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Abstract

In the low-energy Antiproton Decelerator (AD) and the
future Extra Low ENergy Antiproton (ELENA) rings at
CERN, an absolute measurement of the beam intensity is
essential to monitor any losses during the deceleration and
cooling phases. However, existing DC current transformers
can hardly reach the A level, while at the AD and ELENA
currents can be as low as 100nA. A Cryogenic Current
Comparator (CCC) based on a superconducting quantum
interference device (SQUID) is currently being designed
and shall be installed in the AD and ELENA machines. It
should meet the following specifications: A current reso-
lution smaller than 10nA, a dynamic range covering cur-
rents between 100nA and 1 mA, as well as a bandwidth
from DC to 1 kHz. Different design options are being con-
sidered, including the use of low or high temperature su-
perconductor materials, different CCC shapes and dimen-
sions, different SQUID characteristics, as well as electro-
magnetic shielding requirements. In this contribution we
present first results from a comparative analysis of differ-
ent monitor options, taking into consideration the external
electromagnetic sources at the foreseen device locations.

LOW-ENERGY ANTIPROTON
RINGS AT CERN

The CERN low-energy antiproton physics experiments
are currently served by the AD ring. The main purpose of
this machine is to capture the antiprotons produced by col-
liding a proton beam against a fixed target, and then decel-
erate and cool them to create antiproton bunches suitable
to be used by the experiments. ELENA [1] will be a new
ring installed downstream of the AD, with the purpose of
further decelerating and cooling the antiproton beam.

The goal of the CCC project is to develop a new current
monitor to be installed in the ELENA machine, expected to
be commissioned in 2016. Before this, the device should be
installed and tested in the AD. Both machines have many
beam parameters in common. The beam currents in the
ELENA are very close the ones in the AD, since the beam
velocity is decreased (from 5 = 0.11 to § = 0.01 at lowest
energy) by the same order of magnitude as the machine
circumference (C' = 182.5m in the AD and C' = 30.4m
for the ELENA). In this paper we will focus on the AD
machine.

The beam parameters at the different plateau stages of
the operation cycle in the AD ring are shown in Table 1.

* Supported by the EU within the oPAC project under contract 289485.
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The beam is injected with § = 0.97 containing approxi-
mately IV, = 5 X 107 antiprotons. By the end of the cycle
the beam is non-relativistic with 3 = 0.11, and the total
intensity normally decreases to N, = 3 x 107. The low
number of antiprotons combined with low energy regime
produces a beam current with the low 300 nA in the case of
a final intensity of N, = 1 x 107. Figure 1 shows the aver-
age current profile during one deceleration cycle assuming
a constant number of antiprotons N, = 5 X 107.

Table 1: AD Machine Beam Parameters Related to the Dif-
ferent Times in the Cycle Shown in Fig. 1

A B C D
I5; 097 091 0.30 0.11
FEx [MeV] 2753 1271 46.8 53
frev [IMHZ] 1.6 1.5 0.50 0.17
T nean [,uA] 12 11 4 1.3-03
Tounch [uA} 74 140 41 150
Obunch (18] 172 136 104 >110
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Figure 1: Evolution of the average beam current during one
cycle of AD.

The AD is operated with bunched beams during the de-
celeration phases and with a coasting (DC) beam during
the cooling stages, as indicated in figure 1. Measurement
of beam intensity is required during both phases.

Current Monitoring

A precise measurement of the beam intensity in the
AD ring is of fundamental importance to monitor the ef-
ficiency of the different deceleration and beam cooling
phases. Non-perturbing monitors, such as beam DC current
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transformers or longitudinal-Schottky pickup noise anal-
ysis, rely on sensing the beam-induced electromagnetic
field. The DC monitor in particular is limited to a resolu-
tion of about 1 pA, normally achieved after an integration
period of ~ 1 [2].

In the AD a direct measurement of beam intensity
is available for bunched beams through AC-coupled fast
beam current transformers. For the unbunched beam, the
intensity cannot be measured by DC Current Transform-
ers (DCCTs) since the beam currents are below the sensi-
tivity of these devices. To overcome this, a system based
on the on-line analysis of longitudinal Schottky noise (L-
Schottky) was implemented, with the following perfor-
mance:

e Absolute accuracy error: > 10%
e Time resolution: 200 ms
e Complex calibration procedure

The L-Schottky monitor is also used to measure the
bunched beam current. In this case the accuracy and time
resolution of the measurement are improved, but another
limitation shows up in that the measured current becomes
dependent on the longitudinal bunch shape (with accuracy
of 5%, and absolute calibration error of 10 %). Despite
its limitations, this monitor has enabled routine operation
of the machine over many years. Under the currently on-
going renovation program of the AD beam instrumentation,
this system will be renewed leading to small performance
improvements [3].

