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Abstract

A bunched beam intensity measurement system for the
CERN Extra Low ENergy Antiproton (ELENA) ring, us-
ing a cylindrical shoe-box electrostatic pick-up from the
existing orbit system, is presented. The system has been
developed to measure very challenging beam currents, as
low as 200 nA corresponding to intensities of the order of
107 antiprotons circulating with a relativistic beta of the or-
der of 1072,

In this work we derive and show that the turn-by-turn
beam intensity is proportional to the baseline of the sum
signal and that, despite the AC-coupling of the system, the
installed front-end electronics, based on a charge amplifier,
not only guarantees the preservation of the bunch shape (up
to a few tens of MHz), but also allows for an absolute cal-
ibration of the system. In addition, the linearity of the in-
tensity measurements and their independence with respect
to average beam position is evaluated using a standard
electromagnetic simulation tool. Finally, experimental
measurements throughout typical antiproton deceleration
cycles are presented and their accuracy and precision are
discussed.

THE MEASUREMENT SYSTEM

This newly developed intensity measurement system is
an add-on to the Extra Low ENergy Antiproton (ELENA)
ring orbit system [1], using the already available sum sig-
nal from one ring Pick-Up (PU). In terms of hardware, the
add-on consists of an Analog to Digital Converter (ADC)
mounted on a PCIExpress bus [2] integrated in a front-end
computer installed in the CERN control system, in order to
digitise the PU sum signal.

ELECTROSTATIC PICK-UP
AS A CHARGE MONITOR

As an alternative, or a complement, to the standard beam
current transformers, an electrostatic orbit PU can be used
to measure the intensity of bunched beams, either in a beam
line or in a ring.

The Charge Found from the Output Voltage

The beam intensity can be found from the integrated out-
put voltage from an electrostatic PU:

The charge @, induced in the inner surface of a cylindri-
cal PU is given by

Q=0 =pV (1
where p is the beam charge density [charge/m?], V is the
volume enclosed by the PU and Q, is the portion of the
beam charge contained in this volume.
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The current density, J is given by

J= = ppec 2)
where i is the beam current, A4 its transverse area and Sc its
speed. Combining Eq. (1) and Eq. (2) we get

_ tpy_L
Q—pcAV—gc‘ 3)

where L is the length of the PU.
The current i,, drawn from the PU (as shown in Fig. 1),
can be written as

., _dQp _ 1 dip

Lz dt Bc dt @

This current is split in two in the load impedance, Z,
which is assumed to consist of a resistor, R, in parallel with
a capacitor, Cr. Cp is in parallel with the pick-up capaci-
tance, Cpyu, and can be combined into a single capacitance,
C, thus including both the PU and the load.

V
out

L/2 L2
Figure 1: A circular electrostatic pick-up.

Ohm’s law is used to get the voltage on the output, V,,;:

i, =1Igtic (5)
where:
7 . d av, di
ip =2 angd j, == ¢ Pow _ po ik
R dt dt dt

The transfer function can be calculated by combining
Egs. (4) and (5) and differentiating assuming sinusoidal in-
puts to obtain:

iR _ L jw
E - E ’ 1+jwRC

(6)

The V,,,; on the load is found by multiplying the current,
ir, with the resistance, R (Ohm’s law):

. L jwRC
Vour = R - i

- BcC 1+jwRC

ip (7

Equation (7) is a standard first order high pass transfer
function.

A bunched beam in a circular accelerator will have a pe-
riodic spectrum consisting of all harmonics (H) of the rev-
olution frequency, where the amplitude ratio between har-
monics will be dependent upon bunch shape as indicated in
Fig. 2.
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Figure 2: The high pass transfer function of the system.

