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The safety re-examination of existing GANIL (the French national heavy-ion accelerator facility)
installations requires the implementation of a safety system which makes possible the monitoring of
beam intensities sent in the experimental rooms. The aim is to demonstrate that beam intensities stay
below the authorized limits. The required characteristics should enable the measurement, by a non-
interceptive method, of beam intensities from 5nA to 5pA with a maximum uncertainty of + 5%,
independently of the frequency and the beam energy. After a comparative study, two high frequency
diagnostics were selected: the capacitive Pick-Up (PU) and the Fast Current Transformer (FCT). Based on
results of simulation, laboratory tests and machine studies, this paper discusses all the considerations
required to deliver accurate results from PU and FCT measurement of ion beams.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

GANIL (the French national heavy-ion accelerator facility) is an
economic interest group managed jointly by the Physical Science
Division (DSM) of the French Atomic Energy Commission (CEA)
and the National Institute of Nuclear and Particle Physics (IN2P3)
of the National Center for Scientific Research (CNRS). Its vocation is
to provide to the scientific community the means to carry out
experiments in atomic and nuclear physics. The facility produces,
thanks to several cyclotrons running in cascade, a wide spectrum
of high intensity ion beams ranging from '2C to 238U accelerated
up to 96 MeV/u [1,2]. For stable beam production and acceleration,
two large separated sectors’ cyclotrons (CSS1 and CSS2) are used
after the injector cyclotron. Additionally, radioactive beams can be
delivered by the cyclotron CIME (SPIRAL post-accelerator). As a
basic nuclear facility, GANIL is subject to the obligations laid down
in the decree of February 7, 2012. Following the issuance of this
order, a safety review of GANIL has been required by the Nuclear
Safety Authorities (ASN).

In the context of this safety re-examination, the beam intensity
monitoring has to be upgraded to protect personnel from radiation
hazards. Until now, AC Current Transformers (ACCT) have mea-
sured the beam transmission through the beam lines and the
cyclotrons [3]. To use this kind of diagnostic, the beam must be
interrupted by a chopper at a low frequency (hundred of Hz).
Correct operation of this system depends on the synchronization
of ACCTs and chopper which is highly complicated by the variable
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time of flight of GANIL and the different locations of the diag-
nostics along the beam line. These devices do not provide the level
of safety required.

A system, that controls the beam intensity delivered in experi-
mental rooms in the energy (1.7-96 MeV/u) and frequency (7-
14.5 MHz) ranges used at GANIL, is thus expected to be developed.
At the end of the project, several equipments will be installed in
beam lines and experimental rooms. All of them will be classified
as Element Important to Protection (EIP). They have thus to meet a
number of requirements in terms of safety, in particular, that
correct operation is as strongly ensured as possible.

2. Requirements

The system has to demonstrate that the maximal beam
intensities sent in experimental rooms, as defined in the general
operating rules of GANIL, are respected. A second objective is to
detect beam losses. Instruments for monitoring the beam intensity
must not impose any form of physical obstruction on the beam
trajectory and should be independent of beam position, tempera-
ture, frequency, energy and phase extension. The system has to
provide a highly reliable measure of the mean beam intensity with
a relative precision better than + 5% in the range of 5 nA to 5 pA.

2.1. Quality assurance/quality control process

In addition to general specifications, a QA/QC Process has to be
followed. During the planning and the development, some activities
have to be performed to establish the reliability of the product, such
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as the characterization of the measurement chain in laboratory. The
use of approved standardized procedures for emission and removal
calculations, measurements and estimating uncertainties is required.
One of the fundamental safety requirements is to check that the
beam intensity limit is not exceeded. In order to avoid exceeding the
limit, the threshold has to take into account the global measurement
uncertainty. Thus the uncertainty has to be as low as possible. The
uncertainty has to be characterized as its influence quantities:

® beam energy,

beam phase extension,
beam lateral position,
temperature,

frequency,

external magnetic fields.

All these influence quantities generate systematic errors which
have to be taken into account. Dispersion measurements are disc-
ussed in this paper.