The above limitations prompted us to look for a new type
of device for measuring the mean beam current, that could
benefit the machine optimization and daily operations.

Specifications for a More Precise Current Monitor

For a performance breakthrough in the beam current
monitoring of the AD machine, a new device should aim
to fulfil to the following specifications:

e Measurement of absolute mean current of both
bunched and coasting beams;

e Easy and accurate calibration procedure using a cali-
bration turn on the toroid;

e Independence of beam shape, trajectory and energy;

e Cover the full range of mean beam current [0.3 —
12] pA;

e Current resolution: 3nA !;
e Bandwidth range of [DC — 1] kHz;

The above current resolution is an increase by an order
of magnitude over the L-Schottky device, and the increase
in bandwidth would represent an improvement by a factor
of 200, in the DC mode.

'This would permit an accuracy of 1% for the lowest current of
300nA.
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CRYOGENIC CURRENT COMPARATOR

Cryogenic Current Comparators were first used in elec-
tric metrology systems for the precise measurement of DC
current ratios [4]. When used to measure a beam current
there is a single current, and this is not flowing through a
wire. But the working principle is the same as for the cur-
rent comparison device.

As for any other beam current transformer the CCC re-
lies on measuring the distribution of the magnetic field gen-
erated by the circulating beam. A superconductor shielding
structure (which in its simplest form is a straight cylinder)
surrounding the beam is used to supress all the magnetic
field components that are not linked to the beam current.
The resulting magnetic field, which is independent of beam
trajectory and energy, needs then to be measured by an ex-
tremely sensitive magnetometer. A Superconductor QUan-
tum Interference Device (SQUID) is normally chosen for
this task.

In Table 2 a summary is given of the achievable perfor-
mance with CCC devices and other non-destructive current
monitors capable of DC measurement. Two types of CCC,
which are discussed in the next sub-sections, are shown de-
pending on the use of Low- or High-Temperature Super-
conductor (LTS or HTS) materials.

Table 2: Comparison of Different Non-Destructive Current
Monitors Capable of DC Measurement

Monitor Resolution
DCCT 1pA
HTS CCC 100 nA
LTS CCC 8nA

Low- vs High- Temperature SC

CCC beam current monitors using both Low- and High-
Temperature superconductors have been developed at dif-
ferent institutes. We have reviewed mainly the devices de-
veloped at GSI [5] and RIKEN [6]. Although these share
many things in common concerning their working princi-
ple, there are some important differences.

Magnetic Core

Figure 2: Schematic of two different CCC systems. On the
left is a LTS version and on the right is a HTS one.

High-temperature superconductors available today are
ceramic materials that are hard to manufacture into com-
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plex shapes. In addition it is difficult to connect super-
conducting wires. Given these limitations the HTS CCC
devices developed to date are based on a straight cylindri-
cal tube of superconductor for shielding, with the SQUID
sensor located directly on top of the cylinder as shown in
figure 2. To maximise the coupling of the magnetic field
created by the mirror current to the sensor, a superconduc-
tor bridge pattern is created in order to concentrate the total
current under the SQUID pickup coil, which is normally
used in a gradiometer configuration. A small ferromag-
netic core can also be used to increase the magnetic flux
in the SQUID pickup coil. However, problems due to the
finite length of the shielding tube, shielding from external
sources and insufficient magnetic coupling to the SQUID
detector, still limit the performance of these devices when
compared with the LTS version [6].

In the LTS version of the CCC a meander-shaped shield-
ing has been proposed that allows for reducing the total
length, when compared to a simple cylinder, and at the
same time acts as a shield against noisy background mag-
netic field, see figure 2. A small gap opening is needed to
allow for the beam magnetic field to enter into the cavity
where a high magnetic permeability core is located with a
single turn secondary coil that is used to couple the mag-
netic field to a SQUID outside of the cavity.

The LTS CCC devices developed to date were able to
achieve a higher resolution than the HTS ones, as can be
seen in Table 2. The system developed by A.Peters et al.
with 8 nA resolution? would be close to fulfilling the spec-
ifications of the AD/ELENA device.

Challenges and Future R&D Topics

The beam pipe aperture at the location foreseen for the
installation of the LTS CCC is 160 mm. But, the AD ma-
chine optics has changed considerably over the years and
the aperture required for the new diagnostics is only be-
tween 100 — 110 mm. Taking into account the additional
space needed for a cryostat isolation around the beam pipe,
the magnetic core radius should be around ryc = 80 mm.
The smallest beam current that we want to measure is
0.3 nA, which at ryc creates a magnetic field of ~ 0.75 pT,
compared to the Earth’s magnetic field on the order of
50°s uT. In order to keep the 1% accuracy, the shield-
ing should provide for an attenuation factor of 200dB.
Other groups have reported attenuation factors for LTS
CCC shielding structure close to this value [7], and so
shielding should not be a problem.

