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Abstract

Characterizing the longitudinal bunch profile is crucial
for understanding beam dynamics and ensuring optimal ac-
celerator performance. To address these needs, Capacitive
Pick-Up type Bunch Shape Monitors (CPU-BSMs) were
developed at the Institute for Rare Isotope Science (IRIS).
These devices non-destructively measure the longitudinal
bunch shapes of non-relativistic and nanosecond-scale ion
beam bunches.

Initial feasibility tests were conducted at a 30 MeV cy-
clotron to verify the performance of the CPU-BSMs. In
2024, the CPU-BSMs were employed during Nuclear Data
Production System (NDPS) beam commissioning at the
Rare Isotope Accelerator complex for ON-line experiments
(RAON) to characterize both the longitudinal bunch
shapes and the beam energy.

In this paper, we report the experimental results obtained
using the CPU-BSMs during the NDPS beam commission-
ing at RAON.

INTRODUCTION

Nuclear Data Production System (NDPS) [1, 2] is a fast
neutron experimental system at RAON [3-5]. NDPS gen-
erates neutron beams with energies up to 100 MeV using
various ion beams accelerated by the SuperConducting lin-
ear accelerator 3 (SCL3). In the Low Energy Beam
Transport (LEBT) line, a fast chopper and a single bunch
selector can generate pulsed beam [6] for neutron Time-of-
Flight (TOF) experiments at NDPS. For neutron TOF ex-
periments, the longitudinal bunch shape of the primary ion
beam must be measured to accurately evaluate the uncer-
tainty of the neutron energy. For this purpose, Capacitive
Pick-Up type Bunch Shape Monitor (CPU-BSM) was de-
veloped together with bunch shape reconstruction algo-
rithm as described in Ref. [7]. Two CPU-BSMs were in-
stalled upstream of the neutron production target. In 2024,
16.3 MeV/u “Ar ion beams were delivered to the neutron
production target at NDPS for the first time. Although the
timing structure of the ion beam is not appropriate for the
neutron time-of-flight measurement, we obtained the lon-
gitudinal pulse shape of the *“*Ar ion beam by reconstruct-
ing the measured data using CPU-BSM. Additionally, the
beam energy was determined by measuring the time differ-
ence between two CPU-BSMs.
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CAPACITIVE PICK-UPTYPE
BUNCH SHAPE MONITOR (CPU-BSM)

For non-relativistic ion beams, the electric field gener-
ated by the beam ions spreads in the longitudinal direction.
As aresult, the integrated signal does not accurately reflect
the actual longitudinal bunch profile. Since the electric
field spreading is determined by the beam velocity, we pro-
posed that the original bunch shape could be reconstructed
from the integrated signal measured using a capacitive
pick-up monitor, especially for ion beams with the nano-
second scale bunch lengths.

A Capacitive Pick-Up type Bunch Shape Monitor (CPU-
BSM) was developed with a geometry similar to that of
conventional phase probes used in beam energy measure-
ments, as shown in Fig. 1. The feasibility of this approach
was validated through both simulations and a proof-of-
principle experiment using a 30 MeV proton beam, as pre-
viously reported [7].
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Figure 1: The 3D drawing of the CPU-BSM [7].

EXPERIMENTAL SETUP

In 2024, the first beam commissioning was performed at
NDPS. “Ar®* ion beams were accelerated by SCL3 and
delivered to NDPS target room for the first time. The de-
tailed beam parameters are listed in Table 1.
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Table 1: Beam Parameters

Beam energy 16.3 MeV/u
Frequency 81.25 MHz
Ion type Ar¥" (LINAC)

Ar'®" (Target room)
1 Hz
0.01 %

Repetition rate

Duty

Prior to the beam experiment, the bunch length near the
production target was calculated. At the end of SCL3, the
standard deviation of the beam energy (og) was calculated
to be 0.01 % and that of the bunch length (oy) was calcu-
lated to be 0.1 ns. After traveling / through the beam
transport line, ot can be approximated using the following
relationship:

o= — : (1)

cBbeam  ¢(Bbeam+ABbeam)

where ¢ is the speed of light, and Byean, is the ratio of
the average ion beam speed to c¢. The term
¢(Bocam + APoeam) in Eq. (1) represents the speed of beam
particles that have energies higher than the average beam
energy by og. In this approximation, the initial bunch
length (o) at the end of SCL3 is neglected, since the in-
crease in longitudinal bunch length is primarily caused
by the energy deviation at SCL3. The value of Afbeam 1S
given by:

2 _ 2
Aﬁbeam = J[Ebeam(1+UE)+mu] T ﬁbeam > (2)

[Ebeam(1+UE)+mu]2

where Epeam 1S the average beam energy and m, is the
atomic mass unit. Assuming a Gaussian bunch profile, the
bunch length near the target was calculated to be 0.6 ns in
standard deviation and 1.4 ns in Full Width at Half Maxi-
mum (FWHM).

A Gaussian distribution in the time domain transforms
into a Gaussian distribution in the frequency domain under
a Fourier transform. With a standard deviation of 0.6 ns in
the time domain, the corresponding frequency-domain dis-
tribution has a standard deviation of 0.265 GHz, implying
that the dominant frequency components of the beam are
located below 1 GHz. Therefore, the experimental setup
focused on signals under 1 GHz.