3. Technical solutions

Instruments for monitoring the beam intensity in a circular
accelerator must not impose any form of physical obstruction on
the beam trajectory and should be independent of beam position.
Capacitive Pick-Ups (PU) and all current transformers meet these
demands [4]. However, as explained in the introduction, AC cur-
rent transformers have been abandoned in favor of Fast Current
Transformers (FCT). FCTs allow viewing the temporal structure of
the beam current and cover the entire GANIL frequency range. The
PU and the FCT have thus been selected. The principle of the PU is
the detection of the electric field carried by the beam, while the
FCT detects the accompanied magnetic field.

The energy sensitivity of the electrical field generated by a
charged particle has been widely studied and demonstrated, while
the energy sensitivity of the magnetic field is not really described
in the scientific literature. These two diagnostics have been con-
fronted in machine studies.

3.1. FCT features

The toroidal FCT, type FCT-ISOF8-96.0-40-UHV-05:1, was manu-
factured by Bergoz Instrumentation (Fig. 1) [5]. The main feature of
the FCT is its large bandwidth (up to 2 GHz). This bandwidth allows
the FCT to restitute the high frequency variations of the beam signal.
The number of turns has been optimized to give a sensibility of 5V/
A. Connected to an amplifier with 50 € impedance, the transformer
yields nominal signal amplitude of:

. _ Iveam 1 1 !
Vsignad =57 tums * (50 Q750 Q
=5V/A x Ibeam
=508 x Trcr X Ipeam (1)

with the FCT transmittance zpcr = 1/10 and the beam current Ipey,.
This equation is sketched in the article of Nantista and Adolphsen [6].

3.2. PU features

The PU is a cylindrical electrode designed and manufactured by
GANIL. The capacitance formed by the surface of the electrode and
the grounded wall is around 37 pF. This value results from a com-
promise between a low thermal noise get with a strong capacity and
a strong output signal obtained with a low capacity. To preserve the
charge distribution, the load impedance seen by the electrode is a
high impedance.

4. Signal processing

The minimal intensity which has to be measured is 5 nA. With a
sensibility of 5 V/A, a 5 nA beam corresponds to a signal of 25 nV
out of the diagnostic. This level is really low compared to a required
5% total accuracy in the accelerator environment where electro-
magnetic disturbances are extreme. Signal processing needs thus
many considerations.

4.1. FCT signal processing

As sketched in Fig. 2, the FCT does not transform DC compo-
nents. The direct measurement of the mean current hy is thus not
permitted.

The DC component can be calculated from other harmonic
components by assuming electromagnetic field lines seen by FCT
and PU fall to zero between pulses. Many harmonics are created
since the beams from cyclotrons are a chain of short pulses with
a constant repetition rate.

The noise observed without beam crossing the diagnostics has
components induced by the RF system. As the fundamental is dis-
turbed by the RF power amplifiers, higher harmonic components are
examined. Since proportionality between the amplitude of the
second harmonic component and beam current is quite stable, h,
is selected. For a Gaussian distribution, the ratio h,/hg is 2. Fig. 3
shows that a Gaussian fit is relevant.

By starting from this relation, a theoretical formula of the root
mean square (rms) value of the second harmonic at the terminals
of the FCT versus the mean value of the beam current can be
found.

hy =2 x Vsignal

harms = V2 x Vsignal
~+2 ><5OQXTFCT XIbeam~ 2)

The amplifier gain and the cable attenuation must be added to
obtain the total transmittance of the FCT measurement chain

tecr = harms /Ibeam -
4.2. PU signal processing

The PU signal processing is based on the second harmonic
measurement as for FCT signal processing. A theoretical formula
for the second harmonic output of the cylindrical probe can be
also found by starting from the following relations:

® fc~10"/2w the ions velocity with w being the beam energy
(in MeV/u).

Fig. 1. FCT developed by Bergoz instrumentation.
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Fig. 2. Beam profile measured by a delta-T profiler and corresponding FCT signal distribution.
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Fig. 3. Profile of a titanium beam and its Gaussian fit.

® Q =L/fc x Iyeam the charge deposited on the electrode sup-
posed to be equal to the sum of all charges within the bunch
Qpunch With L being the electrode length of 30 mm.

