided that the first start of the
cooling system will be performed with helium gas instead of neon. It turned out
that, in spite of its lower heat capacity, the operation of the cooling system with
helium gas can still achieve temperatures that are cold enough for the operation
of the HT'S magnets at the desired currents, this appears as a preferable choice for
the cooling medium of the system. Operating with helium does not require a stabi-
lization system for the cold head temperature and avoids possible sources of failure.

fig. shows the simplified working principle scheme of the HTS coil-cooling
system used in the present work. Helium gas is filled into the closed circle via a
pressure regulation valve (PRV). Compressors (Comp) are located on a table on
top of the CSR cryostat and circulate the gas through the system. The gas flow is
regulated by manual control valve (CV) and an automatic valve (AV). The latter is
regulated in response to the mass flow meter measurement with the goal of keeping
a stabilized flow at a set value. The warm gas from the compressor table is pre-
cooled in a counterflow heat exchanger. In the case of neon operation, the phase
transition would take place in the condenser that is cooled by the cold head (Ley-
bold Coolpower, model 140T). The gas flow is then guided by two feedthroughs
from the cooling tower cryostat into the isolation vacuum of the CSR cryostat.
There, the cooling gas flow through the HT'S magnets is realized by stainless steel
tubes of 4 mm inner diameter (fig. [3.6| (a), (14) and (15)).

The temperature evolution of several HT'S magnets upon turning on the cool-
ing system with helium gas in the start of the 2018 beamtime is monitored with
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Figure 3.9: Working principle of the HT'S coil-cooling system, modified from [54]
for the present mode of operation at the CSR.

PT1000 sensors distributed in the isolation vacuum and documented in fig.
The compressors are turned on at ¢ = 2 hrs, when the cold head reached a tem-
perature of about 100 K. The gas flow is initially set to a value of 4 1/s, with a
pressure of 1 bar in the gas tubes in the CSR. After 20 minutes, this pressure is
increased to 2 bar by refilling warm helium into the cycle. This immediately heats
up the tempreature sensor located very close to the inlet of the cooling tubes in
the CSR cryostat. During the next 35 minutes the flow is increased further in
small steps up to 9 1/s.

The flow is directed first to the gunside HTS magnets which explains that an
initial heating is visible for the gunside toroid and short solenoid, while e.g. the
collectorside toroid is continously cooled. A final, bigger increase of the flow from
9 1/s to 15 1/s is performed at ¢ = 3.2 hrs. The cooling system is kept running
in this setting for about 15 hrs, before another smaller flow increase to 17 1/s. It
takes about 24 hrs until the temperatures of the HTS magnets approach a stable
value between ~25-40 K. This demonstrates that operating the cooling system
with helium guarantees magnet temperatures well below the critical temperature
of 100 K of the HTS wire.
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Figure 3.10: Effect of starting the HTS coil-cooling system with helium gas.

Only the terminals of the magnet current leads that are connected to the CSR
cooling line (80 K shield layer) are almost unaffected by turning on the HTS coil-
cooling system. However, a very slow temperature decrease can be observed after
24 hrs of operation, indicating a weak coupling between the two cooling lines. The
temperature of the collectorside terminal for example stays below 60 K. Since the
HTS wires for current distribution (figs. (b) and (c)) are directly connected

to this temperature stage, this value has to be observed during the HTS magnet
operation to avoid excess temperatures.

The effect of starting the HT'S magnets with currents of about 40-60 A (see
table is shown in fig.|3.11] The magnets are started at ¢ ~ 1.7 hrs and turned
off again at ¢t ~ 13 hrs. They heat up only by a few degrees demonstrating a
very efficient cooling by the coil-cooling system. As expected, the heating effect
is much stronger on the terminal plates due to the resistive heating of the thick
copper wires. However, the terminals equilibrate at a temperature of about 70
K and there is still a lot of tolerance to the critical temperature of 100 K. The
magnets have finally been operated several days in a row at stable temperature
conditions. This is an important achievement considering the aim of long-term,
continuous measuring phases during beamtime operation.
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Figure 3.11: Temperature evolution of the HTS magnets and the terminal plates
(orange line) during magnet operation.
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3.6 CSR ion beam diagnostics for electron cooling studies

3.6 CSR ion beam diagnostics for electron cooling
studies

The CSR facility offers a rich set of non-destructive ion beam diagnostic tools [30]
that can also be employed for the demonstration of electron cooling. In addition,
the electron-ion merged beam section is equipped with two rotating wire scanners
that can be used to find the beam position of both, electron and ion beam, and
confirm their geometrical overlap in the interaction region. A brief overview of
these important techniques for the electron cooling operation and the underlying
working principles will be presented here.

3.6.1 Wire scanner beam position measurements

Due to the very limited space, two wire scanners (simply called scrapers) are used
in the electron-ion merged beam section instead of capacitive pick-ups. The design
of the scrapers has been developed in the Masters work of S. Lohmann [58], where
more detailed description of the mechanics, signal readouts and the mathematical
model for the position determination are given. The basic principle of the scraper
operation is summarized here and first beam position scraper measurements are
presented.

The scrapers are located close before and after the drift tube interaction region
(fig. (a)). They consist of about 1 mm thick stainless steel wires (1) that
can be rotated into the beam axis. A cryogenic worm gear in the rotational stage
(2) translates a rotation of the outer axis to a rotation of the inner axis with a
transmission ratio of 1 : 360, i.e., rotating the outer axis by a full turn results in
an inner rotation angle of 1°. The rotational feedthrough (3) marks the transition
between the outside and the isolation vacuum (CSR cryostat). The number of
turns are counted by a rotation counter (4) on the outside.

The transverse position of both, electron and ion beam, can be determined from
a scraper measurement. In case of the electron beam, the current signal of the
continuously produced electron beam caused by electrons hitting the wire can be
read out from the scraper’s electrical feedthrough pin (5), for example with a pico-
amperemeter. A different method is used for the measurement of the much less
intense ion beam. Here, the decrease of the remotely measured intensity of the
stored ion beam is determined as a function of the rotation angle. For this purpose,
the beam is bunched with the rf-system and the intensity of the ion beam signal
measured on capactive current pick-up is observed with a spectrum analyzer. The
spectrum analyzer is set to the first harmonic of the bunching frequency in receiver
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3 The CSR electron-ion merged-beam setup

mode.

Measurements for the electron beam and the ion beam are demonstrated in
fig. (a) and (b), respectively. These two measurements represent a case where
ion and electron beam were not yet matched. Two peaks (or dips) arise in a
rotational scan due to the fact that the wire is shaped in a triangular way [58].
The peak centers «; and ay hence represent where the beam is hitting the first
and second leg, respectively, of the scraper wire. In the first operations of the
electron-ion merged-beam setup, the scraper measurements turned out to be a
very helpful tool to find the region of good geometrical overlap of the beams. It
is usually sufficient to confirm close values of o1 and as, respectively, being close
to each other for both beams. However, from the model described by [58], the
transverse beam positions can be calculated from these angles as well. Combining
two scraper measurements performed in the collector side as well as in the gun
side, one can further obtain information on the angles of the beams along the
interaction region.

3.6.2 Capacitive current pick-ups

The CSR diagnostic section is equipped with three different capacitive pick-up
systems: a beam current pick-up, a Schottky pick-up and six identical ion beam
position pick-ups (compare fig. . The realization of the pick-up systems and
their measuring electronics in the cryogenic environment of the CSR has been a
technical challenge that is described in great detail by S. Vogel [30]. Specifics of the
pick-ups as well as of the rf-bunching system will therefore not be repeated here.
The position pick-ups have not been in operation in the 2017 and 2018 electron
cooling beam times and will not be discussed here either.

Beam current pick-up for bunched beam detection

The principle of a current pick-up measurement is shown in fig. (a). The
pick-up electrode is realized by a hollow tube with an aperture of 100 mm and a
length Ly = 30 mm. Stored ions that pass the tube in the time At = Lg/v induce
mirror charges on its wall, that create the outgoing currents Ig(t) and Io(t) to the
grounded experimental vacuum chamber. According to Kirchhoft’s junction rule,
the in- and outgoing currents satisfy the equation

Lin(t) = L(£) = I(t) — I(t — At) = In(t) + Io(t) (3.23)

68



3.6 CSR ion beam diagnostics for electron cooling studies

(a) CAD model of the beam scraper location in the interaction region (collector side).
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(b) Electron beam scraper profile. (c) Ton beam scraper profile (250 keV HeH™).

Figure 3.12: Electron beam and ion beam position measurements with the beam

wire scanner (scraper) located at the collector side of the interaction
region.

which can be Taylor expanded to

d;—g)m +0 l%(At}Q] = Ir(t) + Ic(t) (3.24)
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Neglecting the higher order terms on the left-hand side and using the relations
Ir(t) = U(t)/R and Io(t) = CU(t), eqn. is solved for a sinusoidal time
dependence (frequency w) by

Lo

: r .
ZCUFIO = (R + ZWO) U(). (325)

The amplification system of the CSR has a stable voltage gain of ~60 dB in the
frequency range of 100-1000 kHz and the capacity C' is on the order of a few
hundreds of pF. Due to the use of high-resistance amplifiers with R = 5 M(2, one
can assume R > 1/(wC') and eqn. simplifies to

ol
By measuring the signal Ut of the pick-up voltage in time with an amplifier of gain
G, one has a direct way to observe the longitudinal density profile of circulating
ion bunches. This is directly obtained as

_ 1w
G Ly

U(t) 1(t) (3.26)

1(t) Us(t) (3.27)
An important result of eqn. [3.26] is that the sensitivity of the measurement is
increased for slower ion beams.
Furthermore, the total number N of ions with charge Ze that are stored in the
ring circumference Cj can be determined by integrating the signal Us(t) = GU ()

Experimental vacuum chamber Experimental vacuum chamber
L, L,
L Current pick-up i» ﬂ) Schottky pick-up I;(t))
electrode electrode
unl CTI llc(t) '“’l
R CJ_ L R
(a) Current pick-up (Lo = 30 (b) Schottky pick-up (Lo =
mm). 350 mm).

Figure 3.13: Principle of the current pick-up and Schottky pick-up measurement
at the CSR (see also [30]).
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over the revolution time Ty, as ZeN = [[° I(t)dt and v = Cy /T,

. 1C Co 1 To
N o= i /0 U(t)dt (3.28)
F T
= Jor /0 U(t)dt (3.29)

where Z is the charge state of the ion, G = 2279.5 is the gain of the amplification
system and F = 701(28) 10° V™! is denoted as the geometrical coefficient of
the pick-up system [30]. The total uncertainty of N was estimated to ~ 10%
in a measurement at a comparable setup at the TSR by comparing the result of
eqn. to the number of ions determined by other methods [59]. This difference
is expected to be dominated by the approximations in the linear pick-up model
leading to eqn. [3.29

Schottky noise pick-up for coasting beam detection

Measuring Schottky noise signals [60] with a current pick-up system as sketched in
fig. (b) is an often employed tool in storage rings for the monitoring of coasting
ion beams. These signals arise from the fact that a coasting ion beam can not
purely be seen as a dc-current, but is instead comprised of individual charges that
are statistically fluctuating in time. The fluctuations induce a measurable signal
on the Schottky pick-up electrode that can be observed at harmonic numbers
h of the revolution frequency wy. Schottky signals are usually detected with a
spectrum analyzer, where the Schottky signal power is measured with respect
to the analyzer’s impedance. The Schottky power spectrum Py(hwy) is given by
(see [59] for detailed derivation):

2

Py(hwo) = <§j Uy, (hw) cos @-) (3.30)

i=1

where U is the amplitude of a single ion in the Schottky spectrum and ¢; its
statistically distributed phase. Assuming a large number of ions N, the squared
sum over the phases reduces to

N

(Z: cos gbi) =3 (3.31)

1See [30] for the error determination of the coefficient F for the current pick-up. The gain of
the amplification chain has been measured before the 2018 beamtime by Dr. M. Grieser.
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which yields
N .
Po(hwo) = EU,f(hwo) (3.32)

eqn. describes discrete lines in the power spectrum, occuring at hw, with
integer h. Taking into account a realistic energy distribution or frequency distri-
bution hAwy broadens these lines and one speaks of so-called Schottky bands. The
total power in each of these Schottky bands is constant [61]. As a result, with
increasing harmonic number h, the maximum amplitude of these bands decreases
proportionally to 1/wy.

With respect to electron cooling experiments one can particulalry benefit from
measuring the time evolution of the frequency spread Aw/wg. The frequency
spread is related to the momentum spread Ap/py via the slip factor of the storage
ring (eqn. . The time evolution of Ap/py during electron cooling yields the
longitudinal cooling rate for a coasting ion beam.

3.6.3 Bunched-beam detection of electron cooling and cooling
energy

As described above, observing the signal induced by a rf-bunched beam on a
capacitive current pick-up yields a direct measurement of the longitudinal density
profile of the circulating bunches (eqn. [3.26). This signal can simply be observed
on an oscilloscope triggered synchronously to the bunching rf-frequency.

Bunch profiles I(t) = Zevop(t) can be predicted using the longitudinal phase
space simulation program that is presented in sect. For the test run pre-
sented, the program is started with N = 10000 particles with Fy;, = 250 keV,
mass number A = 5 and charge state Z = 1, hence, the revolution time is
given by Ty = 11.33 ps. Rf-bunching is simulated with a bunching frequency
fri(h = 4) = 4f,, representing typical conditions for the later presented HeH™*
bunched beam experiments. The simulated longitudinal phase space distribution,
60 ms after the rf-amplitude ramp is completed, is shown in fig. [3.14] From this
distribution and with the conversion

T Ad

t=—
2 +27Tfrf

(3.33)

the bunch spectrum as a function of time ¢ can be extracted from a histogram of the
phases A®. The bunch profiles are well described by the function (compare [23])

p|(t) = Acos® (rt frr) (3.34)
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(see fig. [3.14] (b)). The fourier transformation of py(t) (see fig. [3.14| (c)) yields a
frequency spectrum which for f > 0 is mainly composed of a single component at
the first harmonic of the bunching frequency f, .

Applying electron cooling dampens the synchrotron oscillations and therefore
compresses the longitudinal phase space distribution. The bunch profiles (longi-
tudinal density profiles) are transformed to more narrow, peak-like shapes (see
experimental results sect. . The effect of a linear electron cooling friction
force F' on the phase space distribution (AE,A®) is realized in the simulation
program by the following considerations:

(65

F =—alAv=—auy = —2—EOAE (3.35)
where
Av  1AFE
0= — = ——. )
" > E (3.36)

The energy 6F that an ion loses in each turn when passing the electron cooling
length L is hence given by

O0F = FL = —kAFE (3.37)
where
(6%
k=L——. 3.38
S, (3.38)

The effect of electron cooling is thus simulated by extending the equation for the
calculation of the phase space coordinate AFE in each turn (see eqn. & fig.
with an additional term —kAFE. fig.[3.15 shows the result of choosing an arbitrary
value k£ = 0.1 in the friction term. The immediate result is the emergence of higher
harmonic components in the frequency spectrum.

An obvious way to demonstrate the effect of electron cooling in an experiment is
thus given by the monitoring of the time evolution of the signal of the second har-
monic of the bunching frequency 2f,; in the frequency spectrum. The steepness of
the rise of this signal when turning on electron cooling serves as a measure of the
electron cooling efficiency. This can be performed with a spectrum analyzer in re-
ceiver mode. As it will be shown in sect.[4.1] the monitoring of the second harmonic
signal is a very sensitive method to find the precise point of velocity-matched elec-
tron cooling when scanning through a range of electron energies in the electron-ion
merged beam setup. Electron cooling is optimal for a voltage Uy where the electron
velocity matches the ion velocity vy = Cyfy = Cofrr/h. The electrons then have
the cooling energy F.o = (m./M;)E; where, non-relativistically, E; = (M;/2)v3.
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Figure 3.14: Simulated longitudinal phase space distribution and bunch profiles
in one revolution period for 250 keV HeH™ ions (see text for details)
in the absence of electron cooling. The bunch spectrum can be
described by py(t) = Acos® (wt f,f) (ved line in (b)). The fast Fourier
transform of the simulated bunch distribution yields a frequency
spectrum which is mainly composed of a component at f = 0 and
one component at the first harmonic of the bunching frequency f, .

