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A monitoring device for the transverse density distribution of stored heavy-ion beams, based on the detection of 10nization
products of the beam particles in the residual gas, has been developed for the heavy-ion Test Storage Ring (TSR) in Heidelberg.
With two monitor units installed in the ring, non-destructive, sensitive measurements of the horizontal and vertical profiles of
cooled stored ion beams can be performed with a spatial resolution of about +(0.2-0.3) mm. The beam profile monitors are used
to determine the transverse beam temperature, to study transverse cooling and heating mechanisms, to observe the ion beam
behaviour during experiments, and to determine storage-ring parameters such as the dispersion function. The principle, technical
realization and operation of these devices are described. First experimental results concerning transverse electron cooling of
heavy-ion beams are discussed, in particular the measurement of cooling rates and the optimization of the alignment between the
stored ion beam and the cooling electron beam.

1. Introduction served at a “longitudinal” pick-up, responding to fluc-
tuations of the total beam intensity, is commonly used

The Heidelberg Test Storage Ring (TSR) [1] can to determine the longitudinal momentum spread of a
store a large variety of fast heavy-ion beams with a coasting ion ensemble. The signal generated by a
magnetic rigidity up to 1.7 T m. The ring with a cir- suffiently intense, bunched beam in a “transverse”

cumference of 55.4 m, shown in Fig. 1, is used for
highly charged ions with a charge-to-mass ratio q/A4 =

1/2 (specific energy up to 30 MeV /u) as well as for prototype
single-charged heavy ions with typically q/4 <1/7 Qa BPM (X\Z) aa B/PM
(specific energy <2 MeV /u). One of the main topics X [ ] L

of the experimental program at the TSR [2] is the
development of beam cooling techniques, in particular
electron cooling [3,4] and laser cooling [5-7], and the
study of the properties of cold, dense ion beams.
Moreover, the high phase-space density of stored and
cooled heavy-ion beams is opening up many new possi-
bilities for experiments in the fields of atomic and
nuclear physics [2]. } cooling

Non-destructive diagnostic methods for stored ion section
beams [8] are of great importance both for systematic
studies of beam cooling and for the set-up of storage-
ring experiments with cooled heavy ions. A number of
ion-beam properties can be monitored conveniently by
observing the fluctuations of electronic signals induced
by the ion beam in suitable pick-up electrodes or coils.
The Schottky-noise spectrum of the ion beam [9] ob-

Fig. 1. Schematic drawing of the Heidelberg Test Storage
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pick-up, responding to the centroid of the transverse
density profile, can be processed to yield the ion beam
position [8]. In some cases, the Schottky-noise spec-
trum of a coasting beam induced in a transverse pick-up
can serve to measure even the root-mean-square (r.m.s.)
beam size, reflected by the amplitude of the betatron
sidebands [9]. However, for electron-cooled ion beams
of typical diameters of =1 mm and correspondingly
small betatron oscillation amplitudes, this method fails
as the sidebands become too weak to be detectable;
hence, there seems to be no access to the transverse
properties of such beams using electronic pick-ups.

A powerful method for non-destructive beam diag-
nostics, in particular for the transverse density profile
of stored ion beams, is the spatially resolved detection
of the ionization products produced by the circulating
ions in the residual gas. In high-energy proton syn-
chrotrons, generally operating at a relatively high resid-
ual-gas pressure of > 10~? mbar, ionization beam-pro-
file monitors are widely used [10-12]. At better vacua,
such as in the CERN intersecting storage rings (ISR)
[13], a vapour target was used to generate a local
increase of the background gas density. Similar profile
monitors were also used in early electron cooling ex-
periments [14,15].

Heavy-ion storage rings generally operate at a very
low residual-gas pressure of the order of 10! mbar.
In order to obtain nevertheless sufficient sensitivity
and a large dynamic range for the detection of the
ionization products, the type of beam profile monitor
described here employs single-particle counting. In ad-
dition, as will be shown below, the sensitivity of ioniza-
tion monitors in heavy-ion storage rings is improved in
comparison to high-energy proton rings by the increase
of the ionization yield of the circulating ions due to
their higher charge and their relatively low velocity.

In section 2 we will give a short discussion of the
principle of operation, the sensitivity, and the spatial
resolution of ionization profile monitors for heavy-ion
beams. We will then describe the design and the tech-
nical realization of the monitors developed for the
TSR (section 3). The analysis of ion-beam properties
based on beam profile measurements and first experi-
mental results, concerning in particular transverse elec-
tron cooling of heavy ions, will be discussed in section
4,

2. Principle of ionization beam profile monitors for
heavy ions

The principle of a residual-gas ionization beam pro-
file monitor is illustrated in Fig. 2. The circulating
beam crosses the free volume between two paraliel
metal plates. High voltage applied to the plates results
in a homogeneous electric field & perpendicular to the

Detector

mi

Fig. 2. Principle of an ionization beam profile monitor. Resid-
ual-gas ions produced by the stored ion beam are accelerated
mto a position-sensitive detector.

beam direction. Residual-gas ions produced in colli-
sions of residual-gas molecules with the stored ions are
accelerated by the electric field into a position-sensi-
tive detector mounted on one plate. That leads to a
projection of the beam profile into the detector, be-
cause the number of liberated residual-gas ions in a
given volume is proportional to the density of the
incident ion beam.