Ensuring in the design, by appropriately choosing R and
C, that all beam harmonics are inside the passband, will
preserve the shape of the bunches [3]. Care should also be
taken as to ensure that the upper cut off frequency is high
enough to include all harmonics with relevant power. The
revolution frequency in ELENA changes during decelera-
tion from 1.056 MHz to 144 kHz. The low cut off fre-
quency, wo = 1/RC, will determine the so-called droop
time for the cancellation of the DC component. By control-
ling the low cut off frequency one can also ensure that 1 <
jwRC, in which case the system will work in a regime
where Eq. (7) reduces to

Vour =R in = 5= ¢y ®)

The total beam charge, Qp.q.m, can be calculated by in-
tegrating the beam current, i, over one revolution period,
To, to give

To
Qpeam = f (ip — Upasetine)dt =
0

T
=C- %fo O(Vout - Vbaseline) dt (9)

The baseline subtraction is needed otherwise the integral
will be zero as the PU is not sensitive to the DC component
of the beam spectrum. One can see from Eq. (9) that the
knowledge of the beam speed, PU length and total capaci-
tance is needed to get an absolute measurement.

Charge Amplifier

By using a charge (transimpedance) amplifier, see Fig. 3,
the sensitivity of measurement can be increased as the total
capacitance, C (normally the sum of the PU capacity and

the load impedance capacity), becomes essentially
Creedback:
| | Cecalibration | |
! i Cteedback
"‘Vcal ,"
' 11l Cpy Tvout
-da

Figure 3: Ideal charge (transimpedance) amplifier, con-
nected to PU and calibration signal input.

Ideally (i.e. for infinite open-loop gain), the feedback
around the amplifier will ensure zero voltage at the input
terminal, i.e. Vi, vanishes on the PU. The PU capacitance,
Cpy is therefore not charged and will not influence the sen-
sitivity. In the ELENA system, a Croeqpack Of 1 pF is used
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and the ideal operational amplifier shown in Fig. 3 is made
up using a discrete input stage of JFETs and a feedback re-
sistor to control the low pass frequency cut-off (~200 Hz)
[4]. The open loop gain of this amplifier, in the pass band,
is 70 dB, thus ensuring essentially a zero voltage on the in-
put (Vin=0V).

The charge amplifier will charge the input current onto
the capacitor, Creeqpack, and output the integral of i, as
V,ue- Substituting i;, from Eq. (4) into Eq. (8), we get

out —

Creedback Cfeedback Bc

i.e. using a charge amplifier the total capacitance, C in
Eq. (9), reduces t0 Creeqpack = 1 PF. The capacitance, Cpu,
for an ELENA orbit PU is ~25 pF. If one assumes 5 pF on
the amplifier input, then C would be ~30 pF. The use of
charge amplifiers can therefore increase the sensitivity by
~30 dB. For 107 charges Vot is ~6 mV with the charge am-
plifier, as opposed to ~210 uV if a voltage amplifier was
used.

Integrating the Signal from a PU

As previously stated, for a system where all relevant
beam harmonics are within the passband and only the DC
part is filtered out, the bunch shape is conserved. With the
bunch shape conserved, the intensity can be obtained for a
single passage of the beam, using Eq. (9). The area to be
found by integration is marked as Al in Fig. 4. The base-
line is the voltage drop marked as Viaseline in Fig. 4. If the
measurement system has a DC offset, this can be accounted
for by measuring the baseline with no beam.

For a circulating beam, after the droop time has passed,
no DC is left and the base line is flat (assuming only small
and/or slow beam losses when compared to the revolution
period). With reference to Fig. 4, this means that the area
A2 + A3 = A4. What is needed is Al, which is equal to
A4 + AS so, substituting A4 by A2 + A3, we can see that
Al=A2+A3+A5=A6:

Vout
Ad

Vbaseline

VNN N\

To

VbasehneshiftLi\\\ Q1\ _AZ

Figure 4: Circulating bunched beam example.

The integral of the output voltage can thus be found as
the baseline shift multiplied by the revolution period to
give

L
fvoutdt = Vbaseline ' %CNA (11)

where Lg; gy4is the circumference of the machine. By
using this baseline shift to calculate the integral of Vo in
Eq. (9) the beam intensity, Qp.q.m can be found:

Bc
Qpeam = C - Tf Vourdt =

_ LELENA
- Cfeedback : Vbaseline :

(12)

Equation (12) shows that the intensity measurement con-
veniently becomes independent of the beam energy and
only depends on known constants.
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Finding the Base Line