The energy of the electrons is mainly defined by the optimized cathode potential
Up, but work functions of the cathode (W.) and the anode (W,) as well as the
electron beam space charge potential Uy, typically have contributions of ~eV. The
electron energy FE. in the center of the electron beam is expressed by

E, = e|Us| — e|Usu(r = 0)| — (W, — W,) (3.39)
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Figure 3.15: Simulated longitudinal density distribution under the influence of a
friction force (a) and corresponding fast Fourier transform (b), com-
posed of components at higher harmonics of the bunching frequency

frf-

where the space charge potential U, is given by

2 Ry r 2
z&@»:"”&mm{1+2m (mim) 7 < Boean (3.40)

Rpeam Rpeam
R
deg 21n 72 r > Rpeam

with the electron beam radius Ry..,, and the beam pipe radius Ry. Practically, the
optimized electron energy FE.., can be determined from a pick-up measurement of
the revolution frequency of the ion beam, fy = f,.¢/h. Reciprocially, by finding the
cathode potential Uy for velocity-matched electron cooling and further calculating
the space charge contribution, one has an experimental method at hand to find
the difference of contact potentials (W, — W, ). This yields the predicted

Me 5

T = TEC (frs /1) (3.41)

Ecool = 9

and the optimized electron acceleration voltage is

UO = Ecool + 6<USC(T = 0)) + (Wc - Wa) (342)
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3 The CSR electron-ion merged-beam setup

3.6.4 Transverse ion beam profile measurements by neutral
fragment imaging

Transverse ion beam profiles are measured with the help of a position sensitive,
multi-coincidence imaging detector. The development and implementation of this

neutral-fragment imaging detector in the cryogenic environment of the CSR was
realized in the Ph.D. work of A. Becker [62].

Binary collisions of stored molecular or atomic ions and electrons take place in
the interaction region of the electron-ion merged beam setup. Depending on the
collision energy, several reaction outcomes are possible that can lead to the forma-
tion of neutral products. Here, the merged-beam setup has to be viewed as a free
electron target (sect. rather than an electron cooling device. Singly-charged
atomic cations can be neutralized in processes such as radiative recombination
or resonant dielectronic recombination. A comprehensive overview of electron-ion
recombination processes is given in [63].

The main focus of the work in hand are low-energy electron cooling studies with
molecular cations of the form ABT. In the meV collision energy range, the most
important fragmentation process for diatomic molecular cations that leads to the
formation of two neutral atomic fragments A and B is dissociative recombination
(DR). At these low collision energies that are present during the velocity-matched
electron cooling operation, a molecular ion can capture a free electron into a repul-
sive doubly-excited neutral Rydberg state AB** via the following reaction path-
way [64]

AB*(v", J%) + e (E) = AB™ = A(n,1) + B(n',l') + Exgnr (3.43)

where (vT,JT) is the rovibrational quantum state of the molecular system and
n(n’),l(I") denote the principal and angular momentum quantum numbers of the
final atomic states. The energy which is released in this exothermic reaction is
called the kinetic energy release Expr. Fragmentation by DR can also be trig-
gered by electron capture into an often even lower-lying, singly-excited molecular
Rydberg state AB* from where it couples to the repulsive state AB**. This process
is thus labeled indirect DR Pl

The neutral fragments that are produced by DR in the collinear electron-ion

2A discussion of these processes in greater detail and its relevance in astrophysical plasmas
such as molecular clouds goes beyond the scope of this work, but is the subject of a large
number of earlier merged-beam storage ring experiments. Even more importantly, ongoing
DR studies at the CSR electron-ion merged beam setup can yield new insights into molecular
ion recombination rates in a realistic cryogenic environment resembling conditions in the
interstellar medium.
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interaction region are not affected by the electrostatic deflectors of the CSR and
proceed to the imaging detector on a straight path, schematically shown in fig. |3.16
(a). The detector surface is composed of a multi-channel plate (MCP) with a large
sensitive area of 120 mm that is oriented perpendicular to the merged beams axis.
The distance between the two fragment impact positions on the MCP is deter-
mined by the kinetic energy release in the DR reaction (see [62], [64] for details).
Each hit on the MCP surface releases an avalanche of electrons that produces a
luminous spot on a phosphor screen located behind the MCP (fig. (b)). An
aluminium mirror deflects the light at an angle of 90° and couples it outside the
CSR via a view-port where it is detected by a high-speed CCD camera.

The imaging detector does not only measure the neutral fragments from DR. In
addition, one has to consider neutral products from dissociative excitation (DE),
where only one of the atomic constitutents of ABT becomes neutral by electron
excitation while the other keeps the positive charge, and collisions of the stored
ions with residual gas molecules that can also yield one or two fast neutrals. The
background contribution from the latter can be subtracted by implementing an
electrons off period in a measurement cycle. The neutral fragment imaging al-
gorithm can filter for events that are caused by two co-incident impacts on the
detector only, and disregards all other events. For deriving the ion beam pro-
file, center of mass (CM) for such double events are determined in the detector
plane. Producing two-dimensional CM position plots yield a profile of the ion
beam projected onto the detector. Measured CM distributions are presented in
sect. It is important to consider that these distributions are only projec-
tions of the beam-profile in the interaction region onto the imaging detector. The
beam-profile Gaussian widths in the interaction region can be obtained with the
betatron functions of the CSR 3, = 13.009 m and /3, = 1.4095 m in the center of
the interaction region [13] and the distance L = 3.807 m (see fig. [3.16| (a)) to the
surface of the MCP detector:

1+ (iyﬂ é. (3.44)

Oz,y = Oz y(detector)
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(b) CAD model of the MCP imaging detector (see also [62]).
Figure 3.16: Transverse profile measurement of a stored di-atomic molecular

ion by position-sensitive, multi-coincidence imaging of neutral frag-
ments from dissociative recombination.
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3.7 Electron beam profile measurements

3.7.1 Setup

A precise knowledge of the electron beam profile properties and in particular the
electron beam density n. in the electron-ion interaction region is important not
only for electron cooling applications. A non-homogenous beam profile that does
not fully enclose the ion beam complicates the interpretation of the electron cooling
force and electron cooling rate calculations. The electron beam density is further a
crucial parameter when measuring rate coefficients of electron-ion recombinations
[49] where the electron cooler is used as an electron target.

The electron-ion merged beam setup is therefore equipped with electron beam
collectors that can probe the current at a single position within the electron beam
through a pin hole (see sect. . Moreover, two of such collectors were created.

The electron collector in the dedicated collector section for the electron beam
leaving the CSR cryostat (see sect. has been designed and constructed in the
course of two masters projects ( [58], [55]). Its successful commissioning and first
measurements were performed in the course of the present work. It took place
during the first electron beam operations of the completed electron-ion merged
beam setup and marks an important step towards the first low-energy electron
cooling experiments presented in chapter [4

Additionally, between beamtimes 2017 and 2018, an electron collector with the
same working principle was installed at ~ 0.8 m behind the electron gun, before the
electron beam enters the CSR cryostat. It was set up in a vacuum cross between
the first and second low-field room temperature copper solenoid that follow the
high-field solenoid enclosing the photocathode (see fig. (a)). The mechanical
structure of the collector cup was modified to adjust it for the dimensions in the
new location in the gun section. The diameter of the main cup is reduced from
40 mm to 35 mm, while the pinhole in the main cup keeps its 0.8 mm diameter.
With the help of a linear vacuum manipulator the cup can be moved into the
electron beam trajectory. It is a major improvement and a flexible diagnostic tool
for photocathode tests whenever it is not possible to operate the superconducting
magnets in a cooled CSR cryostat.

Furthermore, the gun section collector structure has an additional right-angle
prism mirror attached to it (fig. [3.17). With the prism mirror it is now possible
to shine a laser through a view-port from the other side of the vacuum cross and
operate the photocathode in the so-called reflection mode. Compared to the usual
transmission mode operation, the cathode is irradiated from the (Cs,O) side of the
GaAs crystal which allows non-thermalised electrons to be extracted, which also
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3 The CSR electron-ion merged-beam setup

Linear manipulator

Electrical
connections
Blocking electrode
& Analyzer cup

Prism mirror holder

Main cup Vacuum feedthrough

Figure 3.17: Movable analyzer cup in the gun section. The blocking electrode
and analyzer cup behind the main cup are not visible in their full
size in this view. The right angle prism mirror allows for front
illumination of photocathodes.

is beneficial for spectral response diagnostics .

Beam profiles are measured by using the horizontal and vertical steerers in the
room temperature beamlines to sweep the electron beam over the pinhole, while
monitoring the current in the analyzer cup with an I/U-converter. The collector
main cup and all of its electrodes are grounded in order to leave the electron beam
undisturbed. The experimental setup for a beam profile measurement with the
collector section cup is sketched in fig. . The calibration factors that convert
the steering coil currents into the transverse dimension are obtained by steering
a centered, non-expanded electron beam over the total height and length of the
apertures of the collector cups in the two sections (see appendix A). With the im-
age of the main cup apertures that is now visible in the current signal of the main
cup and the known aperture sizes, the calibration factors in [mm/A] (measured
for operating the low-field solenoids with 10.8 A) can be determined (table [3.3)).

In this section, the measured beam profiles are analyzed in order to derive an

3Tt should be noted here that the setup described in fig. can also be used to measure the
longitudinal energy distribution of the electron beam by ramping up the retarding potential
on the blocking electrode (electron deceleration curve measurements, see for details on
this technique). Experiments in this direction are ongoing but will not be discussed in this
work.
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Figure 3.18: Experimental setup for electron beam profile measurements with
the collector section cup. The several elements are (1) GaAs pho-
tocathode, (2) Pierce shield, (3+4) extraction electrodes, (5) drift
tube, (6) repeller, (7) secondary electron collector, (8) Wien fil-
ter electrodes, (9) aperture, (10) main cup, (11) blocking electrode
and (12) analyzer cup. For electron beam profile measurements,
all electrodes in the collector section (left side) are grounded. The
expansion of the magnetic field along the electron beam trajectory
is symbolized by the red curve.

Table 3.3: Steering coil current calibration factors k, , for electron beam profile

scans.
() aperture [mm] ke "] ky "]
Gun section 40 4.180 4.098
Collector section 35 6.148 6.664

effective cathode radius r.s¢, corresponding to the initial electron beam radius
before the magnetic field expansion. The magnetic field values at locations of
the pin holes in the main cup has to be known precisely. With the effective
cathode radius, the electron beam radius and thus the electron beam density at
any position along the electron trajectory can be determined. Calculated and
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Figure 3.19: Magnetic field along the electron beam trajectory in the gun section

[30], collector section [30], and interaction section (made available
by group member S. Saurabh). The position z = 0 mm marks
the position of the potocathode in the gun section, the transition
between the cryogenic and room temperature part in the collector
section, and the center of the interaction section, respectively. For
this measurement and in the simulations, the current in the high-
field and low-field solenoids is 775 A and 13.5 A, respectively. Low-
field solenoids in the gun and collector section are always operated
at the same current. The cryogenic superconducting solenoids in
the interaction section are powered with a current of 75 A.

measured magnetic field strengths as function of the longitudinal position z in
the gun, collector and interaction section are shown in fig. [3.19, The values of
the field strength for a certain operating current at the longitudinal positions z
of the collector main cups and in the interaction region are summarized in table
3.4l For a set of magnet currents as they are used in the 2018 HeH™ beamtime,
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3.7 Electron beam profile measurements

Table 3.4: Measured and calculated magnetic field strengths at the collector po-
sitions and in the interaction region (compare fig. [3.19)).

z [mm] T[A] B-field [G]

Gun section main cup (measurement)  670.5  13.5 199.0
Gun section main cup (simulation) 670.5 13.5 210.86
Interaction region center (simulation) 0 75 112.12

Collector section main cup (simulation) 1049.2 13.5 272.51

Table 3.5: Summary of the magnetic fields and expansion values at the beam pro-
file measuring positions and in the interaction region for operational
currents of 600 A (1.936 kG) in the high-field solenoid (calibration
curve given in [30], p. 84), 10.8 A in the room temperature low-field
solenoids and 60.8 A in the cryogenic HTS solenoids, obtained by a
linear scaling from the measured and calculated values given in table

B-4

B-field expansion « field ratio to
[G]  (1.936 kG high-field) interaction region
Gun section main cup 159.20 12.16 1.78
(measurement)
Gun section main cup 168.08 11.47 1.88
(simulation)
Interaction region center 89.70 21.58 1
Collector section main cup 218.01 8.88 2.43

the magnetic expansion values are calculated by a linear scaling of the solenoidal

fields (B o I) and summarized in table [3.5

3.7.2 Measurements

Fig. shows two beam profile scans measured with the gun section cup and the
collector section cup. The beam profiles represent the field conditions summarized
in table [3.19] These settings are also used for the longitudinal electron cooling of
bunched HeH™ (sect. [4.2)). The scans are measured with the same photocathode
and quickly after each other to ensure comparable conditions.

Moreover, a beam profile at an increased current in the high-field magnet of
929.656 A, corresponding to B = 3 kG, is measured with the collector section cup.
The low-field solenoids stay at a current of 10.8 A (table [3.5)), hence B = 218 G at
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3 The CSR electron-ion merged-beam setup

the collector section main cup position. This field ratio yields an expansion factor
of @« = 13.76. The measured profile is presented in fig. |3.21] and corresponds to
the settings for the transverse electron cooling studies with a coasting HD™ beam

(sect. [4.4.3)).

It can be seen that the shape of the measured profiles is rather oval than circular,
similarly in the gun and collection section. However, the vertical and horizontal
cuts through the center of the beam profiles presented next to each measured pro-
file in figs. & [3.21], show a flat top of the electron beam that is sufficient
enough for measurements in the electron-ion interaction region.

Furthermore, the offsets of the measured beam profile centers in the collector
section cup (figs. (b) &[3:21), at two different expansions, are about the same.
In case of a misaligned cathode, higher expansion factors would move the electron
beam profile centers to higher transverse coordinates as well. An almost identical
offset for these two different expansion measurements therefore means the cathode
is well-aligned in the center.

It is further obvious that the beam profiles are neither circular, nor do they fill
the theoretically expected area defined by the Pierce shield radius of 1.5 mm and
the corresponding expansion factors. The profiles are rather described by an ellipse
shape, very similar to those presented in [30] measured with an electron collector
test setup but at the electron beam production section already in its present state.
In earlier measurements, the elliptical shape was assigned to the misalignment of
the collector center and low-field axis as discussed above. Recently, the cause of
this deformed profiles is traced back to originate from the oval shape of the shields
around the vacuum tube inlet and outlet of the high-field solenoid.

The effect of replacing these oval closing shields with perfectly round shields is
presented in fig. [3.22] At a relatively high fixed extraction voltage of Uy = 30 V,
beam profiles are measured in a range of Upieree = 3.2 — 4.0 V. Compared to the
earlier situation with the oval closing shields, in general higher pierce voltages
above 3 V are now necessary to obtain a uniform, flattop-like profile.
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(b) Collector section scan (o = 12.16, I, = 27.8 uA).

Figure 3.20: Electron beam profile scans in the gun and collector section with
the high-field solenoid at B = 1.936 kG. The cathode voltage is
Up = 3065V, Uey = 15V (I, = 27 pA) and Upjeree = 2.5 V.
The red spot is the measured profile center. The red circle marks
the ideal flattop area for a cathode radius 7., = 1.5 mm that
is expected from the Pierce shield radius. The black circle marks
the expanded measured effective cathode radius reg (see text for
details). Shown on the right of each profile is a vertical (top) and
horizontal (bottom) cut through the center of the beam profile.
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Figure 3.21: Electron beam profile scan in the collector section with the high-
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field solenoid at B = 3 kG. The cathode voltage is Uy = 48.27 V,
Uert = 16.15 V and Upjeree = 2.5 V. At the measuring position,
a = 13.76 and I, = 34.0 pA. Shown on the right of each profile is
a vertical (top) and horizontal (bottom) cut through the center of
the beam profile.