To judge whether this method is suitable for typical

storage-ring conditions, the rate N, of liberated ions
hitting the detector surface and the spatial resolution
limit Ax must be estimated. The ion rate N can be
calculated from the residual-gas pressure, the residual-
gas composition, the icnization cross-section, the prop-
erties of the ion beam and the geometry of the detec-
tor. For ultra-high vacuum conditions the residual gas
predominantly consists of H,, and in the case of the
TSR the fraction of H, is about 90% at a pressure of
= 5x 107! mbar. Therefore, a restriction to hydrogen
molecules seems to be appropriate for a first estimate.
The interesting ionization processes are
[“*+H} +e7; 1)
I“"+H+H*+e;
where, in the velocity range relevant here, the non-dis-
sociative process dominates by at least a factor of five
[16]; moreover, double ionization and transfer ioniza-
tion reactions can be neglected in the energy range of
interest here. The impact of protons on atomic hydro-
gen,
H*+H-H'+H'+e", (2)
is a prototype reaction for process (1). The ionization
cross-section " *H is well known [17], and in the ion
energy range from =0.2 to =100 MeV /u the cross
section o!”"*H2 for the ionization of hydrogen
molecules can be derived in good approximation from
aF M given by

I‘”+H2—>{

oH PH(E) = 2% 1077 cm?(E/MeV) ', (3)
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Fig. 3. Rate Ny, of ions produced by the circulating beam on
the detector surface of a profile monitor of active length of
! =15 mm calculated as a function of the specific energy E / A
for the beam-current and energy range typical for highly
charged as well as for single-charged ions, assuming a H,
residual-gas pressure of 5X 10~ "" mbar.

using the scaling law [17]

0_1“*+H(E)=q20_H*+H(E/A)’ (4)
and assuming
o (E)y = 20 TH(E). (5)

Here, E denotes the ion energy and A the ion mass
number. The rate of ions on the detector surface, Ny,
is then given by

Np = (I/ge)nloc"" *H(E), n=p/kgT, (6)

where I is the beam current, ge the ion charge, / the
length of the detector in beam direction and n the
density of the residual gas, determined by the pressure
p, the temperature T and the Boltzmann constant & .

For completeness it should be mentioned that the
cross section for proton impact increases for E > 1
GeV because of relativistic effects and cannot be de-
scribed any longer by the scaling law (3). An estimate
of the count rate can then be obtained for example
from the Sternheimer range—energy relationship [18]
and assuming that 95 ¢V are required on average to
produce an ion pair [10].

Estimates of the ion rate at the detector surface
using Eq. (6) are presented in Fig. 3 for two typical
situations at the TSR, namely for highly charged ions
with a charge-to-mass ratio g/A4 = 1/2 and specific
energies <30 MeV/u, and for single-charged ions
with typically q/A4 <1/7 and specific energies <2
MeV /u. The ion rate as a function of the energy per
nucleon for highly charged ions with g =26 (dotted
line) and g = 6 (dashed line) was calculated assuming a
typical current of about 50 pA reached by accumula-
tion techniques, a gas pressure of 5 X 10~ !! mbar, and
a detector length / of 15 mm. Also plotted (full line) is
the ion rate for single-charged ions at a lower beam
current of 1 wA, which is typical for these beams since

their lifetime is too short to allow for an extensive ion
accumulation. In comparison to earlier applications of
ionization beam profile monitors [10-12], where mi-
crochannel plate (MCP) detectors with fluorescent
screens and optical readout could be used, the ion
rates at the TSR are relatively low. Hence, we decided
to operate the MCP in a single-ion counting mode in
order to increase the sensitivity. With the count rate of
10%~10° s~ ! reached for beams of highly charged ions
at =50 wA, beam profiles can then be recorded in
short measuring times of 1 s or less. In fact, since this
rate is close to the maximum count rate permitted by
the channel plate and the readout electronics, it may
even be necessary to reduce the beam intensity during
the profile measurements. For single-charged-ion cur-
rents of 1 pwA, on the other hand, the count rate of
=300 s~ ! is still sufficient to obtain beam profiles in
measuring times of the order of 10 s; in fact, reason-
able profile measurements are still possible at ion
currents much below 1 pwA.

The spatial resolution is limited in principle by the
transverse momentum transfer to the residual-gas ions
during the ionization process and by the thermal mo-
tion of the residual gas. Velocity components trans-
verse to the beam direction and parallel to the metal
plates result in a lateral displacement A x at the detec-
tor referring to the position where the ionization pro-
cess took place, as shown in Fig. 4. This displacement
is given by

Ax=2MAz/e& v |, (7)

where ¢ | and M denote the transverse velocity com-
ponent and the mass of a residual-gas ion, respectively,
Az is the initial distance between the residual gas ion
and the detector, and & is the electric field strength in
the detection volume.

The energy range of the recoiling residual-gas ion
can be estimated from the impact-parameter range of

Ax |
I
|
!
- |
€l az I lon
: trajectory
|
|
V1
Beam

Fig. 4. Limitation of the spatial resolution by a velocity
component ¢, of a residual-gas ion transverse to the beam
direction
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the ionization process, considering the Coulomb inter-
action between the incident ion and the recoil ion at
the corresponding distance. The effective minimum
impact parameter in the velocity region of interest is
approximately given by 2qagac/v, [19], where a, is
the Bohr radius, « the finc-structure constant, ¢ the
velocity of light, and ¢, the beam velocity. The value of
the maximum recoil energy obtained in this approxima-
tion is independent of the velocity and the charge of
the stored ions and amounts to = 4 meV for H, recoil
ions. For the design values & =2 kV /cm and Az =25
c¢m, the r.m.s. spatial spread caused by this energy
transfer can be cstimated to be Ax,.. =30 pm. The
contribution to the r.m.s. spread due to the thermal
motion follows from Eq. (7) to be about Ax,, =70 um.
Both contributions are small compared to the intrinsic
resolution limit of the detector and the readout elec-
tronics, which was determined before the installation
into the TSR to be Ax, =250(50) pm. Hence, the
spatial resolution can be expected to be limited by the
total r.m.s. spread of