® V = (Qpuncn/Ok(L/PcAt)1/(1+R/L) the estimation for high
impedance signal processing of the expected signal output of
the probe [7] with C being the equivalent capacity created by
the electrode when the beam is inside, At being the bunch
length in time (FWHM) and R being the probe radius of 48 mm.
For very short bunches fcAt < L, the product of kL/fcAt has to
be replaced by one. One gets V = 0.38Q uncn/C.

® and the relation between second harmonic and mean value
seen in the previous subsection.

The rms value of the second harmonic at the terminals of the
probe is thus given by

h2;2><V

10
hams = V21 e

T A
=2 TR/LCAC ™ Tbeam

. L
ST+R/LC107 yw e

The amplifier gain and the cable attenuation must be added to
obtain the total transmittance of the PU measurement chain
tpu(W) = harms /Ipeam. Sensitivity to energy must be observed in
machine studies.

3

4.3. Signal processing difficulties

The amplitude distribution of the discrete Fourier components of
a periodic pulse train signal depends on the length of the pulses. A
change in the length of the pulses consequently causes a change in
the amplitude of any harmonic signal component. The length of the
pulses of FCT or PU output signal presents many influence quantities.
Some quantities affect the relation of electromagnetic field genera-
tion and others impact bunch distribution.

The bunch distribution depends on beam tuning, distance covered
by the beam and energy dispersion at the accelerator output. All these
parameters affect the sigma of the bunch distribution and conse-
quently the sigma of the signal distribution. Influence quantities like
beam tuning make the sigma of the signal distribution hard to predict.

A single charged particle moving at v=2xar.F/H creates an
electrical field at the chamber wall with a longitudinal distribution

GE) =a/yv/2 where y is the Lorentz factor, a is the chamber

radius, 1. is the accelerator ejection radius and H is the cyclotron
harmonic [9-11] (concerning the magnetic field no model exists in
the literature). This relation shows the sensitivity to beam energy.

The sigma of the distribution, seen by the diagnostic, can be
expressed as a quadratic sum [8]:

— 2 2 2
Gsignal = GO +0 ath +GE—> (4)

® o, is the sigma of the beam distribution at the cyclotron output.
This value depends on the tuning and the energy dispersion.

® opan 1S the enlargement of the bunch take along the path
covered. Op,m =180/7 x Hd/2re x Aw/wp with d being the
distance covered and Aw/w, being the energy dispersion out
of the cyclotron.

° aﬁé is the enlargement due to electric or magnetic field.

According to a study with a Gaussian distribution, if the beam
phase extension does not exceed 16° HF then the deviation to the
relation hy = 2 x hg stays below 1%. For a 23° HF beam the deviation
is 2%. Other methods of measuring intensity, independent of the
length of the pulses, have been examined. But synchronous detec-
tion has the advantage to make possible the extraction of even
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weak signals in strong noise background. Faced with the challenge
of measuring 5 nA in the noisy cyclotron environment, synchronous
detection seems to be the better option.

5. Signal simulation

The least energy-dependent diagnostic should be chosen. The
FCT achieves its measurement via the beam magnetic field while
the PU measures the intensity via the beam electric field. Hence a
study of the energy sensitivity of the electromagnetic field is
conducted. There are few, if any, articles in the scientific literature
about the magnetic field generated by beam while articles about
beam electric field abound. Electric and magnetic fields are inex-
tricably linked to each other since the magnetic field is induced by
a time varying electric field through the displacement current.
A Monte Carlo simulation of FCT and PU signals has been made by
starting with the equations of classical electrodynamics [13-15].
Its primary goal is to model closely the physical interactions
involved, the detectors’ performance and the beam parameters.
Its use is considered relevant, since it produces coherent and
reliable results with a previous study conducted with beam. In
Table 1, the expected variation of the second harmonic with
respect to the range of energy for CSS1, CSS2 and CIME cyclotrons
at GANIL is presented. For instance, the second harmonic ampli-
tude of the FCT output signal is expected to vary by 0.007% bet-
ween the extreme values of energy of CSS1 beams.

According to simulation results, the FCT is ten times less
sensitive to energy variations than the PU. This result will be
confronted with the experiment.