3.7 Electron beam profile measurements
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Figure 3.22: Beam profile scans in the gun section for a variation of pierce volt-
ages after replacing the shields of the high-field solenoid (see text for
details). The cathode voltage is Uy = 33 V, the extraction voltage
is Uezt = 30 V. The electron currents (from the lowest to the highest
pierce voltage setting) are I, = 81.1,98.7,108.4 and 118.6 pA.
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3 The CSR electron-ion merged-beam setup

Effective cathode radius for electron density determination

The method to obtain an effective cathode radius from a flat-top shaped profile,
that allows for the determination of the electron beam density at any position
along the electron beam trajectory, is performed as follows:

the center of the beam (z.,y.) is calculated from the mean of the intensities
I;(x,y) at every scanned point 4

the background level b,,, of the profile is obtained by averaging over the
points that clearly lie outside the beam boundary visible in the horizontal
and vertical line intensities through (., y.)

the height of the flat top hg.4 is calculated from averaging in the horizontal
and vertical line intensities over the area that is defined as the flat top area
of the profile

after subtracting the background level b,,,, the intensity data I;(z,y) is
summed over all the measured points ¢. The radius r., of a cylinder with
a “volume" that corresponds to the integrated points >-;(1;(z,y) — bayg) is
defined by:

71-szlhavg = Z(Iz(xv y) - bavg)AxAy (345)

where Az and Ay are the step sizes of the profile scan

the non-expanded effective cathode radius 7.5y is finally given by:

Teyl
Teff = \/ya (346)

where « is the expansion factor at the position where the profile is measured

The electron density of a uniform, flat-top beam at any position z along the
solenoidal field axis for a known expansion factor «(z) is then simply calculated

by

I

. 3.47
evem"sza(z) ( )

ne(z) =

where I, is the electron beam current and v, the electron velocity.
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3.7 Electron beam profile measurements

In addition to the beam profiles shown in fig. three more profile scans (one
gun section and two collector section scans) are performed. The averaged result
of the evaluation of these scans by the method described above yields an effective

cathode radius of

Tej7 = 1.112(15) mm (3.48)
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4 Low-energy electron cooling studies of
keV ion beams in the CSR

After the implementation of the electron-ion merged beam setup into the CSR
cryostat and successful tests of the electron beam transport through the electron
cooler section, low-energy electron cooling experiments at the CSR were performed
for the first time in the course of the June 2017 beam time campaign.

This chapter will start with the first demonstration of electron cooling in the
CSR, realized for a bunched F®* beam. The subsequent sections are dedicated to
an investigation of the strength of the cooling force by measuring longitudinal and
transverse electron cooling rates for a number of atomic and molecular ion beams.
First Schottky spectra showing longitudinal cooling of a coasting ion beam are
presented and analyzed with respect to the influence of the electron beam space
charge in the interaction region on the ion beam position.

Moreover, in the absence of electron cooling, the growth of emittance (blow up)
of an ion beam due to intrabeam-scattering (IBS) is investigated for coasting and

bunched beams and compared to a simplified theoretical model.

Finally, the electron cooled equilibrium bunch widths of bunched beams are
investigated for space charge effects and also IBS.
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4.1 First demonstration and tuning of electron cooling

4.1 First demonstration and tuning of electron
cooling

During the commissioning phase of the electron-ion merged beam setup in June
2017, the available ion beam diagnostic tools at the CSR (introduced in sect.
were limited. The MCP imaging detector was not functioning yet, thus making
it impossible to observe the effect of electron cooling on the transverse emittance
of the ion beam by measuring the evolution of transverse ion beam profiles. In
addition, Schottky noise signals of a coasting beam could not be detected due
to technical problems of the preamplifiers in the Schottky signal readout system.
However, with the remaining capacitive current pick-ups, it was possible to mea-
sure the signal induced by a rf-bunched beam.

In the first electron cooling run, a 1.397 MeV F®F ion beam was injected into
the CSR and rf-bunching at the second harmonic of the revolution frequency (2fy)
was applied (experimental settings summarized in table .

Fig.4.1] (a) shows the signal amplitude at 4 f, without an ion beam as a function
of time following the ion injection. The initial time structure of the injected ion
beam consists of a rectangular pulse. The length of the ion pulse is defined to
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tial Uy = —43.58. V).

Figure 4.1: Signal of the second harmonic of the bunching frequency
frf = 214.52 kHz, measured with a spectrum analyzer in receiver
mode. The experimental methode is explained in sect. ex-
perimental settings are summarized in table @
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4 Low-energy electron cooling studies of keV ion beams in the CSR

Table 4.1: Experimental settings for longitudinal electron cooling of F¢*.

Ez'on f() h Ee UO Ie «@ Ne Tcath
[MeV]  [kHz| [eV] V] [pA] (105 cm™]  [mm)]
1.397 107.26 2 40.35 -43.58 14.4 21.59 2.91 1.10

be comparable to the circumference of the ring [30], using a fast-switching elec-
trostatic deflector (chopper) located in the transfer beamline between the high
voltage platform and the CSR. The second harmonic signal then rapidly becomes
small as these rectangular pulses are transformed into the cos?-structure during
the rf-bunching process (see sect. eqn. [3.34)).

Fig. [4.1] (b) shows the effect of turning on the electron beam at 3 seconds after
injection at the end of the electron cooling optimization. For optimization, first
the geoemetrical overlap of the electron and ion beam is confirmed with the help of
the wire scrapers (sect. [3.6.1)). Then, the cathode potential Uy is scanned in steps
of 0.01 eV while observing the second harmonic signal on a spectrum analyzer at
the time of switching on the electron beam. The electron beam is turned on at
t = 3s. A steep rise of the signal is finally found for Uy = —43.58(1) V, marking
the first proof of (longitudinal) electron cooling in a cryogenic electrostatic storage
ring machine.

In this experiment, the cooling energy predicted from the bunching frequency
and the storage ring circumference Cy = 35.12(5) m was Fo = 40.35 €V (eqn. .
Based on the electron beam profile measurements (sect. , an electron density
of n, = 2.845(77) 10° cm™ is predicted. This leads to an electron beam space
charge potential in the center of the beam according to eqn.

neeR?

beam (1 421 H0 ) = 0.190(1) V (4.1)

460 beam

Use(r =0)

where Ry = 0.05 m is the beam pipe radius of the CSR and Rpeamn = VT cath
where 7., = 1.112(15) mm (see sect. [3.7) is the magnetically expanded radius of
the electron beam. With eqn. [3.39 one can obtain a value for the contact potential
offset

(W, — W,) = 3.04(1) V. (4.2)

This calculation of the difference of contact potential is carried out with the
exact cathode radius value as it is measured in sect. 3.7} 7eqep = 1.112(15) mm. In
the following sections, always a value of r.,, = 1.10 mm is used.
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4.2 Longitudinal cooling of bunched beams

The first systematic studies performed in the 2017 and 2018 CSR beamtimes con-
cerned bunched beam electron cooling. The main parameters of the HeH™ beam
time are summarized in table 4.2l

Table 4.2: Experimental settings for longitudinal electron cooling of HeH™.

Eion fO h Ee UO Ie o Te Tcath
[keV]  [kHz] [eV] V] [pA] [10° cm™3]  [mm)]
250 88.261 4 27.32 -30.32 26.7 21.59 6.55 1.10

4.2.1 Measurement procedure

The method was first elaborated during the 2017 beam time and then further
developed for the beam time campaign of summer 2018. In particular, bunch
shapes were studied by a numerical oscilloscope (Picoscope 5000) systemically
regarding electron cooling and possible effects of space charge and intrabeam-
scattering (IBS).

A sketch of the measurement scheme and devices is shown in fig. £.2l The
Picoscope’s input channels are used for simultaneously recording the signals of the
Schottky pick-up, the current pick-up and the CSR rf generator. The latter is also
connected to the rf-bunching system. A measurement cycle is started by the ion
beam injection trigger of the CSR. After a chosen delay time, a pulse generator
starts a set of pulse bursts which are evenly spaced in time and fed to the Picoscope
external trigger. Each of the pulses then starts a 40 ms waveform measurement
of the three input signals with 14 bit resolution. The number of recorded samples

lon beam BNC 575 CSR
injection - Delay/Pulse Schottky
Trigger Generator pick-up

CSR RF Ext. Trigger ' CSR

. . Picoscope
bunching signal 5000 current
drift tube generator Input channels pick-up
| [ — |
¢

Figure 4.2: Simplified measurement scheme of the longitudinal electron cooling
measurements of rf-bunched beams in the CSR. Details on the signal
amplification and readouts etc. are described in [30].
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4 Low-energy electron cooling studies of keV ion beams in the CSR

with this resolution is precisely 5 - 108, yielding a sample period of 8 ns. The
bunches in the waveforms measured with the Schottky and current pick-ups are
triggered at a fixed phase on the rising flank of the rf-signal and averaged over an
arbitrary number of revolution periods for further analysis.

The averaging process is demonstrated in fig. [£.3] by the example of a bunched,
electron cooled 250 keV HeH™ beam with the experimental settings described in
table [4.2] If not mentioned otherwise, the waveforms are in general averaged over
the total number of revolution periods contained in the measurement period of 40
ms.

As mentioned earlier, the initial injection pulse length is defined by an electro-
static deflector (chopper) in the injection beam line. The length of this rectangular
pulse is about 8 us (~75% of the revolution period). The phase overlap with the
rf-buckets upon injection defines the number of ions that are captured into the in-
dividual bunches, as seen by the different pulse amplitudes particularly in fig.

(d).

Determination of bunch ion number

The number of ions contained in a bunch of a waveform as shown in fig.
can be determined by integrating the area of the bunch profile in the measured
current pick-up voltage signal U(t) given by [ U(t)dt. This area can be obtained
by a simple summation (numerical integration) of the signal in the time interval
defined by the bunch length. Since the baseline of a waveform, measured with
an AC-coupled oscilloscope, can experience a shift due to a charging effect of the
pick-up electrode capacity (discussed also in [30], p. 123), a baseline-subtraction
is done first using the signals between the bunches. With the calculated bunch
area, eqn. [3.29| can be used to determine the number of ions in the bunch from the
known calibration factors of the current pick-up.

The bunch area can also be obtained directly from a fit of the longitudinal density
distribution p; represented by the Gaussian profile eqn. . Both methods show
to agree within about 10 %.
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Figure 4.3: Waveform averaging process shown for a measurement of electron
cooled, bunched HeH"* with the Schottky pick-up electrode and the
current pick-up electrode over different numbers of revolution periods
to(250 keV HeH™")= 11.33 us. The waveforms are triggered on the

rising flank of the rf-signal.
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4 Low-energy electron cooling studies of keV ion beams in the CSR

4.2.2 F° bunched-beam cooling

Fig. [4.4] shows the time evolution of the longitudinal density profiles measured
over one revolution period after injection for F®F in the preliminary setup of the
2017 beamtime. It should be noted that here, each of the displayed waveforms
represents a new injection of F® ions into the storage ring. The measurement
procedure described above, capable of tracing a single injection, was only used
later in 2018. Conditions between injections, e.g., the ion number, may vary in
this initial scheme. Another uncertainty is introduced by the fact that the wave-
form measurements were triggered manually at a specified delay after injection.

In order to obtain a cooling time from the observed compression of the bunch
profiles, the waveforms of the first bunch (between 0-5 us in fig. are fitted
with a Gaussian distribution according to eqn. 2.120] fig. [£.5] shows the fitted
bunch profiles at 0.5, 5.5 and 10.5 s after injection. The evolution of the bunch
width o3, as a function of the time after injection is shown in fig. [£.6] It should be
governed by electron cooling and diffusion, and be described by the exponential
decay function given in eqn. The appropriateness of this function for the
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Figure 4.4: Two 1.397 MeV FS" bunches are stored in the CSR with
frr = 214.52 kHz. Each waveform, displayed in one second steps af-
ter injection, is the result of a new injection. Electron cooling is
turned on 3 seconds after injection with n, = 2.91 - 10° cm ™ (elec-
tron current I, = 14.4 pA, expansion a = 21.59). The number of
injected ions is ~ 1 - 106.
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Figure 4.5: Evolution of longitudinal density profile of bunched 1.397 MeV F6*
(compare fig. . The time on the x-axis is given with respect to
the reference time ty = 0 defined by the synchronous particle in the
center of the bunch. Electrons are turned in 3 s after injection.

extraction of the cooling time will be discussed again in more detail below at the
example of HeH™. A fit of this function to the evolution of the bunch widths oy, is
shown in fig. yielding a cooling time of 7 = 3.55(6) s.

Another way to obtain an estimate of the cooling time is to look at the time
it takes for the second harmonic signal (fig. b)) to reach its maximum value,
which is about 1.5 s.

Furthermore, neglecting any influence of the magnetic field, the measured cool-
ing time is compared to the Spitzer plasma relaxation rate (eqn. , which
is calculated for an assumed isotropic electron temperature of T, = 2 meV. This
estimate yields a value of 7| spitzer = 1.57 s.
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Figure 4.6: Bunch width o, obtained from Gaussian bunch profile fits of the first
bunch in the time spectra (0-5 ps) shown in fig. [1.4] as a function of
time after injection (storage time). Electron cooling is turned on 3
seconds after injection.

4.2.3 HeH" bunched-beam cooling

With the experimental setup described in sect. [£.2.1] one is ready to measure the
temporal evolution of the longitudinal density profile of a bunched ion beam at a
number of equally spaced points during the storage time. Electron cooling can be
turned on and off at any desired times. Before starting cooling time measurements,
the geometrical overlap of the electron and ion beam centers is again confirmed to
be within ~ 1 mm with the help of the wire scrapers (sect. . Furthermore,
the efficiency of the cooling process is always checked beforehand with the second
harmonic method (sect. [3.6.3) and additionally serves as a fine-tuning tool for the
correct cathode voltage Uy or the settings for the electron beam steering magnets.

A longitudinal density profile (bunch shape) measurement with the experimen-
tial settings of tableis presented in fig. (a), where electron cooling is started
three seconds after injection. The bunch waveforms are measured, after a delay
of two seconds after injection, in 300 ms steps. As described above, a Gaussian
profile (eqn. is fitted to the bunches and the widths o}, are plotted as a
function of the storage time (time after injection) in order to analyze the bunch
length compression due to phase space cooling. The procedure is shown at the

98



4.2 Longitudinal cooling of bunched beams

Table 4.3: Longitudinal cooling times for three 250 keV HeH™ ion bunches shown
in fig. [£.7] from fits of the function eqn.[d.4] The experimental settings
are summarized in table [£.2]

Bunch 7 [ms]
2 1419416
3 1403+16
4 1447114

average 1422418

example of Bunch 2 in fig. (b). This representative measurement is further
used here to discuss the possible influence of IBS on these cooling measurements.
Further studies on IBS will be presented in sect. [£.5] As discussed in sect. [2.5]
cooling can lead to enhanced diffusion during the cool down. The cooling curve
should then change from simple exponential decay

o(t) = (00— 00) exp [—(t — t0)/T] + 0o (4.3)
to the function (eqn. [2.137))
0i(t) = [(0§ — oL) exp (—(t — to)/7) + 02 ]"" (4.4)

with v = 6 for bunched beams and in both equations o is the width at the time
to when the electrons are turned off and o, is the equilibrium cooled width.