Ax = V(Ax ) + (Axy)* + (Axy)’
= 260(50) pwm. (®)

It shouid be mentioned that in principle it is also
possible to detect the liberated electrons. However, the
initial transverse velocity components of the electrons
are much higher than for the residual gas ions, and
from differential cross sections [20] a spatial resolution
of =1-1.5 mm can be estimated. Therefore, profile
measurcments by detecting electrons are inappropriate
at the TSR, where the full width at half-maximum
(FWHM) beam diameters for electron-cooled ion
beams are of the order of 1 mm. Measurements of the
resolution for ion detection, which confirm the upper
estimates, arc presented in section 4.1.1.

3. Technical realization
3.1. Imaging component

Two beam profile monitors, a prototype with one-
dimensional spatial resolution in the horizontal plane
and the final instrument with both horizontal and
vertical spatial resolution, were installed in the TSR at
the positions marked in Fig. 1; they are denoted ““pro-
totype BPM” and “BPM(XZ)” in the following. A view
of the imaging component of the prototype BPM is
shown in Fig. 5. It consists of two parallel metal plates
in the horizontal plane and additional equally-spaced
ficld-shaping clectrodes. The stored ion beam crosses
the free volume between the plates parallel to the
field-shaping electrodes. The dimensions of the detec-
tor plate and the end plate are 100 X 160 mm; they

Fig. 5. Imaging component of the prototype BPM: (1) detector
plate, (2) microchannel-plate detector, (3) calibration wire, (4)
field-shaping electrode, (5) end plate.

have a distance of 50 mm. A round opening in the
detector plate gives access to the full active area of the
multichannel plate (MCP) with a diameter of 40 mm.
A resistive anode behind the MCP yields a one-dimen-
sional spatial resolution transverse to the beam direc-
tion. The surface of the MCP has electrical contact to
the detector plate. In front of the detector four calibra-
tion wires with a diameter of 1 mm are mounted
parallel to the beam direction.

The material as well as the machining and assem-
bling procedures were carefully chosen to fulfill the
ultra-high vacuum requirements of the TSR, aiming at
residual-gas pressures below 10~ !'! mbar. The monitor
is bakeable in-situ at 300°C and its vacuum vesscl is
equipped with sublimation and ion getter pumps. Be-
ing mounted on a flange connected to a bellow and a
pneumatic drive, the imaging component can be moved
in and out of the beam tube in vertical direction,
because for certain operating modes of the storage ring
the entire aperture of the vacuum chamber (20 cm
diameter) may be required. The imaging component
fits into a vacuum chamber of 35 cm length, corre-
sponding to the size of a standard diagnostic chamber
at the TSR.
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3.2. High-voltage system

The high-voltage system of the imaging component
is shown in Fig. 6. A positive voltage of typically 10 kV
is applied to the end electrode by power supply PS1
[21]. In order to keep the resulting electric field ho-
mogenous over the active volume, the potential on the
field-shaping electrodes is gradually reduced towards
the detector plate by means of a voltage divider
mounted across the vacuum feedthroughs on the atmo-
spheric side.

The bias voltage of the detector is generated by a
separatc power supply PS3 [23] in order to avoid addi-
tional noise which might be caused by PS1 and to have
the possibility of an independent control of the detec-
tor bias. Correspondingly, PS1 has a floating ground-
potential defined by PS2 [24], which must be set at the
same voltage as PS3 to maintain a constant gradient of
the electric field. Finally, an additional power supply
PS4 [23] is needed to pull the clectrons from the exit of
the MCP to the detector anode which is operated close
to ground (see section 3.3).

Without a suitable correction, the small deflection
of the stored ions in the electric field of the monitors
at each passage would lead to a complete loss of the
beam intensity. However, the effect of the deflection
can casily be compensated for using the correction
dipoles of the TSR.

3.3. Detector

Based on the estimates of the ion rate in section 2,
a chevron MCP assembly [25] consisting of two mi-
crochannel plates in series was chosen to detect the
residual gas ions (Fig. 7). It provides an amplification
of =107, necessary for the clectronic detection of

300V
O
MCP PS4
-~ Anode | = 2300V
]
2300V 2

1
A
PS2

Detector plate
AN

+) PS1

=10000V

Field shaping

Volt divid
electrodes oltage dwvider

End plate
Fig. 6. High-voltage system of the imaging component with
typical operating voltages (PS: power supply, MCP: multi-
channel plate).

Primary radiation

Chevron

Electrons

Fig. 7. Chevron microchannel-plate assembly and block dia-

gram of the readout electronics for the pulse rise-time method

(see also the text; PA: charge-sensitive pre-amplifier, MA:

spectroscopy main amplifier, CO: single-channel analyzer in

cross-over mode, TAC: time-to-amplitude converter, GG: gate

generator, ADC: analog—-digital converter, MCA: multichan-
nel analyzer).