In the ELENA system, the baseline shift is found in soft-
ware after signal digitalisation. Both the baseline without
beam and the baseline with beam, i.e. the baseline shift, can
be derived by taking the average of all time samples within
a percentile interval. This percentile interval should ideally
be set so that only the digitised samples with a signal level
corresponding to the baseline (i.e. approximately around
-1000 as can be seen in the left plot of Fig. 5) is included
in the averaging. The settings for the percentile interval are
empirically tuned and may depend on the bunch shape. A
measurement of the PU sum signal and its cumulative dis-
tribution is shown in Fig. 5. Typically, only the data sam-
ples over the 1% percentile and below the 25 to 50% per-
centiles are taken and averaged to find the baseline.

Sum signal
000 g Cumulative distribution of sum signal

100

2000 g

ADC output

1000
o 2

-1000

0 200 400 600 80 1000 2000 -1000 0 1000 2000 3000 4000 5000 6000 7000
Samples ADC output

Figure 5: Left the time sampled sum signal. Right the cor-
responding cumulative distribution.

The typically used sampling rate of the system is set to
125MSPS. The sum signal, shown in Fig. 5, was obtained
with a beam of approximately 3-107 anti-protons deceler-
ated to 100 keV (kinetic energy). The revolution frequency
at this final stage of the ELENA cycle is of 144 kHz and
the beam was bunched at RF harmonic 4 in this 30.4 m
long ring.

Absolute Calibration

The accuracy of the beam intensity calculated using
Eq. (12) will depend on how accurately Creeqpack and
Vhbaseline are known, assuming we know L and Lgigna with
infinite precision. As the baseline shift is measured using
an ADC, it is required to know the voltage gain in between
the charge amplifier output and the ADC input, as well as
the voltage to bit conversion factor of the ADC. The ampli-
fier gain and ADC parameters are straightforward to know
and can be measured to sufficient precision using a stand-
ard network analyser. In the case of ELENA, the feedback
capacitor, Creegpack in Eq. (12), is a high precision capaci-
tor, mounted inside the charge amplifier. The value of this
capacitor was estimated by applying a calibration signal
(Vea in Fig. 3) via another high precision capacitor,
Ceatibration = 1 pF. In this configuration, the circuit can be
seen as a standard inverting operational amplifier with a
gain, A, given by

1

JjoCfeedback
1

Since both the source impedance, Ceatibraion and
Creeaback» suffer from stray capacity, this limits the preci-
sion of this measurement. The measurement precision of
Cteeaback 18 currently deemed to be the dominant error
source in the system. At present, there are no alternative
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instruments capable of measuring the absolute beam inten-
sity in the ELENA ring, thus making it impossible to per-
form a cross-calibration.

BEAM POSITION SENSITIVITY

To evaluate the intensity measurements sensitivity to
beam position, simulations have been performed in CST
Studio Suite [5]. Two models have been evaluated:
Model 1: One metal cylinder 1 mm thick, 120 mm long,
66 mm diameter inside an 80 mm diameter metal beam
pipe. Model 2: (see Fig. 6) as model 1, but with a 2 mm
linear cut in the ring to make it position sensitive. The
model 2 is similar to the actual orbit PUs in ELENA [6,
page 4].

Simulations have been performed at beam speeds corre-
sponding to p=1 and p = 0.6, and with 107 charges in an
approximately 5 m long (measured at 50% of the maxi-
mum amplitude) Gaussian bunch. The output is monitored
using the voltage probes (the small grey arrows) shown at
the top and bottom of Fig. 6.

Figure 6: The 3D model of ELENA PU.

Circular PU

For model 1 the beam position is simulated at the PU
centre, and moved transversally in 5 mm steps, to 25 mm
off centre. The integral over time of the output voltage for
each beam offset position and  value is also calculated in
the simulation. A negligible (< 0.1%) change in the inte-
grated output voltage is observed with respect to changes
in the beam position. The ratio between the time integrated
output voltage for the different B values is the ratio of 8
values themselves, as expected from Eq. (9).

Sweeping the number of charges or sweeping the bunch
length reveals no non-linearities. These simulations do not
include the front-end electronics.