6. FCT characterization in laboratory

Tests were first performed at the Bergoz laboratory to ensure
that the FCT meets its specifications. The most stringent of these
is the uncertainty with temperature and frequency which has to
be at most equal to 1%. Bergoz instrumentation improved the stan-
dard FCT to meet this specification.

Tests carried out at GANIL aimed at a more detailed character-
ization. They were conducted with a coaxial line (Fig. 4) developed
at GANIL which simulates the bunch beam. The coaxial wire
method is commonly employed for simulating a field configura-
tion inside the beam pipe. The beam and the coaxial line model
are different due to the presence of fields within the beam. How-
ever a short pulse in a coaxial line has a very similar electro-
magnetic field distribution to that of a relativistic beam [12].

6.1. Validation tests

Firstly, the analysis of the temporal response gives a rise time of
1.75 ns, a droop of 2.7% ps~! and a time constant of 30 ps. The
study of the frequency response, for its part, gives a lower cutoff
frequency of 6.5 kHz and an upper cutoff frequency of 268 MHz.
These results are consistent with the datasheet.

Then the sensitivity to beam displacement is characterized in
laboratory with the coaxial line. The coaxial line is displaced from the
torus center along two orthogonal axes (10 cm excursion). A typical

Table 1
Simulation results.

Cyclotron - beam energy FCT (%) PU (%)
CSS1 up to 13.7 MeV/u 0.007 0.07
CSS2 up to 96 MeV/u 0.01 0.1
CIME 1.7-25 MeV/u 0.9 8

Fig. 4. Tests in laboratory with coaxial line.

relative uncertainty of 0.002% mm~! (enlargement factor k=3) is
observed. Sensitivity to beam lateral position is thus negligible. A
radial magnetic field of 10 mT and a parallel magnetic field of 1 mT is
applied. A typical relative uncertainty of 0.54% (k=3) is identified.
External magnetic fields have little effect on the FCT. The temperature
sensitivity is also characterized. The FCT is relatively stable with
respect to temperature, since a typical uncertainty of 0.45% (k=3) is
measured over the range 6-41 °C. The typical uncertainty associated
to frequency is undoubtedly the dominant term, since it is 0.73% in
the frequency range 14-29 MHz. This last result involves a cumulative
typical uncertainty of 0.75% in the temperature and frequency ranges
6-41 °C and 14-29 MHz i.e. less than 1%.

6.2. Linearity in laboratory

The aim of the linearity test is to check that the relation between
the delivered intensity and the measured intensity is truly linear.
Figs. 5 and 6 present the performance of the FCT in terms of linea-
rity in laboratory (with a preamplification of 49 dB). The measu-
rement has been performed with a signal of constant frequency
(20 MHz) and decreasing the intensity from 5 pA to 50 pA. The least
squares method is used to find the best fit straight line. Each meas-
uring point corresponds to the mean of one hundred measurements
done with a sampling time of 0.3 s.

At 1 nA, the deviation from the regression line is 5% and rapidly
falls below the percent level. Using the normal full scale, the non-
linearity error of FCT does not exceed 1% FS (full scale) on [1 nA; 5 pA]
and equals 6.5%FS on [50 pA; 1 nA] which is in good agreement with
the desired specifications.

7. Machine studies

A prototype of each diagnostics, FCT and PU, has been set up on a
beam line. Then a campaign of machine studies has been conducted
with a large panel of ion beams. The aim is to cover a wide intensity
range and evaluate linearity, sensitivity and resolution of diagnostics.

7.1. Measurement channels

The signal coming from the FCT is first amplified by the two
low noise amplifiers of API Technologies (6719 and 6143) set close
to the diagnostic. This amplification allows the transmission of the
signal over 50 Q cable to a measuring instrument, called Lock-In
amplifier, outside the experimental room. The RF Lock-In Amplifier
Model SR844 is manufactured by Stanford Research Systems. Its
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Fig. 6. Deviation from linearity with coaxial line.

frequency range of 25 kHz to 200 MHz is suitable for our purpose.
Its function of interest is the harmonic detection (F and 2F). The
SR844 is adjusted for automatic detection of the 2F component and
the fast fluctuations of the beam current are filtered by using a time
constant of 1s with 18 dB/octave roll off. An offset deduction is
done with the SR844 for each sensitivity range below 300 UV .
A LabVIEW program collects data, averages and saves data to file.
The PU channel is identical in order to be compared.