single residual-gas ions impinging on the active surface,
it operates over a wide range of count rates, and allows
for good spatial resolutions. The detection efficiency
for hydrogen ions of 5 keV is estimated to be 60-85%
[26]. The bias voltage of the channclplates is deter-
mined by the difference of the voltages defined by PS3
and PS4 (see Fig. 6) and is adjusted to 1000 V per
plate. The electron cloud resulting from an incident
ion is accelerated onto the resistive anode (RA)
mounted a few mm behind the MCP. The RA consists
of a resistive shect on a ceramic substrate. Electrical
contact is made to two clectrodes at the opposite ends
of the sheet (total resistance = 200 k) and to a rear
metal plate providing a capacitive coupling of the resis-
tive layer to ground. Tests suggested a value of 300 V
for the acceleration potential between MCP and RA
(set by PS4) to ensure an optimum spatial resolution.
Among the various possibilities available for a position
sensitive readout of channelplates, a resistive anode
was chosen mainly for practical rcasons. The RA en-
ables one to use a straightforward method for the
readout, which will be described in the next section.
Furthermore the number of elements in the vacuum
chamber is minimized. The RA requires only two sig-
nal lines and therefore only two ultra-high vacuum
feedthroughs. while the necessary shielding of the sig-
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nal lines in the vacuum chamber can be realized with-
out too much technical effort.

3.4. Readout

Position signals from the resistive anode can be
derived by two readout techniques, namely the charge-
division and the rise-time method. The charge-division
method in one dimension makes use of two charge-sen-
sitive preamplifiers to integrate the charges at each
end of the resistive strip; after pulse shaping, an analog
circuit computes x/L =q,/(q, +q,), where x is the
event location and g, and g, are the charge ampli-
tudes at both ends of the resistive strip of length L.
However, for the beam profile monitors at the TSR the
rise-time method is used, which can be realized more
easily using standard NIM electronic modules. This
method is based on measuring the difference of the
rise-times of the pulses occurring at each end of the
resistive sheet, which are proportional to x and L —x,
respectively. Fig. 7 shows a block diagram of the read-
out electronics used to measure the difference of pulse
rise-times, which was mainly adapted from ref, [26].
Charge pulses at each end of the resistive anode are
integrated in charge-sensitive preamplifiers (PA),
whose output pulses are shaped by spectroscopy main
amplifiers (MA) with bipolar output. The zero-crossing
times of the amplifier output pulses represent the rise
times of the input signals. The zero crossings are
detected by single-channel analyzers in cross-over mode
(CO), which generate fast fogic pulses used to start and
stop a time-to-amplitude converter (TAC). The pulse-
height spectrum of the TAC output pulses represents
the spatial distribution of the ions detected by the
MCP and can for example be displayed on a multi-
channel pulse-height analyzer (MCA). To measure at
well-defined times after beam injection, the TAC is
gated by a logic pulse derived from the injection time
using a gate generator (GG). In ref. [27], where a RA is
considered to be a diffusive RC line, it is shown that
optimum performance (linearity and spatial resolution)
using the rise-time encoding technique is expected
when T, = RC/w?, where T, is the shaping time con-
stant of the bipolar amplifiers, R denotes the total
resistance of the resistive sheet between the two read-
out electrodes, and C is the capacitance defined by the
rear metal plate. The RA used here is designed for |
ps < T, < 2 ps, which is a range easily accessive with
standard NIM modules. This choice however limits the
maximum count-rate capability of each imaging unit to
about 50 kHz.

3.5. Description of the two-dimensional monitor
BPM(XZ)

The layout of the two-dimensional monitor
BPM(XZ), equipped to measure both the horizontal

horizontal vertical

detector detector

10cm

Fig. 8. Perspective view of BPM(XZ) for measuring horizontal

and vertical beam profiles. Each imaging unit can be seper-

abely moved out of the beam path as indicated by the
double-head arrows

and the vertical density profile of the ion beam, is
shown in Fig. 8. It consists of two independent imaging
components with the detector planes rotated by an
angle of 90° with respect to each other.

A view of the horizontal component of BPM(XZ) is
shown in Fig. 9a. A rectangular MCP with a resistive
anode is used [25]. The active area is 15X 100 mm
corresponding to the slit in the detector plate. The
relatively large width of 100 mm was found to be
necessary from the experience made with the prototype
BPM, where the active area of 40 mm for the MCP
often was too small to detect the compiete horizontal
profile of uncooled beams injected with multiturn in-
jection, which is the standard injection mode at the
TSR [28]. The dimensions of the detector plate and the
end plate are 85 X 160 mm, the distance between them
is 50 mm.

The vertical component is shown in Fig. 9b. The
same MCP type as in the case of the prototype BPM is
used [25]. The full active area of a diameter of 40 mm
is open to the residual-gas ions. This size also covers
the maximum extension of uncooled becams in the
vertical degree of freedom, which is much less affected
by the multiturn injection than the horizontal one. The
dimensions of the detector plate and the end plate are
100 X 100 mm; the distance between them is 110 mm.
Two calibration wires with a diameter of 0.6 mm are
mounted in front of the active area of the MCP.

The arrangement of the two imaging components
was chosen such that the electric field distributions in
the active volumes arc affected by cach other only
weakly. To study this mutual influence, three-dimen-
sional electric-field calculations have been performed
with a suitable computer code [22]. These calculations
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Fig. 9. Horizontal (a) and vertical (b) imaging components of

BPM(XZ): (1) detector plate, (2) microchannel-plate detector,

(3) calibration wires, (4) field-shaping electrodes, (5) end
plate

have shown that despite the relatively close mounting,
the field homogeneity obtained in both detection vol-
umes is sufficient to ensure a proper functioning of the
units. Each imaging component can seperately be
moved in and out of the beam tube in horizontal
direction. The two components fit into a vacuum cham-
ber of 35 cm length. The high-voltage system and the
readout of the imaging components correspond to those
described in sections 3.2-3.4.