Fig. (b) shows fits using both types of function. The plot of residuals in
fig. (c) shows that the IBS formula (with v = 6) yields a fit with much better
quality and represents better the longitudinal bunched cooling. The longitudinal
cooling times for bunched 250 keV HeH™ extracted from the cooling curves in
fig. (b)-(c) by a fit of eqn. and their weighted average are summarized in
table A comparison to theoretical cooling rates will be given in the following
chapter.

As already shown for F* in sect. , with the optimized electron cooling settings
given in table [£.2] and a calculation of the space charge potential contribution in
the center of the electron beam given by eqn. with Us.(r =0) = 0.43 V, the
difference of work functions (W, — W,) can be calculated by eqn. [3.39]

(We—=W,) = —elE.|+e|lUs| — e|Us|
= 257(1) V (4.5)

where the error is given by the uncertainty in the experimental determination of
the optimized cathode potential Uj.
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Figure 4.7: Evaluation of a longitudinal cooling time measurement of bunched
250 keV HeH™' measured with the Schottky pick-up electrode. Elec-

tron cooling is turned on at ty = 3 s (see table for experimental
settings).
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4.2 Longitudinal cooling of bunched beams

4.2.4 Dependencies of the longitudinal cooling rate

Cooling time measurements with bunched 250 keV HeH™ were repeated for several
injections at four different electron densities in the electron-ion interaction region
(see table [4.4). The measured cooling rates are the result of evaluating the time
evolution of the bunch width o, of individual bunches during electron cooling,
analogously to the procedure demonstrated above in fig. 1.7 The IBS fit formula
with v = 6 was used in all cases. The cooling rates for each bunch are presented
in fig. as a function of the bunch ion number N,. As seen in fig. 4.8 the
cooling rates are independent of the ion number as expected. The ion numbers are
determined from a numerical integration of the voltage signal in the bunch area,
as described above in sect. {211

The results for the longitudinal cooling rate r| are given in table as an error-
weighted average of the individual bunch cooling times separately for different
electron densities. The density-dependent longitudinal electron beam tempera-
tures T, are calculated by eqn. with an accelerating potential of Uy = —30.3
V for a room-temperature cathode. The transverse temperature is estimated to

be T, ~ 2 meV as discussed in sect. [3.3.3)).

Table 4.4: Experimental parameters and measured longitudinal cooling rate r
for 250 keV HeH™ (electron density n. calculated with 7., = 1.10

I, [pA] ne [10° em™] By [G] o« Ty [peV] T., [meV] 7 [s7!]

26.7 6.55 90 21.59 89 ~2 0.678(113)
25.6 6.28 90 21.59 38 ~2 0.575(55)
10.2 2.49 90 21.59 71 ~2 0.217(31)
4.6 1.12 90 21.59 60 ~2 0.134(34)

Comparison to theory

Fig. shows a comparison of the measured longitudinal cooling rates to several
theory lines that are based on the electron cooling rate approximation formulae

presented in sect. and will be discussed here. Table summarizes the re-
sults and comparisons to theoretical cooling rates.

For a first estimate, the Spitzer cooling rate (cyan line) is calculated as described
by eqn. for the case of an assumed isotropic electron temperature distribu-
tion that is defined by T, = 7., = 2 meV. The influence of the magnetic field
is completely ignored with this approach. The calculated Spitzer rate is about a
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Figure 4.8: Longitudinal cooling rates measured for bunched 250 keV HeH™ at
four different electron densities as a function of the ion current. The
horizontal lines and dashed lines in each graph represent the weighted
average and the standard deviation, respectively, of the longitudinal
cooling rates.

factor of ~ 3 smaller than the measured rate.

The actual flattened electron velocity distribution (sect. [3.3.3] electron beam
temperatures in table is taken into account by the asymptotic approximation
of the longitudinal cooling force derived by Derbenev and Skrinsky . How-
ever, this prediction includes only collisions not influenced by the magnetic field,
corresponding to a reduced Coulomb logarithm Lo calculated with impact param-
eters eqns. & The approximation as given by eqn. [2.111] is derived for
the linear regime of the electron cooling friction force, where the ion velocity is
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4.2 Longitudinal cooling of bunched beams

Table 4.5: Experimental parameters and measured longitudinal cooling rate r
for 250 keV HeH™.

Sne , Lgpztzer LC LaCd T||1 7ﬁSp'L'tlzer T)|,no {ield r||,strong{ field
[10° cm™] s s s s
6.55 744  7.04 3.54 0.678(113) 0.186 0.889 4.94
6.28 746  7.06 3.56 0.575(55) 0.178 0.850 4.840
2.49 7.92 7.52 4.02 0.217(31) 0.075 0.401 3.005
1.12 8.32 792 4.42 0.134(34) 0.035 0.207 1.920

assumed to be much smaller than both, the transverse and longitudinal velocity
spread of the electrons. The calculated longitudinal cooling line as a function of
the electron density (red line) overestimates the measured values by a factor of ~ 2.

The electron cooling experiments presented throughout this work are always per-
formed with a magnetic guiding field of B;,; = 90 G in the electron-ion interaction
region. As discussed in sect. [2.2.5] the transverse motion of the electrons aver-
ages to zero in the gyration trajectories that arise in such a longitudinal magnetic
guiding field. Hence the cooling force in the linear regime is mainly defined by the
longitudinal velocity spread of the electrons. This is represented in the approxi-
mation formulae that have been extended for the influence of a strong magnetic
field, given by eqn. , also derived by Derbenev and Skrinsky [27]. The calcu-
lated rate with this approachﬂ as explained in sect. , is given by the purple
dashed line in fig. [1.9) being far away from the measured points and overestimat-
ing the data by up to a factor of ~16 for the lowest measured density. However,
the electron cooling force in this adiabatic approximation depends strongly on the
longitudinal electron beam temperature and assumes that the electron-ion relative
velocities become as small as corresponds to the longitudinal temperature only.
Higher relative velocities can, for example, be caused by a not perfectly aligned
magnetic guiding field, inducing an additional electron velocity spread [46].

In dependency of the ion charge and mass and of the electron density, the cooling
performance is calculated by the reduced rate rjj = r) /K with £ = n.Jem™3]Z%/A

(eqn. [2.110). A line fit to ry(n.) yields rj as given in table .

1 As shown in sect. [2.2.6} the adiabatic Coulomb logarithm L& is calculated with the transverse
ion velocity spread. For HeH™, an initial transverse ion temperature of 7'y, = 1.4 eV is
estimated (see appendix [B.3]) yielding the transverse thermal ion velocity spread A;; =

/2kpTL /M.

103



4 Low-energy electron cooling studies of keV ion beams in the CSR

101 5
10° 4
o
|
2,
-
1071 4
== Spitzer plasma relaxation
= flattened, no B
== = adiabatic, high B
) —r"=0.47%0.02 [s7}]
10~ - - - - - -
100 2 x 100 3x10° 4x10° 6 x 10°

ne [1e5 cm™3]

Figure 4.9: Longitudinal bunch length electron cooling rate of 250 keV HeH™ as
a function of the electron beam density in the interaction region.

Table 4.6: Fit of the scaled longitudinal cooling rate rp=r) /K to the measured
points and theoretical curves calculated from the Spitzer plasma relax-
ation (eqn. [2.104), no B-field approximation (eqn. and strong
B-field approximation (eqn. , shown in fig.

* * *
TH,Spitze’r TH,no field r||,strong field

0.467(22)  0.147  0.690 1073

*
r ||,measured
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4.2 Longitudinal cooling of bunched beams

4.2.5 lon beam intensity evolution during electron cooling

The evolution of the ion number contained in each bunch is shown in fig. for
three different electron current settings. The ion number evolutions given there are
examples of cooling curve measurements that are part of the series shown above
in sect. [£.2.4] Therefore, the same experimental settings as given in table [£.4] are
still valid here.

As explained in sect. the bunch ion number N, can be determined either
from a simple numerical summation (integration) of the current pick-up voltage
signal in the bunch profile area or is directly obtained from the Gaussian peak area
of the fitted longtidunal density profile. Since the ring is only filled to about 75%
of its circumference, one of the four rf-buckets in the bunched beam HeH™ storage
captures only a very low amount of ions. This smaller ion bunch only develops a
Gaussian profile when the longitudinal phase space is compressed due to electron
cooling (demonstrated in fig. (a)). Thus a bunch ion number for the small
bunch can be obtained by the Gaussian peak fit method only when the cooling
process has almost finished.

The evolution of the bunch ion number when turning on the electron beam
at 3 seconds after injection is investigated in fig. for three different electron
current (electron density) settings. The bunch ion number N, is determined with
the numerical method in order to also demonstrate the evolution of the small
bunch. For each current setting, two injections are investigated. One injection
shows the time regime when electron cooling is turned on around 2-6 seconds (left
side) and another injection is measured in the time regime starting 1-2 seconds
after electrons are turned on to up to about 8.5 seconds after injection (right side).

An effect of turning on the electron beam is most visible in the higher electron
current measurement with I, = 26.7 p (n. = 6.55 - 10° em™?) (fig. (a)). In
the decay of the total number of ions given by the sum of the individual bunch ion
numbers N, (purple dashed curve) a kink is clearly visible as soon as electron cool-
ing is turned on, before the ion number seems to stabilize after about 1-2 seconds.
About 40% of the ions are lost with this high electron current setting during the
cooling process, but resulting in a stabilized ion number in the supposed equilib-
rium. With decreasing electron current, the effect of losing ions during the cooling
process becomes smaller, even reaching almost unaffected bunch ion numbers at
the lowest electron current setting of I, = 4.6 uA.
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Figure 4.10: Evolution of the bunched ion beam intensity during electron cooling
for different electron densities. Every plot represents a separate ion
beam injection. Electron cooling is always turned on at t = 3000 ms
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Investigation of tune shifts

In order to find an explanation for the strong loss of ions during electron cooling
with currents higher than about ~20 pA, the strength of the incoherent space
charge tune shift and the tune shift due to the lensing effect of the electron beam
(sect. [2.3.1)) in the electron-ion interaction region are calculated by eqns. &
2177

The quantities that are needed for the calculation are summarized in table [4.7]
The betatron functions /3, , in the electron-ion interaction region are given in [13].
The transverse beam widths o, , is estimated from a transverse ion beam profile
measurement of a coasting 250 keV HeH™ beam (see fig. below). The uncooled
beam widths o, and 0,0, analyzed as described in sect. , are used. The
bunching factor By = hlyynen/Co is estimated from the uncooled bunch width
00 ~ 480 ns as measured in fig. 1.7 With these parameters and the estimated
maximum tolerable shift for the CSR working point of AQ,,,.. = —0.1, a maximum
number of storable ions N,,ae ~ 3.6 - 10® can be estimated for a bunched beam.
This number is much higher than typical ion numbers of < 5-10° during bunched
beam electron cooling experiments (fig. .

The calculated tune shifts are given in table [4.8f The bunched beam ion num-
ber Npo before electrons are turned on is obtained from the ion beam intensity
evolution shown in fig. The incoherent space charge tune shifts and the tune
shifts due to the lensing effect of the electron beam are < 0.002 by amount and
largest in the horizontal direction. As they have opposite signs they can partially
cancel each other. For the higher electron current I, = 26.7 A the magnitude of
the lensing effect is higher than the incoherent tune shift.

Due to the very small magnitude of the calculated tune shifts, the reason for los-
ing ions in the electron cooling process with higher currents may require different
explanations. Thus, it is not clear whether the ion beam and electron beam are
perfectly overlapped in the interaction region in the beginning of the cooling pro-
cess. The ideal situation for electron cooling is a small ion beam that is completely
immersed in the electron beam. The consequences of a wider ion beam that might
only partly overlap with the electron beam are difficult to estimate and complicate
the so far assumed picture of the linear regime of the cooling force. Nevertheless,
it can already be said here that more systematic studies are needed in the future
in order to have a better understanding of this process and to guarantee high,
constant numbers of stored ions.
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Table 4.7: Summary of quantities needed for the calculation of the space charge
tune shifts by eqns. [2.119] & [2.117] (see text for details and appendix
for uncooled transverse beam widths o, and o, for HeH™).

ﬁx By 02,0 0y,0 Bf 60 Nmaz<AQ = _01)
[m] m]  [mm]  [mm] [107°] [10°]
13.009 1.4095 5.60(3) 3.28(2) ~0.17 10.3 ~ 3.6

Table 4.8: Calculation of tune shifts caused by the incoherent space charge tune
shift AQ,. and the tune shift due to the lensing effect of the electron

beam AQ. (eqns. & 2.117).

Nb,O Ie AQsc,m AQ@,:B ACgsc,y AQe,y
[10°]  [wA] [107% [10°]  [107%]  [1077]
510(11) 26.7 -1.42(3) 1.91(2) -0.44(1) 0.60(1)
5.32(11) 102 -1.48(3) 0.73(1) -0.47(1) 0.230(3)
455(10) 4.6 -1.27(3) 0.328(4) -0.40(1) 0.104(1)
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4.3 Longitudinal cooling of Schottky spectra

First Schottky spectra of coasting, non electron-cooled “°Ar* and Co, ion beams
with 60 keV energy have been measured in course of the 2015 CSR commissioning
phase [13]. In this section, the first experimental studies of longitudinal electron
cooling in the Schottky noise spectra of coasting ion beams (sect. [3.6.2)) in the
CSR are presented. Signals were affected by external pickup, but initial studies
showing the equilibrium of ion and electron velocities in the cooling of coasting
ion beams could be demonstrated.

4.3.1 Space charge cooling point

For the interpretation of the Schottky spectra shown below, it is important to un-
derstand in particular the effect of the electron beam space charge in the electron-
ion interaction region. The ion beam is ideally fully immersed in the electron beam
if both beams are overlapped correctly in the interaction region of the electron
cooler. However, due to its space charge the electron beam has a mean velocity
profile of parabolic shape in its radial direction r [65]:

r2
(ve(r)) = vepo - (1 + 7“2> (4.6)
where

2 460mevg70

¢ en,

r (4.7)
and v.p is the electron beam lab frame velocity in its center (on-axis). This is
equivalent to eqn. for r < Rpeam.-

As a result the longitudinal energy E of an electron beam with on-axis energy
E. as given by eqn. [3.39 can be expressed as a function of the horizontal position
x by

E(x)=E.+k-(z — ) (4.8)

where k = ne.e/(4€g) and xq is the horizontal center of the electron beam.

As it will be shown below, the important result from eqn. & is that
changing the accelerating cathode potential and hence the electron beam energy
E. results in a shift of the horizontal position = of the ion beam to a new cooling
point or equilibration point of the beam velocities v on = (ve(r0)). The cooling
force will drag the ion beam to this new point of velocity-matching in the electron
beam velocity profile. A displacement of the horizontal position Ax = x — ¢ of
the ion beam’s closed orbit is connected to a momentum change Ap = p — py via

109



4 Low-energy electron cooling studies of keV ion beams in the CSR

the dispersion D, (sect.[2.1.4]). Deviations of the electron and ion beam velocities
from the closed orbit (reference) velocity v, given by d. and d;,,, respectively, are
related to a shift of the horizontal beam position Az of each beam by

v — g 1E. + k(Az)* — E,
0 = = - 4.
( Vo >e 2 E() ( 9)
v — Az
5ion == = = 4.1
< Vo >ian Dl‘ ( O)

where eqn. follows from eqn. and D, = 2.10 m is the dispersion in the
electron-ion interaction region [13] and Ej is the reference electron cooling energy
defined by vy. The space charge cooling point can finally be obtained from

56 = 5ion (411)

which yields

Ax 1
= Q—EO(EG + k(Az)? — Ey) (4.12)
and has the solutions
E, E? (E. — Ey)
(Az)1 = KD, + \l P02 3 (4.13)

Only (Ax), fulfills Az = 0 for E, = Ey and will be taken as the relevant solution
for the space charge cooling point. From eqn. [4.13] & [2.30] one finds for the relative
frequency shift as a function of the relative energy shift AE/Ey:

Af Az B kD2 (AE
T BE[E) =0 = ( J1 5 (EO )) (4.14)
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4.3 Longitudinal cooling of Schottky spectra

Table 4.9: Experimental settings for Schottky noise spectra measurements of 250
keV HD™ (r. and n, calculated with r.u, = 1.10 mm).