7.2. Reference sensors

It should be added that ACCT measurements were also per-
formed. Many ACCT are incorporated at various locations along the
beam line. With regard to this ACCT, used routinely at GANIL, an
estimation of the FCT and PU transmittance can be calculated.

harms =t x Iheam (ACCT). ©)

According to previous subsections, this transmittance t has influ-
ence quantities such as the pulse width. The bunch length is achieved
thanks to a delta-T profiler set close to FCT and PU. The delta-T mea-
sures the temporal beam profile and then the empiric standard devi-
ation is calculated:

o( HF) = 360F /% ©)

with ¢ being the number of counts, 7 being the temporal interval
for which this number of counts have been counted and F being
the machine frequency.
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7.3. Linearity with beam

Figs. 7 and 8 present the performance in terms of linearity with a
beam of $2Kr*** . For determining the linearity deviation, the best fit
straight line is calculated only with intensity values above 100 nA.

Concerning FCT, the deviation from linearity is 5% at 10 nA and 1%
at 65 nA. The PU is less linear than the FCT since its deviation from
linearity is 5% at 170 nA and 1% at 220 nA. Due to the loss of precision
of the reference measurement, these results must be interpreted
with caution. Below 10 nA, the ACCT does not measure the intensity
correctly. For low intensity values, the reference measurement is thus
estimated with the pepperpots ratios. However this method is a
rough estimate since the pepperpots ratios depend on the beam emi-
ttance and their combination. The ratio of combined pepperpots does
not correspond to the combination of pepperpots ratios taken sepa-
rately. This inaccuracy of the reference measurements is probably the
cause of the increasing non-linearity in the range of 1-10 nA obser-
ved Fig. 8. FCT and PU are probably better in terms of linearity than
what has been observed.

7.4. Random error of measurement

When repeated measurements are done, a dispersion of the
results is observed. The standard deviation of these results corre-
sponds to the random error. This error comes from both the
measurement chain and the beam. Fig. 9 shows standard deviation
values normalized to mean values. One hundred measurements have
been made with a sampling time of 0.3 s.

]
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Fig. 8. Deviation from linearity.
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Random errors of FCT and PU are really similar. Above 10 nA, it
does not exceed the percent level for both diagnostics. It reaches
5% at 3 nA. Concerning the ACCT, the random error is more imp-
ortant. Indeed at 65 nA, it has been evaluated at 2%.

7.5. Sensitivity

One important purpose of beam tests is to characterize the
influence of frequency, energy and pulse width on FCT and PU
measurement chains. In theory, a decrease of beam energy leads to
a rise of the bunch length which leads to a second harmonic level
decrease.

7.5.1. FCT sensitivity

Figs. 10, 11 and 12 present the deviation from the mean of tgcr
versus the second harmonic frequency, the energy and the pulse
width respectively. Sensitivity to frequency due to the sensor, cable
and electronic instruments is assumed.

No significant dependence as a function of frequency and energy
is observed. With beam sigma, it is also difficult to discern a trend.
The phase extension, around four times the beam sigma, is mostly
regulated by the tuning as shown in Fig. 13. These fluctuations
cannot be avoided since they are due to human operation.

To conclude on the FCT sensitivity, the total uncertainty of mea-
surement of the FCT chain is + 4.9% whatever the influence quantities.
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Fig. 10. Deviation from the mean of FCT transmittance versus second harmonic
frequency.

7.5.2. PU sensitivity

Figs. 14 and 15 present the deviation from the mean of tpy ver-
sus the second harmonic frequency and the energy respectively.
Sensitivity to frequency due to the sensor, cable and electronic
instruments is also assumed.

The dependence on the square root of energy can be seen. Energy
varies with the square of the frequency. Frequency sensitivity is thus
also observed. Once this dependency is taken into account, no
further frequency sensitivity remains as shown in Fig. 16. The delta
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is then reduced from 166% to 34%. Moreover no sensitivity to pulse
width is noted in Fig. 17.