4. Experimental results

In this section we will first discuss experimental
results concerning the performance of the profile mon-
itors (section 4.1) and then turn to their application in
the study of electron-cooled ion beams (section 4.2).

4.1. Performance of the beam profile monitor

For a proper interpretation of measured beam pro-
files it is important to have exact knowledge of the

spatial resolution, the position linearity and the sensi-
tivity. The results obtained for these quantities are
described in the following.

4.1.1. Spatial resolution

An upper limit of the spatial resolution which can
be obtained in beam profile measurements is given by
the smallest detected profiles. Since the equilibrium
size of electron-cooled ion beams increases with their
intensity, only profiles measured at a very low beam
current are possibly dominated by the detector resolu-
tion. A few examples are shown in Fig. 10. Up to now
the lowest measured r.m.s. radii are 0.30(5) mm for the
prototype BPM and 0.21(4) mm and 0.29(6) mm for the

4_-00 T T T T T T T H T
' (a)
ﬁ 300t 1
~ 0 =0.30(5)mm
L eoo0r x 1
a
3 100} ]
C
© J
O 1 1 ") 1 Lo 1 L
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° ool
> R00 ag 30.21(4)mm{
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o - 1
Q
O AL 1 ks 1 VSN | L i
500 T T T T T
< a00(c) :
N
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=
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Q
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Fig. 10. Beam profiles representing the lowest r.m.s. radii o,

o, measured at the TSR: (a) horizontal profile (prototype

BPM) of a 0.81 MeV /u °Be* 10on beam, I = 1 wA, measuring

time 10s, channel width 0.047 mm; (b) horizontal and (c)

vertical profile [BPM(XZ)] of a 1.9 MeV /u "Li*™ beam, I < 1

RA, measuring time 50 s, channel widths 0.036 mm (b) and
0.05 mm (¢).
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Fig. 11. (a) Beam profile with dips (indicated by arrows)

caused by the calibration wires of the prototype BPM. (b)

Data points close to a calibration dip together with a fitted

curve discussed in the text. From this fit the intrinsic resolu-
tion himit of the detector is determined.

horizontal and vertical profile of BPM(XZ), respec-
tively.

The intrinsic resolution limit Ax,, of the detectors
and the readout electronics was determined in previ-
ous detector tests and can also be derived from the
shape of the dips due to the calibration wires, which
appear in the profiles of ion beams with large beam
diameters. As an example a horizontal profile taken
with the prototype BPM is shown in Fig. 11a. The data
points were fitted (see Fig. 11b) by folding the theoreti-
cally expected shape at infinite resolution with a
Gaussian curve representing the detector resolution
function and adjusting its standard deviation. Using
this method Ax, was determined to 0.25(5) mm for
the detector of the prototype BPM and also for both
detectors of BPM(XZ). The upper limits for the total
r.m.s. resolution determined from the profiles of cold,
low-intensity ion beams are in good agreement with the
estimate of Eq. (8) and show the expected dominance
of the intrinsic detector resolution Ax,,.

4.1.2. Non-linearity

The linearity could be checked using the measured
positions of the dips due to the calibration wires (see
Fig. 11a) and was determined more precisely in prelim-
inary tests of the detectors and the readout electronics
by covering the MCPs with a slit mask and irradiating
them by o particles. For each detector the measured
positions as a function of the expected positions were
found to deviate from a fitted straight line only within
the experimental error (= 0.05 mm) over the whole
active areas of the MCPs. Thus, the readout of the
event positions on the RA is shown to be linear within
the experimental accuracy.

4.1.3. Sensitivity

The beam profile monitors are the most sensitive
instruments to measure low-intensity beams in the TSR,
Even single-charged ions with a small ionization cross-
section (see section 2) and beam currents <1 pA can
be detected with reasonable statistics and time resolu-
tion. For example, the rate for a “Be™ beam of 0.81
MeV /u was measured at the prototype BPM to be
= 800s~! for 0.5 pA corresponding to 1.5 X 10° stored
particles, while the background rate was found to be
negligibly small. The estimates of N presented in
section 2 gave the right order of magnitude for all
beams studied. Because of their high sensitivity, a
measurement of the total ion count-rate by either one
of the monitors, after a suitable calibration, can yield
the current and lifetime of coasting ion beams in an
intensity range where other methods, such as dc
beam-current transformers [8], fail.

4.2. First applications

The main application of the beam profile monitors
is the measurement of the emittance and the average
transverse temperature of the ion beam. In the follow-
ing we will first discuss the relation between the width
of the transverse density profile as measured by the
monitor and the ion velocity spread in the rest frame of
the stored beam. We will then consider the transverse
electron cooling of heavy ions and present first mea-
surements of the transverse cooling rate and of the
general properties of the transverse cooling force using
the beam profile monitor. Moreover, a procedure of
aligning the ion and the electron beam in order to
optimize the electron cooling process will be discussed.
Both the cooling-rate and the alignment measurements
allow us to draw conclusions on the effective electron
temperature of the cooling electron beam.

4.2.1. Ion beam emittance and temperature
For small deviations from the equilibrium orbit, the
transverse coordinate x of an ion as a function of the
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distance s travelled in the beam direction can be
written as [29]

x(s) = ye,B.(s)/m cos[v,(s) +&,]
+D.(s)(p—po) /Py, 9

where €, is the invariant action of the oscillatory
motion in the x direction, ¢, the phasc constant of this
motion, and B,(s) and D (s) are the lattice functions
of the storage ring, which are periodic over the circum-
ference C of the ring and follow from the arrangement
of the dipole and quadrupole magnets. The dispersion
function D,(s) describes the position of the equilib-
rium orbit of an ion with the momentum deviation
p — p, relative to the reference orbit of an ion having
the nominal momentum p,,. Eq. (9) applies both to the
horizontal and the vertical ion motion, although the
dispersion in the vertical direction can usually be ne-
glected. The first term in Eq. (9) represents the beta-
tron oscillations which, in the approximation consid-
ered here, proceed independently of each other in the
two transverse directions. The phase advance of the
betatron oscillation is given by di,(s)/ds = 1/8,(s).