I, a Te Ne Use(r=0) (W, —W,) fo Ey
[1A] [mm]  [10° cm ™ [eV] [V] [Hz] [eV]
35.1 30 6.03 4.8 0.76 2.3(1) 113666(3) 45.16

4.3.2 Electron cooled Schottky spectra for HD*

Longitudinal electron cooling is investigated by measuring Schottky noise spectra
(sect. of a 250 keV HD* coasting beam. Electron cooling with the electron
beam settings listed in table is optimized with the usual rf-bunching second
harmonic method (sect. [3.6.3)) and found to be most efficient for a cathode volt-
age setting of Uy = —48.28 V. Rf-bunching is then turned off again and Schottky
spectra of the coasting beam are measured with a spectrum analyzer at the first
harmonic of the revolution frequency fj for a set of different cathode potentials U
in the range of 48.10-48.55 V.

Unfortunately, a high background noise contribution was always present in these
measurements with various peaks from unclear sources, some of them even chang-
ing their position in time. The suppression of these effects has been possible only
in a recent revision (2019) of the measurement electronics. The spectra are there-
fore obtained by averaging 20 traces of 1.5 s sweeps in a frequency span of 500 Hz
around the first harmonic of the revolution frequency. A pulse generator is trig-
gered 500 ms after the ion beam injection into the CSR, and then every following
1.55 s another trace is recorded with the spectrum analyzer. Since the background
noise peaks in the measured frequency band are not stable and do not appear at
fixed positions, no background subtraction is performed in this case. In order to
observe the effect of electron cooling, electron cooled and uncooled spectra are
always compared in one plot. Uncooled Schottky spectra are measured for seper-
ate ion beam injections, when no electron beam is present. However, this was not
repeated before every measurement of an electron cooled spectra, i.e., many cooled
spectra are compared with the same uncooled spectra. The electron cooled ion
beam Schottky peak is fitted with a Gaussian distribution to obtain the revolution
frequency given by the center of the Gauss peak. The various measured spectra

that have been analyzed with this procedure are given in appendix (fig. [A.1)).

Fig. demonstrates the effect of longitudinal electron cooling in the Schottky
spectra for an electron energy of E, = 45.11 eV. A frequency deviation A f of about
29 kHz between the Gaussian peak position in the case when electrons are turned
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Figure 4.11: Schottky spectrum of a coasting 250 keV HD' beam (black line).
Merging the ions with an electron beam with energy E, = 45.11 ¢V
shifts the ion beam to a lower revolution frequency (purple line).
The fitted Gaussian width of the uncooled ion beam Schottky peak
(blue line) decreases by about 20% due to electron cooling (orange
line).

off to the peak position of the electron cooled longitudinal ion beam profile is ob-
servable. The frequency deviation is related to a shift of the ion beam horizontal
position due to electron cooling via eqn. [£.14. As shown above, this ion beam
dragging can be interpreted such that the cooling point, given by the intersection
of the parabolic velocity profile of the electron beam with the ion beam dispersion
line in the CSR, lies off the center of the injected beam.

In fig. , the relative deviations A f/ fy of the measured revolution frequencies
of the electron cooled ion beams to a reference frequency fy are plotted as a function
of the corresponding relative electron energy deviation AE,Ej, to the reference
electron energy E,. Here, AE = (E. — Ej) is obtained from the change of the
electron acceleration voltage. The reference frequency f, = 113666(3) Hz and
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Ee [V]
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1e—3 1 1 1 1
—— nos.c.:n=0.74 £0.014
34 —— with s.c.: FIT n =0.792 = 0.015
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Figure 4.12: Measured relative frequency shifts of the closed orbit from the ref-
erence frequency fo = 113666(3) Hz for different electron energies
E. in the range of 45.04 €V to 45.22 eV. The reference point is given
by Ey = 45.16 €V (see text for details). The ion beam’s horizontal
position is thus assumed to be centered for Ey. The red solid line
shows a fit of the space charge model described by eqn. f.14] to the
measured points, whith the slip factor n as the only fit parameter.
Ignoring space charge effects gives the blue solid line.

reference energy Ey = 45.16 eV (cathode potential Uy = —48.22 V) are obtained
from the Schottky spectra where electron cooling does not seem to drag the ion
beam and hence the cooling point is assumed to be centered in the horizontal
position. The difference of work functions W, — W, = 2.3(1) V can be calculated
by eqn. with Ug.(r = 0) = 0.76 V (these values are used here to convert
accelerating cathode potentials Uy to their respective electron energy FE. in the
interaction region).

113



4 Low-energy electron cooling studies of keV ion beams in the CSR

The observed dependence of Af/f on AE/E is found to be linear (fig. [4.12]).
The last shown point in the higher (right side) end of the AF/Ey-axis is given by
E. = 45.22, even though one might still suspect a Schottky peak in the spectra
for E, = 45.39 eV (see fig. |A.1)). However, the square root in eqn. defines an
upper limit E ,,q, for the equilibrium cooling point in the space charge model for a
given reference energy Ejy. For Ey = 45.16 €V this point is given by E. 0. = 45.38
eV. Furthermore it has to be noted that Schottky peaks have been observed on
the spectrum analyzer also for lower energies than F. = 45.04 eV, but the data of
these spectra is lost due to a failure in the data saving process.

A fit of eqn. with 7 as a free parameter (fixing the space charge parameters)
yields a measurement of the slip factor n of the CSR. Within this space charge
model, a value of n = 0.792(15) is obtained (red line). A linear fit, neglecting the
space charge term, yields n = 0.740(14). Both values deviate somewhat from the
slip factor n = 0.680(1) measured in the 2015 CSR commissioning phase [13].

The space charge cooling point model is visualized in fig. [f.13] The velocity
deviations Av are calculated from the measured frequency shifts Af via eqn. [2.30
with the measured slip factor n = 0.792(15). Those are related to horizontal closed-
orbit shifts Ax by the dispersion relation given by eqn. with the theoretical
dispersion of the CSR and define the position of the measured red points. The
black line through the red data points hence represents the CSR dispersion line. It
has to be noted that due to the almost identical measured value Af/fy for both,
E. = 45.04 ¢V and E. = 45.06 eV, their respective points on the dispersion line
in fig. are not distinguishable by eye. The parabolic velocity profiles of the
electron beam for the various electron energies E. can be calculated from eqn. 4.6
or eqn. (colored curves). The electron beam dimension (vertical green dashed
lines) is given by its magnetically expanded radius r, (table [4.9).

With the visualization of the space charge cooling model, it can be (tried to)
explain why the ion beam profile in the Schottky spectra is vanishing outside a
certain frequency range. Not all of the measured points are located at the calcu-
lated intersection of the space charge parabola and the CSR dispersion line (the
theoretical cooling point). However, a different, higher or smaller slip factor value
would move the points along the dispersion line closer or further away, respec-
tively, from the fixed reference point. Moreover, as already mentioned above and
now demonstrated in fig. @ for electron energies higher than E, ., = 45.38
eV, the dispersion line has no intersection with the parabolic velocity profile, i.e.
there is no defined equilibrium cooling point which explains well the vanishing
of ion beam profiles in the higher end of the electron energy and corresponding
revolution frequency range. The limit in the lower range has not been determined
experimentally, but a prediction for a maximum frequency and momentum devi-
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Figure 4.13: The relative velocity shifts of the closed orbit (red points) of 250
keV HD* are calculated from the measured relative frequency shifts
and the measured slip factor (see fig. . The points at the
lowest and highest x-position correspond to Schottky measurements
at F, = 45.04 eV and 45.22 eV, respectively.

ation can be made if it is assumed that a stable point of electron cooling is lost
as soon as the ion beam is dragged to the edge of the electron beam dimension.
For Az=r, = 6.025 mm, the dispersion relation yields |Av/vy| = 2.87 - 1072 and
with the measured slip factor this translates into |Af/ fo| = 5.05-1073. The corre-
sponding electron energy which would drag the ion beam to the edge of the electron
beam in the negative x-direction is calculated with eqn. @ to B min = 44.63 €V,
indicating that even well below the last measured value of E, = 45.04 eV, electron
cooled ion beam profiles should be observable in the Schottky spectra.
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4.4 Transverse electron cooling measurements of
coasting ion beams

One of the main goals of the 2018 CSR beamtime campaign was to deliver a proof
of low-energy transverse electron cooling of coasting keV ion beams, in addition
to the longitudinal electron cooling of bunched ion beams that has already been
realized in the commissioning phase of 2017. Therefore, transverse electron cooling
experiments are carried out with the molecular ion beams 250 keV HeH™, 250 keV
HD* and atomic ion beam 250 keV O™,

After a brief introduction of the measurement procedure the shrinking of the
ion beam emittance as an effect of electron cooling is demonstrated for each of the
mentioned ions. The section further includes an analysis of the dependence of the
transverse electron cooling rate on the electron beam density.

4.4.1 Measurement procedure

The experimental setup for measuring transverse ion beam profiles at the CSR by
neutral fragment imaging is already discussed in sect. [3.6.4 The measured trans-
verse beam profiles with this technique are given by 2D center of mass distributions
and plotted in the form of colormaps (figs. |4.15] |4.17 & [4.19). The structure of
the measurement cycles that are used in the electron cooling imaging experiments
presented in this section are in general equal to those that are used for DR rate
measurements. During DR rate measurements, the electron-ion collision energy
is scanned by a detuning of the electron energy F. as explained in sect.
During electron cooling, however, the velocities of the electron and ion beam are
matched and the electron-ion collision energy at the corresponding cooling energy
E. = E.,q of the electrons is zero (Fy = 0 €V). The measurement cycle structure
is sketched in fig. Each cycle starts with a certain time ¢.,,; at which the
energy FE. of the electrons is set to F... A waiting time t,,;; is implemented to
take into account the time it takes to adjust the potential that defines the elec-
tron energy. The electron cooling and waiting time interval is then followed by a
generally shorter measurement step at a detuned collision energy E; realized by
setting an electron energy E, = E,.;. This measuring time at a detuned refer-
ence collision energy is used to obtain a background rate when performing DR
resonance energy scans. The reference point is chosen at a collision energy where
the expected DR rate coefficient is at its lowest value. The data measured at the
reference point can then later be subtracted. In the DR resonance spectrum of
HD™ for example, this is the case at F4 ~ 1 eV [66]. For the purpose of evaluating
the measurement cycles with respect to electron cooling only, no such background
subtraction is needed since one is only interested in the center of mass distribution
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Figure 4.14: Scheme of a typical measurement cycle used during ion beam imag-
ing experiments. Times are t.,,; = 0.1 s, and further times according

to the text.

of the neutral fragments at collision energy F; = 0 eV. The presented profiles are
thus exclusively obtained from events which are detected in the electron cooling
steps teoo of the cycle.

As it will be shown in the following presentation of the experimental results, the
measured CM distributions mostly have an elliptical shape that in some cases also
rotates around its center during electron cooling, which can likely be assigned to
a perturbation of the stored ion beam by a coupling to the solenoid guiding field
in the merged-beam section [67], but is still under investigation and not fully un-
derstood yet. In order to analyze the evolution of the beamprofile during electron
cooling, the detected events during the measurement are binned into time se-
quences that are chosen to contain integer numbers of the measurement cycle time
teycte- The beam-projections in these time sequences are fitted with 2D Gaussian
profiles that take into account the rotating ellipse effect by adding an additional
angle to the x- and y-axis as a further fit parameter:

JAZQ g2
flxy) = fo+Aexp <—20§ — 202) (4.15)
with
z (x —x9) cos P + (y — yo) sin @ (4.16)
9 = —(z—x0)sin®+ (y — yo) cos (4.17)

where o, (0) are the widths along the major (minor) axis of the ellipse. The angle
¢ describes the clockwise rotation of the major axis with respect to the x-axis.

In order to obtain electron cooling curves from the evolution of the beam profiles,
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4 Low-energy electron cooling studies of keV ion beams in the CSR

the fitted Gaussian widths of each projection are plotted against the mean time
value of the time sequence in which the projection was measured.

4.4.2 Transverse electron cooling times
HeH™

The time evolution of the transverse projected beamprofile of a coasting beam of
250 keV HeH™ is displayed in fig. [4.15] Each colormap represents a recording time
sequence of 420 ms, chosen to contain four times the measurement cycle defined
for this run. The measurement cycle is started 3.15 seconds after injection and
structured as follows:

e 100 ms electron cooling

e 5 ms waiting time

which is repeated 70 times per injection.

The experimental settings for electron cooling are summarized in table The
number of injected ions is about 2.2-107.The projected shape resembles the above
mentioned rotated ellipse, with a relatively constant angle ® during the electron
cooling process (fig. (c)). The widths o,, obtained from the 2D Gaussian
fits of the ellipse profiles are shown in fig. (a) and (b). Analogously to the
bunched longitudinal case, the cooling curves are fitted with both, the IBS for-
mula given by eqn. and a simple exponential decay function (eqn. . The
appropriateness of the fits to describe the measured data is again judged with the
help of the residual plots shown in fig. (c) and (d). In this case, the simple
exponential function, neglecting any influence of the IBS process yields the more
suitable result for the measured curve. Tentatively, this result can be explained
by the limited validity of the simplified IBS model. In particular, 7', > Tj for the
ions, hence, less effect from IBS on the transverse degrees of freedom is expected.
Therefore, the transverse cooling curves in this section will be consistently evalu-

ated by eqn. [4.3]

Table 4.10: Experimental settings for transverse electron cooling of HeH™.

Eicm fO Ee UO Ie Q Ne Tcath
[keV] [kHz|  [eV] V] [uA] [10° cm™®]  [mm]
250  88.261 27.32 -30.32 26.0 21.59 6.4 1.10
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Figure 4.15: Time evolution of the center of mass distribution of co-incident dou-

ble impact events on the imaging detector measured during electron
cooling of 250 keV HeH™.

Electron cooling times of T.p0a = 1.567(30) s and 7.0 = 1.509(26) s can be
assigned to the compression of the major and minor axis of the ellipse, respectively.
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Figure 4.16: Cooling curve evaluation of coasting 250 keV HeH" and comparison
of fit procedures (see text for details).
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HD*

The time evolution of the transverse projected beamprofile of a coasting 250 keV
HD™" beam is shown in fig. . Each colormap represents a recording time se-
quence of 464 ms, which is again chosen to contain an integer number of the
measurement cycle defined for this run. The measurement cycle is started 1.3
seconds after injection and structured as follows:

e 100 ms electron cooling
e 3 ms waiting time
e 10 ms measuring at detuned (collision) energy E; = 1 eV

e 3 ms waiting time

which is repeated 100 times per injection.

The experimental electron cooling settings are summarized in table [4.11} The
number of injected ions for this run is about 1-107. In the projected profiles,
a strong electron cooling effect is already visible in the first ~ 2 seconds as the
intensity distribution seems to peak towards the center of the beam. The projected
shape is again clearly more a rotated ellipse rather than a circular profile. The
electron cooling curve obtained by fitting the Gaussian widths of the ellipse axis
with eqn. is shown in fig. . Electron cooling times of 7.0, = 1.052(045) s
and Teoorp = 0.97(02) s can be assigned to the compression of the major and minor
axis of the ellipse, respectively.

Table 4.11: Experimental settings for transverse electron cooling of HD™.

Eion fO Ee UO Ie @ Te T'cath
[keV]  [kHz]  [eV] V] [uA] [10° cm™]  [mm)]
250 113.583 45.71 -48.27 34.7 30 4.28 1.10
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Figure 4.18: Electron cooling curve evaluation of coasting 250 keV HD™.
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0+

In comparison to the above presented results for molecular ions HD' and HeH™,
the electron cooling investigation for the atomic ion OT in the beam time cam-
paign 2018 stands out regarding several points. It should be also noted here that
these measurements are the result of what was rather planned to be a mere try
if electron cooling can be observed at all within the very short experimental time
that was left at the very end of the 2018 beamtime.