The theoretical formula (3) with the dependence on the square
root of energy is demonstrated. When the sensitivity to energy is
taken into account, the uncertainty of measurement of the PU chain
is reduced from + 83% to + 17%. This value remains broadly higher
than the uncertainty measurement value of the FCT chain.
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Fig. 17. Deviation from the mean of the PU transmittance versus beam sigma after
energy sensitivity correction.

Table 2
Machine studies results.

Ion beam F(MHz) E (MeV/u) Intensity range (nA) o6peam Deviation from
(° HF) the mean

ECT (%) PU (%)

2o 94.98 13.45 0.9-1380 044 —-574
2t 94.98 13.45 2-1850 —212
2t 75.04 1213 1.5-2500 242  -1.02
Bcbr 75.04 1213 4.5-2500 1.72 034 -524
2o 75.01 1213 0-2500 092 -0.72
2t 75.00 1213 0.8-1410 129 -169 -476
ks 1.1 1213 1-3000 337 3.98 22.8
2 6.60 9.38 1.5-1500 137 -024
1ANS+ 2000 12.83 1-120 169 -256
808 75.01 1213 17-2000 196 -036 —457
808 50.00 10.10 6.1-86 0.53 1.81
ca’t 4.50 7.76 2.4-720 2.19 66.7
ca®* 4.50 7.76 13-54 411
S07;10+ 4.82 8.03 2-3500 198 571 108.2
BNt 7440 1210 800-1640 317  -1.00
;gmau 70.44 11.80 15-1500 2.30
Bgr3+ 7044 11.80 0-600 1.00 -1.31
834+ 6030 11.00 2-2100 219 022 -50.7
21+ 4.27 7.56 900-1300 -111 76.5
208pp*6+  29.00 7.82 19-100 197 -3.39
B3+ 6.33 9.19 6-90 4.52 1.58

7.6. Summary results

Table 2 summarizes the results achieved with FCT and PU and
various beams from GANIL accelerators. The various beam inten-
sity ranges are also described.

8. Conclusion

Due to the need of demonstrating the reliability of this safety
system based on a beam diagnostic, a QA/QC Process is followed. A
feasibility study has already been done. Simulations, tests in
laboratory and machine studies have also been performed. Numer-
ous tests have been done to characterize the sensitivity to energy,
frequency and pulse width and to evaluate linearity and measure-
ment uncertainty.

During machine studies a large panel of ion beams was tested and
none was overlooked: for instance, a strongly chopped titanium beam
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Fig. 18. Deviation from the mean of the PU/FCT transmittance versus beam sigma.

can be mentioned. Some of these cases should not be concerned by
intensity monitoring. The worst case was estimated. Moreover no
typical value has been calculated in the uncertainty calculation, which
is thus maximized. Lastly, let us recall that part of the uncertainty is
due to measurement chain modifications that may have occurred
during these 2 years of machine studies.

As for PU, a strong sensitivity to the square root of energy has
been demonstrated. Measurements are thus in good agreement
with the theory. When this dependence is taken into account the
uncertainty of measurement is reduced from +83% to + 17%.
Concerning the FCT, no sensitivity is observed and its uncertainty
of measurement is +4.9% whatever influence quantities are
considered.

The phase extension sensitivity has not been observed in mach-
ine studies due to the interference generated by some other quan-
tities. When only machine studies done within short period of time
with the same frequency and same ion are taken into account, the
beam sigma sensitivity is clearly observed. Fig. 18 shows that the
enlargement of the signal due to electric field is 15 times sup-
erior to the enlargement due to magnetic field. Let us recall that
simulation results suggested a factor of ten.

As for linearity, the FCT offers a better linearity than PU. The lin-
earity deviation of FCT is 5% at 10 nA and not 5 nA as expected.
Due to the loss of precision of the reference measurement, these
results may be assumed to be better.

In regards to uncertainty values, beam sigma sensitivity and
linearity, only FCT can meet our specifications. The FCT, developed
by Bergoz Instrumentation, associated to the SR844 constitutes a
reliable system. This system is robust and shows little sensitivity to
frequency, energy and bunch length.
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