For an ensemble of circulating ions the lattice func-
tion B,(s) describes the variation of the beam envelope
around the ring due to the magnetic focusing. In par-
ticular, for a Gaussian transverse density distribution
and a Gaussian longitudinal momentum distribution
with a r.m.s. width of o, the standard deviation o,(s)
of the beam profile is given by

72(s) =ok(s) + [ D)0, /0] (10)

Herc, o, 4(s) represents the transverse width due to the
betatron oscillation around the closed orbit while the
term containing the dispersion function D,(s) accounts
for the fact that ions with different momenta p oscil-
late around different equilibrium orbits. The average
invariant action E, = (e, ), representing the ion beam
emittance, and o, 4(s) are related to each other by

a5(8) = 3B(S)E, /. (11)

Thus, the r.m.s. beam size o(s))={x?)"/? deter-
mined from a transverse beam profile at one position
§o on the ring circumference yields the ion beam emit-
tance in the corresponding direction after subtracting
in quadrature the transverse width due to the ring
dispersion and the momentum spread of the ion beam.

Since E, is constant apart from slow variations due
to beam heating and cooling, Eq. (11) can be used to
derive the r.m.s. ion-beam size at any other position s
on the ring circumference. Morecover, since the trans-
verse ion angle x'=dx/ds is represented by the
derivative of Eq. (9), the emittance obtained from the
beam-profile measurement at s, also yields the r.m.s.
divergence axf(s)=(x’2>l/2 at any position s. One

finds that the divergence o,.(s) is given in terms of

o,4(sy) from Eq. (10) by
1+a?(s)

B.(s9)B.(s)

where a,(s)= —(1/2)dB,/ds and D/(s)=dD, /ds.
As the transverse ion velocity is ¢, = yx’, onc also
obtains the local transverse beam temperature for ions
of mass M and average velocity v,

kpT () = Mriol(s), (13)

and the ion-beam temperature averaged over the ring
circumference, defined by

‘T,\-Z’ (s)= szﬁ( s5y)

o 2
+[D/;(s);”], (12)

T = (1/C)'[()CTY(5) ds. (14)

The relations given herc basically apply to both the
horizontal and the vertical direction, which in the
following will be denoted by x and z, respectively.
However, the corrections due to the ring dispersion in
Egs. (10) and (12) vanish for the vertical degree of
freedom [D,(s) = 0] in a good approximation.

For a given resolution limit of the beam profile
monitor, the precision of beam profile measurements
also depends on the location of the monitor in the ring.
A location with values of the lattice functions 8, 8. as
high as possible is preferable for measuring small emit-
tances. The prototype BPM was installed at a position
sy with B.(s,) = 10 m, a valuc close to the maximum
for the normal operating mode of the TSR. At the
position s; of BPM(XZ) we have B,(s))=4.4 m and
B.(s)) =3.1 m. The values averaged over thc ring cir-
cumference are EK =6.4m and EZ =37 m for the
normal operating mode. The dispersion function at
both monitors is small [ D,(s,) = 0.3 m, D (s)) = 0.5 m]
in normal operation; hence, for ion beams with a
momentum spread of o,/p < 10~* the contribution of
the ring dispersion to the horizontal beam size accord-
ing to Eq. (10) is at most of the order of the spatial
resolution.

4.2.2. Transverse electron cooling: cooling rate and cool-
ing force

In the electron cooling device an electron beam of
low longitudinal and transverse velocity spread, guided
by a longitudinal magnetic field, is supcrposed on the
ion beam in a straight section of the storage ring; the
velocity of the electron beam is matched to the average
ton-beam velocity. The length of the overlap region in
the TSR is 1.5 m. By Coulomb scattering the ions
transfer energy to the electrons, which are continu-
ously replaced. In this way the transverse and the
longitudinal temperature of the ion beam approach the
temperature of the electron beam in its co-moving
frame until an equilibrium between electron cooling
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and heating of the beam (mainly by intrabeam scatter-
ing) is reached.

In first investigations with the prototype monitor we
studied the cooling of a Be™ beam with an energy of
0.81 MeV /u, corresponding to a beam velocity ¢, =
1.26 X 10° ecm/s. The energy of the cooler electrons
was 425 eV at an electron current of 15 mA and an
electron density of 3.7 X 10° em™?. Using laser fluores-
cence diagnostics {7] it was observed that the ions are
cooled to a longitudinal velocity spread of Av <1 x 10°
cm/s within =2s. The transverse cooling was ob-
served at the monitor by measuring horizontal beam
profiles over intervals of 1 s at various delays after the
injection (Fig. 12). All profiles were averaged over 10
injection cycles. For one of the measurements (see Fig.
12b), the ion beam size after the injection was limited
by an aperture of 18 mm diameter installed on the ion
orbit in the ring. This aperture has been removed for
the second measurement (Fig. 12a), where the initial
horizontal beam size is larger.