Since there is no DR process taking place as for the molecular ions, all single
impacts of neutral fragments on the imaging detector from the recombination of
O% to O are directly assigned as a center of mass position. In addition, with
M; = 16 amu, O" is much heavier than the molecular ions with masses < 5 amu.
As a consequence, a much lower electron energy of E, = 8.57 eV is neccessary
to match the velocity of the 250 keV O ions. Therefore, for this measurement
the wltra-low energy electron deceleration scheme as proposed and tested for the
GaAs photocathode setup in the Ph.D. work of A. Shornikov [54] is used instead
of the so far grounded drift tube operation. The electron deceleration scheme is
implemented by setting a higher cathode potential of Uy = —33 V. The electron
energy needed for velocity matching is then realized by operating the drift tubes in
the interaction region at the lower ,cooling” potential U,.,,; = —12.18 V with the
Kepco power supply on top of the HV platform (compare fig. . In space charge
limited electron gun operation (sect. |3.2.2), extracting electrons with a higher ac-
celerating potential allows to extract electron beams with a higher density.

The time evolution of the transverse projected beamprofile of a coasting beam
of 250 keV O is displayed in fig. [4.19} Each colormap represents a recording time
sequence of 3.275 s. The measurement cycle is directly triggered upon ion beam
injection and structured as follows:

e 100 ms electron cooling
e 3 ms waiting time
e 25 ms measuring at detuned (collision) energy E; = leV

e 3 ms waiting time

Table 4.12: Experimental settings for transverse electron cooling of **O7.

Eion f 0 E e UO Ucool I e o Ne Tcath
[keV] [kHz] [eV] [V] V] [A] [10° ecm ™3]  [mm]
250 49448 857 -33.0 -12.18 31.2 30 11.3 1.10
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which is repeated 1000 times per injection.

The experimental settings for electron cooling are summarized in table The
number of injected ions for this run is about 7.8 - 107. The widths 04 Obtained
from the 2D Gaussian fits of the ellipse profiles are shown in fig. .20l Electron
cooling times of Tepo1q = 10.96(26) s and Tepep = 9.649(127) s can be assigned to
the compression of the major and minor axis of the ellipse, respectively. The first
two points in the cooling curve of the major axis are not taken into account for
the cooling time determination. These points are not assigned to the exponential
cooling process. It is possible that the beam overlap in these first few seconds
of the measured curve is not perfect yet, but improves at later times due to the
compression of the beam width.
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Figure 4.19: Time evolution of particle impacts on the imaging detector mea-
sured during electron cooling of 250 keV O*
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Figure 4.20: Electron cooling curve evaluation of coasting 250 keV OT.
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4 Low-energy electron cooling studies of keV ion beams in the CSR

4.4.3 Dependency of the transverse cooling rate on the
electron beam density

In order to analyze the transverse electron cooling rate as a function of the electron
beam density, the measurement cycle shown above for 250 keV HD™ is repeated
for five different electron beam density settings. The experimental settings for this
measurement series are summarized in table[d.13] In contrast to the measurements
of the longitudinal cooling rate dependence (sect. , the magnetic expansion is
set to a = 30. The value of the longitudinal guiding field in the interaction region
is kept at B = 90 Gauss. The measured transverse electron cooling rates r, , and
1 for the major and minor ellipse axis, respectively, obtained by a fit of eqn.
to the time evolution of the Gaussian beam widths, are given in table [4.13]

Table 4.13: Experimental parameters for electron cooling and measured trans-
verse cooling rates r , and r , for 250 keV HD* (n, calculated with
Teath = 1.10 mm).

Up V] I [pA] ne [10° em™) Ty [peV]  riq [s71 rip [s™!

]
1827 347 474 80 0.858(46) 1.056(20)
4820  25.0 3.41 73 1.000(29)  0.811(21)
48.03  15.0 2.05 64  0.885(133) 0.648(29)
4797 100 1.36 57 0.488(29)  0.346(7)
4793 5.0 0.68 48 0.232(23)  0.156(6)
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Figure 4.21: Transverse electron cooling rate r, , of coasting 250 keV HD™, ob-
tained from the exponential shrinking of the major axis of the beam-

profile ellipse, as a function of the electron density n..
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Figure 4.22: Transverse electron cooling rate r  of coasting 250 keV HD™, ob-

tained from the exponential shrinking of the minor axis of the beam-
profile ellipse, as a function of the electron density n..
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4 Low-energy electron cooling studies of keV ion beams in the CSR

Comparison to theory

Analogously to the investigation of the electron density dependence of the lon-
gitudinal electron cooling rate presented in sect[4.2.4] in figs. & the
measured transverse cooling rates are compared to the calculated rates from the
Spitzer plasma relaxation and the approximation formulae by Derbenev and Skrin-
sky (sect. [2.2.6)).

For the transverse temperature 7, = T, = 2 meV is assumed. As expected,
the Spitzer formula (cyan line) underestimates the cooling rates r, since neither
magnetized collisions nor a longitudinal compression of the electron velocity distri-
bution (the lower value of 7)) are considered. Multiplying the calculated Spitzer
rates rspitzer With a factor of ~3-4 brings them very close to the measured values.

Furthermore, the asymptotic approximation 7 ,, ficiq 0f the transverse electron
cooling friction force is calculated also in the case where magnetized collisions are
neglected (red line, calculated by eqn. . While these values overestimated
the measured rates in the longitudinal case by a factor of about 2, in the transverse
case they are very close to the Spitzer rate. This is not surprising considering the
fact that both the Spitzer approximation and the Derbenev and Skrinsky approx-
imation formula eqn. have the same scaling behaviour with the transverse
electron velocity spread A, .

In the case of the strong-field approximationﬂ (purple dashed line in figs.
& the measured rates are overestimated by roughly a factor ~2-3. However,
as mentioned above in sect. [£.2.4] misalignment effects in the interaction region
would increase the longitudinal electron beam temperature and thereby decrease
the adiabatic electron cooling force and cooling rate values.

The calculated Coulomb logarithms and longitudinal cooling rates with exper-
imental settings given in table are summarized in table £.14] A scaling of
the measured data and the calculated theory line with the scaling parameter
Kk = nefem™3]Z2 /A, performed in the same way as for the longitudinal case in
sect. [£.2.4] is carried out here as well. The results of fitting the individual lines
and the measured points (black line) with the function r; = 7% k yield r% as given

in table 4.15

2 Analogously to the longitudinal case for bunched HeH™ (sect. 4.2.4)), the transverse tempera-
ture estimate 7', = 0.31 eV for HD™ as shown in appendix is used for the transverse ion
velocity spread A;; = \/2kgT /M; in order to replace the dependence of the transverse ion

velocity in eqn. [2.115 (see sect. [2.2.6]).
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4.4 Transverse electron cooling measurements of coasting ion beams

Table 4.14: Experimental parameters and measured transverse cooling rates r, ,
and 7, 5 for 250 keV HD*. The Spitzer Coulomb logarithm L¢ and
cooling rate are calculated with an assumed isotropic temperature of
T. = 2 meV (see text for details).

Ne Lgpztzer LC Lc&d Tla T1b T'Spitzer  Tno field Tstrong field
[10” cm™] [s™'] [s™'] s7 s [s7']
4.74 7.66 7.55 1.69 0.858(46) 1.056(20) 0.230 0.189 1.620
3.41 7.82 7.71 1.72 1.000(29) 0.811(21) 0.169 0.139 1.482
2.05 8.08 797 1.77 0.885(133) 0.648(29) 0.105 0.063 1.267
1.36 8.28 8.17 1.81 0.488(29) 0.346(7) 0.072 0.059 1.100
0.68 8.62 851 1.91 0.232(23) 0.156(6)  0.037 0.031 0.842

Table 4.15: Fit of the scaled longitudinal cooling rate 77 ,,.:0. = 71 major/k to the
measured points and theoretical curves calculated from the Spitzer

plasma relaxation (eqn.|2.104]), no B-field approximation (eqn.|2.111)
and strong B-field approximation (eqn. [2.114), shown in fig. 4.21]

* * * * *
TLszjor "1 minor TSpitzer TL,no field TL,strong field

0.676(116) 0.714(30) 0.149  0.122 1.286
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4 Low-energy electron cooling studies of keV ion beams in the CSR

4.5 Investigation of Intrabeam-scattering at the
CSR

To investigate the dynamics and effect of IBS on stored ions in the longitudinal
dimension, a rf-bunched beam of HeH™ is stored at 250 keV and electron-cooled to
an equilibrium bunch width of a few hundred nanoseconds. The time evolution of
individual bunches is observed using the measurement technique as described in
chapter [4.2.1]and the blow-up of the bunch width is followed for several seconds af-
ter turning off electron cooling. Furthermore, the blow-up of the transverse dimen-
sions of an electron cooled beam when turning off electron cooling is investigated
for a coasting 250 keV HD™ beam, using the neutral fragment imaging technique
to observe the time time evolution of the transverse beam profiles (sect. [3.6.4)).
The results of the IBS investigations of bunched HeH* and coasting HD™ in the
CSR are presented in this chapter.

4.5.1 IBS of bunched beams

The experimental settings used for cooling a bunched HeH'™ beam down to an
equilibrium bunch width are summarized in table and are equal to those
presented in longitudinal cooling time measurements discussed above in sect.

Fig. shows a representative ion beam injection, demonstrating the effect of
IBS in the longitudinal density profile of the bunches which have been electron
cooled to an equilibrium bunch length for a period of 7 seconds before turning
off the electrons at 10 seconds after injection. The IBS blow-up of the bunch
is followed in steps of 0.6 s until 15.6 s after injection. In fig. an example
evaluation of the time evolution of the bunch width is shown for the third bunch
in fig. for a storage time period from 9.0-15.6 seconds after injection. The
blow-up is fitted with the function derived from the simple IBS model (eqn. [2.130)).

The fit is performed in the way that the averaged beam width o(; before the
blow-up and v = 6 are fixed parameters while the other parameters are fit-
ted within reasonable boundary conditions. The IBS heating term, defined by
eqn. 2.130] that is obtained by this procedure for this bunch is

Table 4.16: Experimental settings for longitudinal IBS experiments with an equi-
librium cooled bunched HeH" beam.

Eion [keV]  fo [kHz] h E.[eV] Uy [V] I [nA] « Ne Teath
[keV] [kHz| [eV] V] [A] [10° em™®]  [mm]
250 88.261 4 27.32 -30.32 26.7 21.59 6.55 1.10
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Figure 4.23: Bunch profile time evolution during IBS blow-up measured with the
Schottky pick-up electrode.

Dy = 13.08(16) 10'® ns /s.

The blow-up is evaluated for 9 injections of bunched HeH™, yielding a total
number of 36 bunches with different ion numbers N,. Storage times up to 22
seconds after injection are analyzed. The results of evaluating the bunches with
ion numbers in the range of N, ~ 0.1-1.2 -10° for the IBS heating term is shown
in fig. [£.25] As expected from eqn. 2.130] the heating term is a linear function of
the bunch ion number N,. A linear fit through the origin yields

Dy(N,) = 10.9(2) 107 - N}, [ns”/s] (4.18)

where v = 6.
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Figure 4.24: Time evolution of bunch width o, of the third bunch (from left)
shown in fig. (current pick-up measurement). The number of
ions in this bunch is N, = 1.03(4) - 10°. The red line is a fit of the
simplified IBS model described by eqn. 2.130}
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Figure 4.25: The IBS heating term D, is measured for v = 6 in a series of bunch
blow-up measurements for 250 keV HeH™. The red line is a linear fit
through the origin, according to the predicted linear proportionality
of the heating term with the bunch ion number (see eqn. .
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4.5 Investigation of Intrabeam-scattering at the CSR

4.5.2 IBS of coasting beams

The investigation of IBS effects in the transverse beam dimensions was not a ded-
icated goal of the 2018 HD* beamtime at the CSR. However, there is a dataset of
in total three beam injections available where it is possible to observe the beam
profile evolution of a beforehand equilibrium cooled coasting HD™ beam when the
electrons are turned off. Out of these three injections, only two show a very similar
countrate on the detector with a relative ion number difference below 10%. Thus
only these two injections with comparable conditions are merged and analyzed for
the evolution of the transverse beam profiles. Even though statistics are rather
low for this measurement, it is possible to follow the blow-up of the two axis of

the ellipse-shaped projected beam-profile (fig. 4.26)).

For this measurement, electron cooling is applied for a period of 10.3 s with
the settings summarized in table The injected ion current is I, ~ 149 nA.
Upon turning off the electrons, the IBS induced blow-up of the transverse Gaussian
profile widths is observed for about 50 seconds. The measurement is compared
with the simple IBS model (sect.[2.4.1]), as shown above for the bunched beam case.

However, here it has to be considered for these longer storage time runs that
the assumption of the simplified approach of a constant number of ions during the
IBS blow-up does not hold anymore. Therefore, the ion number N, in eqn.
will be replaced by:

N(t) = Nyexp (—t _th)) (4.19)

where %, is the time when the electrons are turned off. The solution of eqn. [2.130]
is then given by:

2=

A t—1t
oap(t) = [NQD,L(,T’)/ (1 —exp (—TO>> + Uzo,bo} (4.20)

with

[)a,b - Noﬁa,b (421)

Table 4.17: Experimental settings for transverse IBS experiments with an equi-
librium cooled coasting HD™ beam.

Eion [keV] fo [kHz] E. [eV] Uy [V] L [pA] a ne [10° em™3] 1oy, [mm]

250 113.583  45.71 -48.27 334 30 4.56 1.10
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4 Low-energy electron cooling studies of keV ion beams in the CSR

which introduces the ion beam lifetime 7 as a further parameter in the model and
a (b) denote the index for the major (minor) beam profile ellipse axis.

From the countrate on the imaging detector as a function of storage time shown
in fig. [4.27], one can clearly observe a rather strong decay of the signal. At ¢ ~ 60
s, the decay of the countrate seems to become even stronger. One thus regards
both time regions, smaller and greater than 60 seconds, seperately and assigns
two different decay time constants from exponential fits. The origin of the faster
decay starting at t ~ 60 s might be explained by the fact that the ion beam has
blown up to the point where the acceptance limit is reached and ions are lost
by wall collisions. Since the blow-up here is only observed for times < 60 s,
the decay constant 7 = 465 s is used for the analysis of the data by fitting of
eqn. [£.200 With 7 = 465 s, t, = 10.3 s and the theoretically expected value
v = 5, one obtains the blue fit curves shown in fig. [4.26| (a) for the minor ellipse
axis and fig. (b) for the major ellipse axis, respectively. The result for the
minor axis D, Ny = 1.08(7) mm?® /s is significantly smaller than the major axis value
D,Ny = 57(4) mm®/s. The injected current of ~ 149 nA gives an ion number of
Ny ~ 8.2-10°. This yields the measured IBS heating rates

1 dO'a,b . Noﬁa’b
Oab dt N

(4.22)
IBS ‘72,6

with D, = 6.70(5) - 10~ mm? /s for the major axis and D, = 1.32(9) - 10~7 mm® /s
for the minor axis.

Analyzing the ratio of the widths of the major and minor axis of the projected
beamprofile during the blow-up yields another test of the simple IBS model. It
assumes a constant ratio of these two values during the IBS induced blow-up,
which is roughly confirmed by the measurement in fig. [4.28] However, in the end,
this low-statistics measurement of the transverse IBS effect, obtained by averaging
only two injections, can only serve as a rough check of the simplified IBS model.
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Figure 4.26: IBS blow-up of an ellipse shaped projected beamprofile of a coasting
250 keV HD" beam measured with the imaging detector. Electron
cooling is turned off at ty = 10.3 s.
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Figure 4.27: Countrate measured on the imaging detector induced by the stored
250 keV HD™ beam.
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blow-up. The simple IBS model assumes a constant ratio.
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4.6 Equilibrium cooled beam

In chapt. [2] two effects are introduced that become important for ion beams that
are electron cooled to an equilibrium situation. Diffusional heating, for example
from multiple scattering processes like IBS (sect. [2.4)), is a process that is always
present in stored ion beams and is countered by electron cooling.