Linear Cut Circular PU

For model 2 the beam position is simulated at the PU
centre, in one case with a 20 mm offset in the horizontal
plane, with the same offset in the vertical plane and finally
with the same offset simultaneously in both planes. In
Fig. 7 the blue curves correspond to centred beams and to
vertical offset beams for both § = 1 (leftmost set of curves)
and B = 0.6 (rightmost set of curves). The red curves corre-
spond to the output signal from the PU plate towards which
the beam is offset and the green curves correspond to the
opposite PU plate for both B =1 and = 0.6. For a centred
beam, and as expected, the integrated output voltage is un-
changed when the beam is moved in the vertical plane. A
difference in the two signals is seen when the beam is
moved in the horizontal plane, as expected for a horizontal
PU. When moved in the horizontal plane, the sum of the
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integrals of the output voltages of each plate is the same as
the sum of integrals of the same plates when the beam is
centred, as one would expect. The ratios for the sum of the
integrated output signals for the two different energies is,
as expected from Eq. (9), . This means that the increased
bending of the field lines in the case of low beta does not
affect the measured output or its integral.

Voltage Time Signal
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/
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-0.00012 = =
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Figure 7: Beam position and B sweep for linear cut PU.

MEASUREMENTS

This system, installed in ELENA, uses Eq. (12) to pro-
vide an intensity measurement, every 1 ms, during the
ELENA deceleration cycle. A typical output is shown in
Fig. 8 where injection occurs at approximately 2.8 s, when
the beam coming from the CERN Antiproton Decelerator
(AD) is injected. Due to the high pass characteristic of the
system, this approach is only valid while the beam is
bunched. Therefore, the “zero-intensity” intervals which
appear between 4.5 st0 6.8 sand 8.8 s to 11 s occur exactly
when the beam is de-bunched and cooled.

Also due to the high pass characteristic of the PU to-
gether with the charge amplifier, the droop time is, in the
current setup, of the order of a few hundreds of ps, i.e. less
than one measurement period.

An overshoot consisting of the first two points of the
measurement at injection is observed. This overshoot,
which normally would indicate beam loss at injection is not
believed to be real by the ELENA operators. Further stud-
ies are required to understand whether it is indeed so.
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Figure 8: The Intensity as measured in the bunched periods
of the ELENA deceleration cycle.

The number of charges was compared to that of the Cry-
ogenic Current Comparator (CCC) [3], installed in the AD
ring. Not considering the overshoot at injection, the pro-
posed method measures approximately 85% of the inten-
sity measured by the CCC.
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CONCLUSIONS

A system capable of measuring low intensity (few 107
charges) antiproton beams, when bunched during the
CERN ELENA deceleration cycle, was presented. The sys-
tem is based on the sum signal from a circular linearly cut
electrostatic PU also used by the ELENA orbit system. It
has been shown that the baseline shift, caused by the high
pass transfer function of the PU can be used to measure the
absolute intensity, provided that the system bandwidth co-
vers all relevant harmonics of the bunched beam spectrum.
The baseline shift method does not seem to be affected by
relativistic effects, as indicated by the CST simulations
(only B =1 and B = 0.6 evaluated). When compared to volt-
age amplifiers, the use of charge amplifiers as the first am-
plifier in the chain gives an advantage in terms of sensitiv-
ity, though stray capacitance sets a limit to the absolute ac-
curacy of the intensity measurement if the feedback capac-
itor is taken to very low values. In this system the feedback
capacitor is approximately 1 pF and the estimated sensitiv-
ity gain 30 dB.

It has been shown, via simulations, that the position sen-
sitivity of the sum signal is negligible, making an electro-
static PU an interesting intensity sensor.

Measurements from the ELENA system were presented.
Since no alternative reliable intensity measurement exists
in ELENA, it is challenging to validate the accuracy of this
measurement. By design, the absolute accuracy of the sys-
tem is currently limited by the accuracy of the knowledge
of the feedback capacitor capacitance, including its stray
capacitance once mounted and used in the charge amplifier
configuration. At present, this system provides success-
fully relative intensity measurements during the ELENA
cycle. Further studies will be continued with the goal of
providing more accurate absolute intensity measurements.
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