The horizontal component F, of the cooling force
as a function of the horizontal ion velocity v, is shown
schematically (neglecting in particular the vertical ion

4

T

! v
X
-l Avye

Fig. 13. Schematical plot of the transverse electron-cooling
force F, as a function of the transverse ion velocity o,,
showing the influence of the effective electron-velocity spread
(given by the longitudinal velocity spread Av), because of the
magnetic guiding field of the electron beam).

velocity ¢, and the longitudinal ion velocity in the
co-moving frame) in Fig. 13. For an ion velocity small
compared to the effective electron velocity spread, the
force approximately follows the linear dependence
F(v,)= —kv,. If the magnetic guiding field of the
electron beam is taken into account [3] (and is suffi-
ciently strong as in the case discussed here with B =

—

without with

| apertures 15 s 4 apertures 15 s |
‘ ‘ after injection ( ‘ after injection

- + ‘ m

} 45 s 45 s

! 75 s | L A 75 s

X 115 s { I 115 s

[ //\\_\ ] L
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| o |
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' (@ j\ 0]

—20 -10 0 10 20
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-20 -10 0 10 20
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Fig. 12. Measurements of horizontal beam profiles of an electron-cooled *Be* beam (0.81 MeV /u, initial current =1 pA) at
different times after the injection for two situations: (a) no aperture was inserted; (b) the beam size was limited by an aperture of
18 mm diameter in the path of the stored ion beam. (The dips indicated by arrows are due to the calibration wires.)
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14 mT), the position of the maximum of the cooling
force is essentially given by the longitudinal electron
velocity spread Au”e, and the maximum force is in-
creased considerably in comparison to estimates which
do not account for the magnetic field. When the ion
velocity becomes higher than the effective electron
velocity spread, the cooling force decreases o v ™"
with 1 <n <2,

This velocity dependence of the electron cooling
force causes fast cooling of ions of small betatron
amplitudes and hence small transverse velocities (v, <
Av,.) but a much slower cooling for ions with higher
betatron amplitudes, as seen in Fig. 12. For small
velocities v, < Av, the cooling decrement is approxi-
mately constant and close to its maximum reached at
v, =0. On the other hand, the halo for the profiles
taken without the aperture is formed by ions with
v, > Avy., which experience a smaller cooling force
and hence much slower damping of the betatron mo-
tion. For the profiles taken with aperture, only ions
which are already in the region ¢, < Ay, can be stored
and so no halo appears.

The measured beam size d, (full width at half
maximum) yields the horizontal ion velocity spread
Av (s.) =v40,(s.) at the center position s, of the
electron cooler. The horizontal divergence is derived
from Eq. (12) using the relation o, =d,/2v2In 2 and
the value of 8,(s.)=23.8 m of the lattice function at
the cooler. We obtain Av (s.)=1.0Xx10% cm/s for
d, =10 mm (the typical beam size before cooling) and
Ar, = 1.0 X 10° cm/s in the equilibrium (d, = | mm).
In comparison, the expected values of the transverse
and the longitudinal r.m.s. velocity spread of the elec-
tron beam are given by Av, . =13x10" cm/s and
Avy, =1 X 10° cm /s, respectively [30].

The beam size d, extracted from the profiles ne-
glecting the halo is shown in Fig. 14 as a function of
the time after the injection. The slope of the function
d (¢) represents the cooling decrement

lle

1 d(As,) 1 dd, s
Av, dt  d, dt’ (13)

T Ar,
Independent of the initial beam size, the highest trans-
verse cooling rate A, ... =0.38(2) s~ is reached at a
critical beam diameter 4, ., = 8(1) mm (corresponding
to about 5 mm at s_) and then remains nearly constant
while the transverse equilibrium is approached. The
slow decrease for longer times (> 20 s) seen in the
data taken without aperture is probably due to the
reduction of the intrabeam-scattering heating rate as
the stored ion current decreases.

In order to draw conclusions from the size of the
cooling rate A, .. and the critical beam diameter
d, ., we consider the relation of the damping rate to
the frictional force. In the range of the linear force law

d .
T . § %

1 1 1 1 l 1

0 10 20 30 40 50 60 70
time after 1njection [s]

Fig. 14. FWHM beam size d, as a function of the time after
the injection extracted from the profiles in Fig. 12. For the
closed symbols, the beam size was limited by the aperture of
18 mm diameter. For the open symbols no aperture was
inserted. The straight lines indicate the steepest decrease of
the beam diameter, corresponding to the maximum transverse

cooling rate reached at a critical diameter d

x,cre

F.= —kv,, the damping decrement becomes indepen-
dent of the ion velocity spread and reaches its maxi-
mum given by

)‘x.max = nLk/sz (16)

where the factor 2 in the denominator stems from the
averaging of the cooling force power F.u, over the
betatron phase. The fraction n, of the storage-ring
circumference occupied by the electron beam at the
TSR is 0.022; this corresponds to the length of 1.2 m
over which the angle between the electron and the ion
beam is constant within = 0.2 mrad, as concluded from
magnetic-field measurements. From the measured
maximum damping decrement of A, ... =038(2)s ',
we obtain a force constant of k=33(2)x 107¢ eV
s/m?>.