Furthermore, in rf-bunched ion beams the space charge effects of the particles
in the bunch can create a lower, stable limit of the bunch length during electron
cooling. Both aspects shall be investigated at the example of experimental results
in this section.

4.6.1 Space charge limit of electron cooled ion bunches

In sect. it is shown that the electron cooling friction force can not compress
the length (bunch width) of an ion bunch below a certain limit that is defined by
the space charge potential in the bunch and the rf-bunching potential. In this space
charge limit, the longitudinal density profile is described by a parabolic function
(eqn. . In the following, the measured longitudinal bunch profiles of F®* and
HeH™ are investigated for this limit in the electron cooled equilibrium.

F6+

The effect of electron cooling on the bunch shape is already shown above in fig.
where the compression of the bunch width is analyzed and the bunches are fitted
with Gaussian profile fits (fig. 4.5). About 7 s s after electron cooling is turned
on, an equilibrium situation is assumed for the measured bunch lengths. Fig.
shows a comparison of the equilibrium bunch for F¢*, fitted with a Gaussian profile
and the parabolic profile.

It is possible to compare the measured bunch length in the assumed equilibrium
at t = 10.5 s to a calculation of the space charge limited bunch length defined
by eqn. 2.125] The number of ions in the bunch can be obtained from the fitted
bunch area as shown in sect. [4.2.5 For the calculation of the space charge limit,
the bunch ion number N, obtained from a Gaussian profile fit is used. With the
CSR circumference Cy = 35.12 m, h = 2, rf-amplitude ﬁrf =325V (Ugy =
0.395 V) and the CSR beamline radius R = 0.05 m, one obtains w = 235(2) ns,
corresponding to a full width half maximum of FWHM = w/+/2 = 167(3) ns. The
width o} for Gaussian profile with equal half width is given by

of = —theo (4.23)

2v/1n 2

and yields a calculated value of o = 142(2) ns. The experimental values are
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4 Low-energy electron cooling studies of keV ion beams in the CSR

Table 4.18: Comparison of measured F* electron cooled bunch widths w and o
obtained by parabolic and Gaussian profile fits, respectively, to the
calculated bunch widths w and ¢* in the space charge limit.

N, (Gauss peak) N, (parabola) w Wiheo op o}
[1e6] [1e6] [ns] [ns] [ns] [ns |
0.038(2) 0.034(1)  539(3) 235(2) 276(3) 142(2)

compared with these theoretical space charge limits in table [4.18] The calculated
bunch width wye, and the measured parabolic bunch width w differ by almost a
factor of two. This relative difference between measurement and theoritcal limit
is only slightly smaller in the case a Gaussian profile is assumed, suggesting the
assumption that electron cooling in this setting does not bring the bunch shape
close to its space charge limit yet.

It also has to be mentioned that for the calculation of the space charge limit with
eqn. the ion beam radius r, averaged by two times the standard deviation
r = 20, = 2-2.36 mm of the beam profile, is assumed to be within ~ 6 mm as a
result of the ion beam imaging experiments presented in sect. (see table .
Since the imaging detector was not available yet during the 2017 Fo* measurements
and no ion beam profile measurements are available for F6*, this value is used as
a reasonable approximation.

HeH"

The electron cooled equilibrium bunch length is further analyzed for 250 keV HeH™"
at the example of the bunch cooling measurement shown above in fig. [4.7] The
expected Gaussian bunch widths o} in the space charge limit are calculated with
the same ion beam size as shown above for FOF, but a slightly different rf-voltage
amplitude of U, = 3.05 V (Uzsp = 0.74 V).

The measured bunch profiles in the electron cooled equilibrium are shown in
fig. £.30f The baseline is subtracted as described in sect. £.2.1] In this case, a
Gaussian profile always is more suitable for the description of the bunches than
a parabola profile. The fitted Gaussian bunch widths o, are compared to the
theoretical space charge limited Gaussian bunch widths o; (eqn. in table
The theoretical bunch width space charge limit is in the bunches with higher
ion numbers closely approached. If the calculated values are trusted, the reason
why no indications of a parabola profile are observed yet must lie somewhere else.
The greatest uncertainty should be in the determination of the correct transverse
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Figure 4.29: Evolution of longitudinal density profiles of a bunched F°* ion beam
and comparison of fits with a parabola profile (a) and a Gaussian
profile (b). Electron cooling is applied 3 s after injection with set-
tings given in table 4.1 The time on the x-axis is given with respect
to the reference time ty defined by the synchronous particle in the
center of the bunches.

ion beam size. Here, one relies on a single measurement of a coasting HeH' beam
(see table . Small changes of less than 1 mm already have a strong effect in
the calculation of the theoretical space charge limit. A discussion for both cases,
F* and HeH* follows below.

Discussion

Even though it seems like the electron cooled bunch profile for Fé* in the equilib-
rium adopts the predicted parabolic shape in the space charge limit, the calculation
shows that the limit is not even reached closely. This raises the question if the

Table 4.19: Comparison of measured HeH™ electron cooled bunch widths o, ob-
tained by Gaussian profile fits, to the calculated bunch widhts ¢* in
the space charge limit.

Bunch N, [1e6] op [ns] o} [ns | g—z
1 0.12(1) 143(3) 89(2) 1.61
2 0.85(3) 194(1) 172(2) 1.13
3 0.65(3) 174(1) 159(2) 1.10
4 0.64(3) 179(1) 156(2) 1.15
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Figure 4.30: Longitudinal bunch profiles of 250 keV HeH™ measured with the
current pick-up (baseline subtracted). The shown ion bunch profiles
correspond to fig. [£.7], measured at ¢ = 5300 ms after injection, when
the bunch length approaches an equilibrium due to electron cooling.

minimum bunch length is in fact determined by other processes, e.g. intrabeam-
scattering, rather than the space charge effect. For a further investigation in this
direction, the electron cooled equilibrium bunch width will be analyzed for its
scaling behaviour with the ion number in sect. [£.6.2]

Surprisingly, in the case of HeH" the calculated space charge limited bunch
widths are very close to the measured widths. However, the bunches do not seem
to have parabolic profiles. On the other hand, the description of the bunch shape
in the space charge limit as a parabolic profile completely neglects any internal
motion of the ions.

At this point it is also worth mentioning that a diffusive broadening of the ion
beam momentum distribution in the CSR has been observed in Schottky-power
measurements [13]. There, this diffusion is brought into connection with a ripple on
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the electrostatic deflector and quadrupole elements of the CSR. It is not excluded
that this kind of diffusion is present in all of the presented experiments.

4.6.2 Equilibrium of electron cooling and IBS

For the investigation of the ion beam blow-up of a bunched beam due to IBS
in the absence of electron cooling as shown above in sect. £.5] the bunches have
always been cooled down to their equilibrium bunch length first. The electron
cooled equilibrium beam widths o of these bunches are now used to analyze the
scaling behaviour with the ion number N, in the bunch, extracted from the usual
Gaussian profile fits. The results are plotted in fig. 4.31] A power law fit yields

- Nbl/4.117(11) (4.24)

The exponent can be compared to the predictions of the space charge limit model
(sect. 2.3.2) and the IBS model (sect. [2.5). In case of a space charge dominated
minimum bunch width, the bunch width can be described by the parabolic profile
eqn. and one expects a scaling of g, o, o Nbl/?’.

Eqn. describes the scaling behaviour of o}, o, with the ion number in the
case of an equilibrium between electron cooling and IBS. In this case, the expected
proportionality is o, Nb1 /7 where ~v = 6 for bunched beams. The difference to
the space charge limit, which is simply derived from a balance of the rf-potential
and the space charge potential of the ion beam, is that the electron beam prop-
erties (cooling rate) in the IBS dominated limit enter in the equilibrium bunch
width. The equilibrium bunch widths with respect to IBS should therefore only
be investigated when they are cooled by the same electron cooling settings.

The measured result does not allow a clear answer on whether it is the space
charge effect or the IBS that dominates the equilibrium bunch length. The fact
that the measured HeH™ bunches in the equilibrium theoretically should be very
close to the space charge limit as shown above, but no parabola profile is observed,
contributes to the uncertainty in this question. However, the fact that the exponent
in the result from fig. is significantly smaller than expected in case of the space
charge effect suggests that intrabeam-scattering at least to some degree influences
the result.
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Figure 4.31: The electron cooled equilibrium bunch width o3 is fitted with a

power law 000 = aNb1 /" See table m for experimental parame-
ters.
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4.7 Summary of electron cooling performance

4.7 Summary of electron cooling performance

A summary of the evaluated transverse electron cooling measurements is shown in
table . The measured rates are compared to cooling times gy, calculated
by the Spitzer plasma relaxation (eqn. . In most cases, the measured cooling
times are faster by a factor of about 5 compared to the Spitzer estimates.

The fact that the measured ion beam profiles in the imaging detector plane
(z,y) are represented by rotated ellipses rather than circular profiles makes it dif-
ficult to identify correct values for the real profile widths o, in the interaction
region, calculated by eqn. [3.44] The betatron functions in the center of the CSR
electron-ion interaction region are 8, = 13.009 m and £, = 1.4095 m [13]. From
these values, one expects a much stronger divergence in the vertical than in the
horizontal direction. Thus the broader, major axis of the beam-projection ellipse is
assumed to originate from the width of the vertical coordinate y in the interaction
region whereas the minor axis is assigned to x. The equilibrium beam widths o
and o0, and the electron cooling time constants in the horizontal and vertical
direction lie mostly close to each other, which can be interpreted as a sign of good
alignment of the electron and ion beam in the electron-ion interaction region. The
strongest difference can be seen for HeH' where the equilibrium beam widths for
the two directions are about 1 mm apart. Furthermore, electron cooled beam
widths lower than ~0.9 mm and cooling times faster than ~1 s could be reached
for HD*, marking the best values reached at the CSR so far.

The measured transverse and longitudinal rates, together with results obtained
in earlier electron cooling studies with the TSR electron cooler as well as the TSR
electron target, are shown in table To compare the results from the different
electron cooling devices, all rates are normalized to r* = r/k with the scaling

nelem 212 (. 2.110).

parameter Kk =

The uncertainties given in table [£.21] typically amounting to only a few per cent
of the measured rate values, are given only by the errors of the electron cooling
time fit in the respective cooling curves. An additional relevant systematic un-
certainty propagates from an estimated uncertainty Ar.,, = 4+0.03 mm on the
cathode radius 7.4, and amounts to about 5.5 % at all values of r*.

The fraction of the effective electron cooling length to the storage ring circum-
ference is about equal for both the TSR and CSR (n.(CSR) ~ n.(T'SR) ~ 0.021)
and hence not further regarded when comparing cooling rates between these ma-

chines.

The normalized transverse cooling rates for the CSR electron cooler and the
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4 Low-energy electron cooling studies of keV ion beams in the CSR

TSR electron target agree within the scatter of the values. The TSR electron
target has been operated with the same photocathode electron gun setup.

More surprisingly, at the CSR the measured normalized longitudinal rates in
the case of HeH" are of the same size as the measured transverse rates. This
result goes against the expectation for a flattened electron velocity distribution.
The longitudinal cooling force component should be enhanced as compared to the
transverse. For example, at the TSR electron cooler, the measured transverse
rate is a factor of 4-8 smaller than the longitudinal one [25]. To draw further
conclusions, it might be helpful to consider the electron beam temperatures for all
three devices. The major difference between the TSR electron cooler and electron
target regarding the transverse electron beam temperature is that the TSR electron
cooler uses a thermocathode for the electron beam production, whereas the TSR
electron target is equipped with the photocathode electron gun (sect. that has
later been transferred to the CSR electron cooler. Hence, the transverse electron
temperatures of T, ~ 2 meV at the CSR and TSR electron target are much lower
than the temperature of T,; ~ 10 meV at the TSR electron cooler.

In the longitudinal guiding field for the electrons the influence of the transverse
thermal electron velocity spread on the cooling force should be negligible com-
pared to the influence of the longitudinal thermal electron velocity spread (eqns.
2.114] 2.115). On the other side, the longitudinal electron beam temperatures
ranging from a few tens of peV up to about 100 peV are very comparable for all
three setups. At the TSR electron cooler the accelerating potential Uy for the

Table 4.20: Summary of the evaluated transverse electron cooling measurements
for 250 keV HD*, HeH" and O" in the CSR evaluated by 2D Gaus-
sian profile fits of ellipse shaped beam-projections on the imaging
detector. The major (minor) ellipse axis is assigned to the verti-
cal (horizontal) dimension in the interaction region, respectively (see
text for details).

Ee Uz Teool .z Teool y Oz,00 Oy,00 TSpitzer
V]  [10° em™] 3] [s] mm]  [mm] [s]
HD* 45.71 4.28 0.97(2) 1.05(5)  0.906(5) 0.770(4) 4.81
4.74 0.95(2) 1.17(6)  0.87(1) 0.742(2) 4.37

3.41 1.23(

(

(

3)  1.0(3) 0.900(4) 0.813(3) 5.92

2.05 1.54(7)  1.13(17) 0.83(1) 0.86(1)  9.52

1.36 2.89(6) 2.05(12) 0.83(1) 0.98(1) 13.90

0.68  6.41(23) 4.30(43) 0.90(3) 1.09(1) 27.03

HeH™ 2732 6.40 151(3)  1.57(3) 2.36(1) 1.39(1) 5.50
OF 857 113 9.65(13) 10.96(26) 1.00(1) 1.61(1) 103
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4.7 Summary of electron cooling performance

electron beam has to be set to much higher values in the keV range to match the
velocities of the presented ion beams with energy of 6.1 MeV /u. Therefore, the
kinematic compression term in eqn. [3.17]is negligible and the longitudinal electron
beam temperature is determined by the n!/?-term. A typical electron density of
ne = 1-10% em ™3 for this machine and velocity 3y = 0.1 yields about 64 peV, with
only 2 pueV coming from the kinematic term [25]. The electron energy needed to
match the CF™ ions investigated in the transverse cooling experiment at the TSR
etarget is £, = 54 eV |46, which yields a longitudinal temperature of T, ~ 25ueV
at n, = 3.5-10% ecm™ for a photcathode that is cooled to liquid nitrogen tem-
perature of 77 KE| If it is the longitudinal velocity spread A, that should mainly
determine the strength of the electron cooling force it is not surprising that the
longitudinal cooling rates are still comparable. From there one might jump to
the assumption that transverse cooling proceeds either exceptionally fast at the
CSR electron cooler (and TSR electron target) or exceptionally slow at the TSR
electron cooler.

Not considered yet is any influence of the fitting function that is chosen to ex-
tract the electron cooling time constants, as shown for two examples in figs. [4.7]
and [4.16] Both, the transverse cooling rates for the TSR etarget and the CSR are
obtained by the simple exponential decay function eqn. [£.3] whereas the longitudi-
nal cooling rates for the CSR, and for the TSR ecool in general, are obtained with
function taking into account the diffusion heating due to IBS.

Furthermore, the effect of the magnetic field strength of the solenoidal guiding
field in the interaction region has not been investigated at the CSR at all, but a
strong dependence of the transverse cooling rate is found for the 2C5* measure-
ments at the TSR electron cooler. For increasing magnetic field strength in the
interaction region, the transverse cooling rates show a rather continuous increase
while the longitudinal rate stays unaffected above a threshold field of 350 G [6§].
An investigation of this effect at the CSR might be a first step to a deeper un-
derstanding of the very similar cooling rates in all three dimensions as measured
for HeH". Furthermore, it might be helpful to measure longitudinal cooling rates
with another experimental technique on a coasting ion beam.