Apart from the shielding, the CCC resolution will de-
pend on different factors that can be optimized. Other
groups have carried intensive research into the optimiza-
tion of the different components of the system that limit
the overall system resolution [8].

Nowadays, low-noise DC SQUIDs may achieve an in-
put sensitivity of the order of 0.23 uA/¢g (where ¢ is
the magnetic flux quantum constant *) with a typical white

2 Achieved current noise density of 250 pA /+/Hz.

3o = 4L = 2.067834 x 10715 Wb
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noise density of 1.2 uu¢o/+/Hz, corresponding to a current
noise of 0.28pA/v/Hz. The indicated values are for a
DC SQUID device [9] manufactured by Magnicon GmbH.
The current SQUID control electronics exhibit comparable
noise figures, and none of these two components limit the
system resolution.

The dominant intrinsic noise source is in the magnetic
coupling circuit. In order to maximize the S/N ratio a high
inductance soft ferromagnetic core in the pickup coil is
used. Studies of different materials [10] have shown that
nanocrystaline materials, such as Nanoperm M-764-01, ex-
hibit the best noise performance at liquid Helium tempera-
tures (below 4.2 K).

Additional noise contributions, and also possible sources
of a zero-drift current, are disturbing magnetic background
fields, mechanical vibrations and temperature variations
of the SQUID. Study of different techniques to overcome
these will be our main research topic.

Another issue with the implementation of a CCC at the
AD and ELENA is the sharp increase in the magnetic field
during the bunched beam phases (bunch lengths ~ 100 ns).
The SQUID electronic system working in Flux-Locked
Mode cannot keep track of signals varying at rates ex-
ceeding its slew-rate, which is typically of the order of
15Meyg/s. This is insufficient for the bunched beam struc-
ture in AD and ELENA, where, depending on cross sec-
tion of the magnetic core and single-turn pickup coil, the
flux variation could be of the order of 100 M¢y/s or even
1000 Mey/s. We are currently studying possible solutions
to this problem. One possibility would be to profit from a
possible low-pass filtering effect in the shielding structure.
Another option would be to use metallized ceramic gaps
in the beam pipe to minimise the higher frequency compo-
nents seen by the CCC.

MAGNETIC ENVIRONMENT

Different magnetic noise sources near the CCC have
been measured or estimated: Modelling of the Earth’s mag-
netic field; Measurements of magnetic field inside the AD
hall; Simulation of stray fields from nearby magnets.

The Earth’s magnetic field in the Geneva region has a
magnitude of 47 uT, with a vertical component of 42 T
and an horizontal component of 22 4T [11]. The daily and
yearly variation is under 1%.

Measurements of the magnetic field at different points
inside the AD hall have been performed by the CERN Mag-
netic Measurements section. The overall background field
level is < 10 1T at places away from magnetic flux con-
centration points such as crane equipment.

As can be seen from figure 3 the two closest magnet el-
ements are two focusing and defocusing quadrupoles lo-
cated 1600 mm away from the mid-point of the proposed
CCC location, named QDS15 and QFN16. In order to es-
timate the stray fields, we performed magnetostatic simu-
lations of these two elements using the software CST EM
Studio. The models created replicate the real iron core, the
poles shape, and the quadrupole coils (QDS15 coils have
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Figure 3: Location of the CCC in the AD ring.

17 turns, while QFN16 ones have 19). The currents used
to feed the magnet windings was Iguq = 2005 A, corre-

sponding to the maximum field plateau (phase A in Table 1).
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Figure 4: Absolute value of the transverse component of
the magnetic field from the quadrupoles.
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Figure 5: Absolute value of the longitudinal component of
the magnetic field from the quadrupoles.

In figures 4 and 5 we present the magnitude of transverse
and longitudinal magnetic fields in the XZ plane rotated by
45° around the Z axis, at different radius values. This is
the plane where the longitudinal components of the mag-
netic field is maximum, while the transverse component
has approximately the same magnitude as in the XZ plane.
The Z axis origin is located mid-way between QDS15 and
QFN16, at the probable location for the CCC device that
should have a length < 1 m including the cryostat.

We verify that in the the region |z| < 1 m, both the tran-
verse and longitudinal components of the stray magnetic
fields are < 0.1 4T. And in almost all the extent of this
region are below the corresponding Earth’s magnetic field
component in the same location.
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CONCLUSIONS

By comparing the requirements for an improved beam
current monitor for the low-enery antiproton rings AD and
ELENA with existing current monitors we conclude that
the LTS CCC is the only device capable of achieving the
required current resolution of 3 nA. After fixing the desired
specifications, we assessed the background magnetic field
in the AD and found that the simulated stray fields induced
by the nearest magnet elements in the previewed region for
the CCC are below the Earth’s magnetic field.
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