The position of the maximum of the cooling force
F.(v,) and hence the effective electron energy spread
can be estimated from the critical beam diameter
d, .(s.) given above, which corresponds to Ar, . (s.) =
0.8(1) X 10° c¢m/s. The maximum value |F,| of the
cooling force reached close to |v,| =Av, ., is given
approximately by kAv, . =0.026(3) eV/m. In earlier
measurements a longitudinal cooling force of close to 1
eV/m, given for a reference electron density of 10®
cm 3, was determined at a relative velocity of 1 X 10°
cm/s [3]. Since the present measurement refers to a
similar value of the relative velocity, but in transverse
direction, it is plausible (and in fact supported by more
detailed calculations of the electron cooling force in a
magnetic field [31,32]) to expect a similar result for the
size of the transverse cooling force. In fact, after multi-
plication with a factor of 10% cm‘3/ne, the present
experiment yields a maximum transverse cooling force
of 0.71(9) eV/m, in a reasonable agreement with the
longitudinal forces measured earlier.
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The cffective electron velocity spread Av, ., agrees
well with the expected longitudinal electron velocity
spread of =1 X 10° cm/s. The corresponding longitu-
dinal electron temperature is kg7, = m(Av, ., 2=4(1)
K, where m is the electron mass. Thus, the study of the
beam profiles during electron cooling shows that also
for the transverse cooling process the longitudinal elec-
tron temperature determines the shape and magnitude
of the cooling force. In fact, this enhancement of the
cooling force due to the magnetic guide field of the
electron beam is decisive in providing fast cooling even
for the heavy single-charged ®Be* ions and for an
electron density which is relatively low because of the
low beam velocity.

Meanwhile transverse electron cooling was studied
with the method described above also for other ions
(°Li*, 7Li*, 12C?%+, 2¢O, 3Q2%1). A systematic analy-
sis of the dependence of cooling times and cooling
forces on ion and electron beam properties is in
progress.

To get more detailed information about the velocity
dependence of the transverse cooling force, also a
study of the beam halo can be helpful. Such measure-
ments are best interpreted using computer simulations
of the electron cooling process. Haloes of the stored
ion beam also occur in other situations and for other
reasons and may considerably affect experiments per-
formed in the ring. The profile monitors are of valu-
able help in detecting these effects.

4.2.3. Optimizing the alignment between electron beam
and ion beam in the cooler section

To ensure optimal transverse cooling and a minimal
ion beam diameter during experiments, the alignment
between the electron beam and the equilibrium orbit
of the stored ion beam has to be as good as possible.
To this end, the direction of the longitudinal magnetic
field guiding the electron beam can be varied by small
angles 6, and @, in horizontal and vertical direction
with the help of correction coils. The optimum align-
ment is reached when the cooling time and corre-
spondingly the cooling force assume their maximum
value. In the present experiment with 0.81-MeV /u
“Be™ ions, the FWHM horizontal beam diameter was
measured 15 s after the injection for different settings
of the correction coils. The result is shown in Fig. 15a
and 15b, where the measured beam size is plotted as a
function of the angles 6, and 8,, respectively. The
zeroes of the angles correspond to the case when the
correction coils are switched off. The horizontal beam
diameter remains close to its minimum over the ranges
6y, + A0 and 8,  + A8. The increase is approximately
symmetrical around the angles 8., 8,, for which the
optimal alignment is achieved. Obviously, A8 repre-
sents a critical misalignment angle at which the cooling
rate A, decreases strongly. This decrease is expected
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Fig. 15. Optimization of the alignment between electron and

ion beam. Horizontal beam size (FWHM) d, measured 15s

after the injection as a function of the electron-beam direc-

tion expressed by the angles (a) 8, and (b) 6,. (c) Relative

momentum spread of the stored ion beam as a function of the
vertical angle 8,.

when the transverse velocity v,A#8 associated with the
misalignments exceeds the effective velocity spread of
the electrons, Avnc. The observed critical angle A8 =
0.7 mrad thus indicates an electron velocity spread of
Av. =vA8 = 0.9 X 10° cm/s and hence a longitudi-
nal electron temperature of 7|, = 5 K. This agrees well
with the longitudinal temperature of 4(1) K deter-
mined independently (see section 4.2.2) from the criti-
cal beam size observed during the transverse cooling of
an ion beam after injection. Other independent mea-
surements of the longitudinal electron temperature at
slightly different operating conditions of the electron
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cooler also indicate similar values of the longitudinal
temperature [30].

The longitudinal momentum spread Ap/p, ob-
tained from the laser fluorescence diagnostics [7], is
plotted as a function of the vertical angle 6, in Fig.
15c. The highest longitudinal momentum spread occurs
close to the optimal vertical angle 8,,,. This behaviour
can be explained by the heating of the longitudinal ion
motion by intrabeam scattering [33], which increases
with growing ion density and hence with decreasing
transverse size of the stored beam.

The described method of optimizing the alignment
of the cooling electron beam to the equilibrium ion
orbit has become a standard operational procedure at
the TSR. The precision of <0.1 mrad for the align-
ment achieved in this procedure apparently cannot be
obtained by other techniques, such as observing the
longitudinal momentum spread of the ion beam. More-
over, because of the high sensitivity this method can
also be applied to low-intensity beams when other
diagnostic tools as, e.g., the Schottky-noise measure-
ments fail.

5. Summary and outlook

The residual-gas ionization beam profile monitors
at the TSR have proven as important and very useful
diagnostic devices for stored and cooled heavy-ion
beams. The horizontal and vertical ion beam profiles
can be measured in a non-destructive and sensitive way
by single-ion detection of residual-gas ions liberated by
the circulating ion beam. The minimal spatial resolu-
tion limit was found to be in the range of 0.2-0.3 mm
(r.m.s.).

The monitors can be used for quantitative studies of
the transverse beam behaviour during cooling and
heating processes. The transverse cooling rates and the
maximum transverse cooling force for the electron
cooling of heavy-ion beams was determined from the
time evaluation of the measured beam profiles. In
addition, a sensitive method was found for optimizing
the alignment between the cooling electron beam and
the stored ion beam within = 0.1 mrad. Further inves-
tigations concerning transverse electron cooling and
the heating due to intrabeam scattering are in progress.
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