Two CPU-BSMs were installed 8.47 m apart at the
beamline of the NDPS target room. By measuring Time-
Of-Flight (TOF) of the beam bunches passing through each
CPU-BSM, Bpeam and Epcam Were calculated. Because the
beam current during commissioning was expected to be
relatively low, each CPU-BSM was connected to an RF
amplifier via a 1 m coaxial cable. Each RF amplifier con-
sisted of two Mini-Circuits ZFL-1000LNB+ units and one
Mini-Circuits 139-VAT-8A+ attenuator.

After the RF amplifiers, 50-meter-long coaxial cables
transmitted the signals to an oscilloscope (RTO64, Rohde
& Schwarz) located outside the target room. During com-
missioning, the oscilloscope was connected to the control
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room via a LAN cable to enable remote data acquisition
and control.

Because each combination of cable, amplifier, and atten-
uator exhibits a distinct frequency response, the overall
gain and attenuation of each components were measured in
advance using a vector network analyzer (ZND, Rohde &
Schwarz). In addition, timing jitter between the two signal
paths causes errors in TOF measurements. To quantify this
effect, the output of a single signal generator (SMA100B,
Rohde & Schwarz) was split into two paths, and the time
difference between the outputs was measured using the os-
cilloscope. The resulting root-mean-square jitter was less
than 50 ps, which is acceptable for the intended TOF meas-
urements.

EXPERIMENTAL RESULT
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Figure 2: Measured signals of “°Ar!®" ion beams obtained
using the CPU-BSM1 (black) and CPU-BSM2 (blue).

Figure 2 presents a portion of the signals acquired during
beam commissioning. The black line corresponds to the
signal measured by CPU-BSM1 located upstream, and the
blue line corresponds to the signal measured by CPU-
BSM2 located downstream. Each beam bunch signal re-
peats at approximately 12.3 ns intervals, which aligns with
the RFQ frequency of 81.25 MHz. The measured macro-
pulse length of 100 ps is also consistent with the provided
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beam parameters specified for the experiment, as shown in
Fig. 2.

The time difference between the zero-crossing points of
the bipolar signals measured by each CPU-BSM is about
153.2 ns. Given that the distance between the two CPU-
BSMs is 8.47 m, the beam energy was determined to be
16.3 MeV/u. Using this beam energy and Eq. (1), the esti-
mated FWHM values at CPU-BSM1 is 1.40 ns (/= 67.4m)
and FWHM values at CPU-BSM2 is 1.57 ns (/= 75.9 m).

Based on these parameters, we performed CST simula-
tions to obtain the response function and applied it to each
individual beam bunch to reconstruct its shape. Figure 3(a)
shows a representative signal from CPU-BSMI1 recorded
on the oscilloscope, and (b) presents the corresponding re-
constructed bunch profile. Similarly, Fig. 3(c) presents a
representative signal from CPU-BSM2, while (d) shows its
reconstructed bunch profile. In both cases, small bipolar
signals appear prior to the main bunch signals. Since these
smaller signals are significantly weaker than the main sig-
nals and likely arise from reflections in the 1 m cable be-
tween the CPU-BSMs and the RF amplifiers, they were ex-
cluded from the bunch shape reconstruction process.
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Figure 3: (a) Representative signal from CPU-BSM1 rec-
orded on the oscilloscope; (b) reconstructed bunch profile
of (a) using the inversion function; (c) representative signal
from CPU-BSM2; (d) corresponding reconstructed bunch
profile.

The reconstructions were also performed using only fre-
quency components below 1 GHz, and the calculation ac-
counted for the gain and attenuation of the cables, the at-
tenuators, and the RF amplifiers as measured by the VNA.

Both CPU-BSM1 and CPU-BSM2 yielded recon-
structed bunch shapes that are overall quite similar, resem-
bling a Gaussian-like distribution with a tail. Figure 4
shows histograms of the FWHM values calculated after re-
constructing the signals measured using (a) CPU-BSM1
and (b) CPU-BSM2. Their respective mean =+ standard de-
viations are 1.73 £ 0.06 and 1.89 + 0.07, which are approx-
imately 25% larger than the simplified calculations.
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Figure 4: Histograms of the FWHM values obtained from
the reconstructed bunch profiles using (a) CPU-BSM1 and
(b) CPU-BSM2 signals.

CONCLUSION

To measure the beam energy and bunch length of non-
relativistic ion beams during NDPS beam commissioning,
Capacitive Pick-Up-type Bunch Shape Monitors (CPU-
BSMs) were developed and employed. By comparing the
signals from two CPU-BSMs spaced 8.47m apart, the
beam energy was measured to be 16.3 MeV/u.

The reconstructed beam bunch shapes exhibited Gauss-
ian-like profiles with tails, and their FWHM values aver-
aged 1.73£0.06ns (CPU-BSM1) and 1.89+0.07ns
(CPU-BSM2), which are about 25% larger than the ex-
pected values. This discrepancy may stem from real beam
dynamics that deviate from idealized assumptions. The
transverse beam distribution was not considered in the re-
construction process. The development of a reconstruction
algorithm that incorporates transverse effects remains a
subject for future work.
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