3No electron cooling studies with an electron beam extracted from a photocathode that is
cooled down to liquid nitrogen temperature have been performed at the CSR yet. However,
the LNy-cooling system is now operational and studies in that direction can be planned for
future beam times.
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4 Low-energy electron cooling studies of keV ion beams in the CSR

Table 4.21: Electron cooling rates scaled by x = n.fem™3]Z2?/A for the differ-

148

ent ion species measured at CSR within this work in comparison to
electron cooling studies with the TSR thermocathode electron cooler
and the TSR photocathode electron target. Any rates that are stated
without an error were read out of plots given in the corresponding

references.
e [%] TZOOZ,CC [%] rZool,y [%] 7a>ckool,|| [%]
CSR ecool
HD™* 4.74 0.67(1) 0.54(3)
3.41 0.71(2) 0.88(3)
2.05 0.95(4) 1.30(19)
1.36 0.76(2) 1.00(6)
0.68 0.69(3) 1.02(10)
HeH™ 6.40 0.52(1) 0.50(1)
6.55 0.52(5)
6.28 0.46(4)
2.49 0.44(6)
1.12 0.60(15)
O* 9.70 0.171(2) 0.151(4)
TSR ecool
1206+ (68 80 0.0817(72) 0.0833(42) 0.27
DF [25] 40 0.12 0.12 0.87
OLi*t [25) 26.7 0.1 0.1 0.45
0%+ [25] 26 0.06 0.06 0.22
TSR etarget
CF* [46] 35 0.61(2) 0.76(3)



5 Conclusion and outlook

In this work, essential parts of the electron-ion merged beam setup have been
assembled and implemented in the electrostatic cryogenic storage ring CSR. The
realized setup was subsequently commissioned in the course of two beamtime cam-
paigns. First systematic low-energy electron cooling studies have been performed,
demonstrating efficient phase space electron cooling for atomic and molecular ions
even at very low electron densities.

The electron beam production section was realized by transfering an existing
semiconductor photocathode setup previously operating at the electron target of
the Test Storage Ring (TSR). For low-energy electron cooling operation, electron
currents on the order of up to a few tens of uA were extracted.

The electron beam is guided towards the electron-ion interaction region in the
CSR cryostat by a solenoidal magnetic field. In the cryogenic region, guiding and
merging the electrons with the ion beam is realized by a set of high-temperature
superconducting magnets. A special design for the distribution of currents up to
about 75 Amperes to the superconductors was developed and taken into opera-
tion, significantly reducing Ohmic heating from connecting cables and enabling
long-term operation of the merged-beam setup. Moreover, within this work these
superconductors have been assembled and together with other electron cooler ele-
ments they have been implemented in the CSR cryostat.

For electron beam diagnostic measurements, two electron collector systems out-
side the cryogenic electron-ion interaction region have been taken into operation.
Profile measurements of adiabatically magnetically expanded electron beams were
carried out, showing flat top profiles that are essential for uniform electron densi-
ties needed in electron-ion reaction studies.

First low energy electron cooling in a cryogenic electrostatic storage ring was
realized in a 2017 beam time campaign. Longitudinal electron cooling was realized
for a bunched 1.397 MeV Fb* jon beam that was overlapped with an electron beam
of about 40 eV at matched velocites.

In a following beam time in 2018, systematic electron cooling studies of coasting
and bunched keV ion beams were performed, including 250 keV HeH*, HD™ and
O*. These measurements represent the first investigation of electron coolig in
the CSR and in particular in the new regime of very low electron energies down
to ~ 9 eV at electron densities typically below 10-10° cm™3. Longitudinal and
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5 Conclusion and outlook

transverse electron cooling times on the order of 1 s were measured for molecular
ions HeH" and HD™ with 250 keV energy. Transverse ion beam sizes less than 1
mm were realized for the electron cooled ion beams.

In dependence of the electron beam density, measured longitudinal and trans-
verse cooling rates of bunched HeH" and coasting HD™, respectively, were com-
pared to existing theoretical cooling rate approximations. A simple model from
plasma physics, calculating the temperature relaxation time of an electron-ion
plasma often yields reasonable estimates despite its many assumptions that do
not fully reflect realistic electron cooling conditions. Furthermore, an approxi-
mation taking into account the anisotropic electron velocity distribution and an
estimate from a cooling force formula that considers collisions influenced by a lon-
gitudinal guiding field were used. Overestimates for the magnetic cooling force
approximation are assumed to be due to misalignment effects which increase the
longitudinal velocity spread of the electrons and thereby decrease the cooling force
in a more realistic situation. In addition, the theory of magnetic collisions in elec-
tron cooling available for comparison is based on a number of approximations that
may not be fulfilled in the realistic case.

Moreover, first Schottky spectra showing longitudinal electron cooling for a
coasting 250 keV HD' beam were measured. The movement of the stored ion
beam in the horizontal direction for detuned electron energies was investigated
with respect to space charge effects of the electron beam.

The electron cooling studies were extended by an investigation of diffusional
heating of the stored ion beams due to intrabeam-scattering (IBS). IBS effects
were analyzed for coasting and bunched beams in the frame of a simplified model.
IBS heating rates were measured and the simplified model was tested for its valid-
ity. The IBS formalism has further been used to describe the time evolution of ion
beam bunch widths and transverse beam widths during electron cooling. The for-
malism turned out to be more applicable for the description of longitudinal cooling
curves of bunched beam widths, than for the compression of the transverse beam
widths of coasting beams. This is assumed to be due to the higher temperature
in transverse direction resulting in lower sensitivity of the transverse degrees of
freedom to the diffusion heating by IBS.

A theoretical lower limit for the compression of the bunch length of a bunched
ion beam during electron cooling, introduced by the balance between the longi-
tudinal space charge voltage and the rf-bunching voltage, has been investigated.
This theoretical bunch length scales with the number of ions in the bunch to the
power of 1/3. However, if the bunch length is dominated by the equilibrium be-
tween electron cooling and diffusion heating by IBS, a different scaling behaviour
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to the power of 1/6 is expected. Investigating the electron cooled bunch length
as a function of the number of ions experimentally yielded a scaling to about the
power of 1/4, suggesting that both the space charge and the IBS contribute in this
case.

It can be summarized that the CSR electron-ion merged-beam setup has not
only been succesfully completed based on previous works and commissioned in the
present work, but a broad range of measurements investigating electron cooling
of bunched and coasting keV ion beams, as well as the related diffusional heating
process by IBS, was carried out. These measurements will serve as the basis for
future studies exploring more systematics of electron cooling and diffusion heating
in the low electron energy and low electron density regime.

The device is designed to achieve efficient ion beam phase space cooling at elec-
tron energies down to 1 eV, a limit that still remains to be tested in coming beam
times. Furthermore, electron energy spreads on the order of 1 meV are expected
to be attainable with the cold electron photocathode setup. The electron beam
energy spread will be determined experimentally in the future, for example by
measuring a very narrow resonance in an electron-ion recombination experiment.
Such sharp resonances with widths even below 0.1 meV, are present in di-electronic
recombinations of atomic systems like FOF.

The functioning electron-ion merged-beam setup represents a significant hard-
ware upgrade to the CSR experimental facility that opens up new experimental
possibilities. Phase space compression of ion beams by electron cooling can im-
prove the energy resolution in collision experiments performed at any of the various
targets in the CSR. In recent beamtimes, the electron-ion merged beam setup was
succesfully employed as an electron target for state-of-the art dissociative recombi-
nation experiments of astrophysically relevant molecular ions like HeH' and HD*.
The device represents an ideal tool to benchmark the quantum-dynamics theories
for molecules in well-defined individual states. Moreover, measured recombination
cross sections can help to understand complex reaction networks in astrophysical
plasmas like cold molecular clouds.
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A Schottky noise spectra measurements

A.1 HD*

Below, the measured Schottky spectra for longitudinal electron cooling of a coast-
ing 250 keV HD" beam, as discussed in sect. are presented. The title of each
spectra shows the electron energy F. in the center of the electron-ion interaction
region. When tuning the cathode potential and thereby the electron energy, the
ion beam experiences a frequency shift that is related to a shift of its horizontal
position z (closed orbit shift).

In sect. [4.3.2] this movement of the electron cooled ion beam is analyzed with
respect to the influence of the space charge velocity profile of the electron beam
in the interaction region. In fig. , the electron cooled spectra (orange) are
compared to uncooled ion beam Schottky spectra (electrons off, blue).
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A.1 HD*
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Figure A.1: Schottky spectra of a coasting 250 keV HD™ beam.
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B Estimate of initial ion beam
temperatures

B.1 Longitudinal ion beam temperature from
rf-bunching simulation

In order to estimate the longitudinal temperature of 250 keV HeH™ upon beam
injection, before electron cooling is applied, a simulation of the bunching process
as described in section with the rf-ramp shown in fig. for a beam with
an inital Gaussian energy distribution with ¢ = 66 eV is performed. To repro-
duce conditions during the bunched beam HeH' measurements, the injected pulse
length is chosen to be 75% of the revolution period (sect. [£.2.1)). A certain time
after the rf-voltage has finished its ramp, the calculated bunch profiles are then
compared to the measured bunch spectrum in order to verify the estimated longi-
tudinal beam temperature of the initial distribution. The longitudinal phase space
distribution in the coordinates (AE, A®) is calculated for 10000 ions.

The simulation results after 100 ms (about 8826 revolution periods), where t = 0
s is defined by the start of the rf-voltage ramp, are shown in fig. and compared
to a measured waveform that was triggered 300 ms after beam injection. The
measured waveform is the result of averaging about 3530 revolution periods, thus
showing the bunch situation long after the 20 ms of the rf-voltage ramp-up have
passed.

The longitudinal intensity distribution of the ions as a function of the energy
spread is analyzed in fig.[B.2] The injected, non-bunched ion beam is well described
by a Gaussian profile with width o = 67 eV. With this value, the longitudinal beam
temperature T} is estimated by:

67 eV

_ 2 _
beT) = AvjM: = (2 -250 keV

2
) vgMi ~ 17 meV (B.1)

where vo = /2 250 keV /M;.
For the rf-bunched beam, 60 ms after ramping up the rf-voltage, the profile fit
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B.1 Longitudinal ion beam temperature from rf-bunching simulation
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Figure B.1: Simulation results of the rf-bunching process of 250 keV HeH™ with
a bunching frequency of f; = 4fy = 353.044 kHz.
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injection) and 100 ms later (80 ms after the rf-bunching ramp has

finished).

yields:

184 eV

2
_— 2N~ B.2
5 950 keV) voMi ~ 68 meV (B.2)

ks = AviM; = (
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B Estimate of initial ion beam temperatures

B.2 Longitudinal ion beam temperature from
Schottky noise spectra measurement

From the measured frequency spread % = 0.370(17) - 1073 of the uncooled HD*
beam shown in fig. |4.11} the longitudinal ion beam temperature can be determined.
By converting the frequency spread to the velocity spread
AU” . Af 1
Vo fon

with the CSR slip factor n = 0.674 [30] and with the longitudinal velocity vy the
absolute longitudinal velocity spread Av) is calculated by

Av\ [2-250keV
Av) = < vZ) i A 2182(100)% (B.4)

= 0.544(25) - 1073 (B.3)

The longitudinal ion temperature 7} is then determined to (eqn. [2.28)):
2

Av Mz
T} (250 keV HD™) = + = 1717(157)K = 148(14)meV (B.5)
B
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B.3 Transverse ion beam temperatures

B.3 Transverse ion beam temperatures

An estimate of the transverse ion beam temperature can be obtained from the
exponential fits of the electron cooling curves.

With the definition of the betatron functions /(s),, and emittance €(s),, as
discussed in sect. 212

(00,0y) = (\/ €2 a, Y €yy) (B.6)
(€$7 Ey) = (x‘rlv yy/) <B7>
the transverse position (z,y) and divergence (z’,y’) of any particle in the beam

can be determined along the longitudinal coordinate s. For the transverse velocity
spread Av,, one can now define

Av, =g - O (B.8)
Avy = Vg * Oy (Bg)
where vy = ,/2250keV

M;
An estimate of the horizontal and vertical temperatures 7T, and T}, respectively,
can then be calculated as follows:

€y oz
2 2 [ €&y 2 UZ
Ty = MiA/Uy = M,L'/UO - | = MZ"UO o) (Bll)
Y By
and with the relation
1
T = i(TI + Ty) (B.12)

one obtains

o3 () (o)

The uncooled beam widths o, o, of the profile in the interaction region that can
be extracted from the fit of the cooling curve of HD* (fig. . Using eqn. m
where the minor axis of ellipse beam profile is assigned to the horizontal and the
major axis to the vertical direction, respectively (see discussion in sect. , these
beam widths are

00, = 4.03(6) mm (B.14)
ooy = 1.52(3) mm (B.15)
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B Estimate of initial ion beam temperatures

yielding a transverse ion beam temperature estimate of
T, =0.31(3) eV (B.16)

Analogously to the procedure shown above for HD", the equilibrium beam
widths of the 250 keV HeH™ beam profile can be obtained from the exponential
fit of the cooling curve shown in fig. .16}

00 = 5.60(3) mm (B.17)
00y = 3.28(2) mm (B.18)

yielding a transverse ion beam temperature estimate of

T, =1.4(2) eV (B.19)
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C Analytical IBS model

The first theoretical framework of the IBS phenomenon in a storage ring has been
formulated already in 1974 by A. Piwinski [69] for bunched as well as unbunched
beams. With increasing interest of the effect due to further development and con-
struction of storage ring machines in the eighties especially at CERN, Piwinski’s
model has been extended by several authors [70]. The Piwinski model neglects
variations of the betatron and dispersion functions along the ring orbit, which is
acceptable for storage ring machines with weak focusing. An extended Piwinski
model for strong focusing machines was derived for example by M. Martini [71] and
J. D. Bjorken and S. K. Mtingwa [72]. In the analytical model based on [69,71]
summarized here, the ion beam is assumed to have a Gaussian distribution in
phase space.

For the distribution of scattering angles ¥ of charged particles in a repulsive
Coulomb field, it is assumed that the particle velocities in the center of mass
system (c.m.s.) are non-relativistic [71]. Thus the differential cross-section d/dQ
for scattering into the solid angle d) at fixed angles ¥ and ® in the c.m.s. is given
by the well known Rutherford formula:

do(W) 1 & \* 1
aQ 4(87T€[)E_0> sin* (0 /2) (€1
dQ = sin (V) d¥dd (C.2)

where E is the c.m.s. kinetic energy of the colliding particles.

The derivatives of the mean value of the horizontal and vertical emittances as
well as the mean momentum spread, respectively, can then be expressed by three
integrals as given in |71], eqn. (28). Further evaluating these integrals, the growth
rates 1/7,, 1/7,, 1/75 for the three dimensions can be expressed by the set of
equations [71]
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C Analytical IBS model

L (i) ) c3)
Ts 2 o

1 A 2D2 2D2

= el (i) ) (e
1 A

~ = 3 €9

where the brackets (...) mean averaging of the functions around the accelerator lat-
tice and n = 1 for a bunched beam and n = 2 in the case of an unbunched beam.
A scattering function f; has been introduced that depends on lattice parameters
of the ring and the ion beam distribution (see [71] for details). As mentioned
above, in contrast to the standard Piwinski model [69], this extended model by
Martini also takes into account derivatives of the beta functions and dispersion.
In eqns. & , D is the dispersion and D = a, D + 3,D’ where a, and 3, are
the lattice functions as defined in eqn. [2.21]

The factor A in eqns. depends on the number of circulating ions. In the
Martini model, it is expressed by

B \/1 +cv§\/1 + aZerg

16m/Te€,05 (C.6)
where
\ = Ny/(2v/2moy,)  for bunched beams ©
B N/Cy for unbunched beams :

c is the speed of light, N is the number of particles in the beam and N, is the
number of particles in the bunch, respectively. Moreover, r( is the classical pro-
ton radius and o}, o5 are the standard deviations of the bunch length and the
momentum spread, respectively.
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