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Abstract

The Superconducting RIKEN Linear accelerator (SRI-
LAC) has been providing heavy ion beams of a few puA
for the synthesis of new superheavy elements since June
2020, utilizing ten superconducting quarter-wavelength res-
onators. Although the beam supply has been stable, mea-
surement and control of the beam dynamics in the SRILAC
are critical to increasing the beam intensity up to 10 puA.
However, destructive monitors cannot be used to avoid gen-
erating dust particles and outgassing. So far, the beam has
been tuned by monitoring the beam center using Beam En-
ergy Position Monitors (BEPMs) and vacuum monitors. In
order to improve the beam control, we are developing a
method for estimating the beam envelope by combining the
quadrupole moments deduced from BEPMs, which con-
sist of four cosine-shape electrodes, with calculations of
the transfer matrix. While this method has been applied
to electron and proton beams, it has not been practically
demonstrated for heavy ion beams in beta — 0.1 regions. By
combining BEPM simulations, we are making progress to-
ward reproducing experimental results, overcoming specifi
issues associated with low beta beams. We will report on
the current status of our developments.

INTRODUCTION: SRILAC AND PHASE
ELLIPSE MEASUREMENT

SRILAC started the operation in 2020, and it has been
providing a stable supply of heavy ion beam with intensity
of a few puA and beam energy of about 6 MeV/u [1,2]. In
the future, the intensity is planned to increase up to 10 puA.
SRILAC is also planned for medical isotope production
and as an injector for the RI beam factory, where higher
beam intensities are required. Precise measurement and
control of the beam dynamics are essential to achieve stable
operation in high-intensity conditions. However, there are
no destructive monitors, such as wire scanners between SRF
cavities to suppress dust production and outgassing. The
only option to optimize the beam envelope inside the cavities
is currently to minimize the vacuum levels between cavities.
To estimate the beam dynamics in these sections, we perform
Q scan measurement downstream, changing the magnetic
fiel of quadrupole magnets several times and measure the
beam profil for each magnetic fiel to reconstruct the phase
ellipse. Based on the estimated phase ellipse downstream
of SRF cavities, we can estimate the beam envelope with
transfer matrices from the cavity sections to downstream
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sections. The disadvantage of the Q-scan method is that we
cannot perform the measurement frequently during beam
supply to the users because it takes at least 30 minutes and
we need temporary to change the magnetic fields Another
restriction of the method is to decrease the beam intensity
to ~ 100 enA to avoid melting the wire and generating dust.

Therefore, we started to develop a new phase ellipse mea-
surement method using non-destructive monitors, which can
be applied to high-intensity beams and utilized for continu-
ous measurements.

PRINCIPLE OF METHOD

In the new method, the beam envelopes are derived from
the beam quadrupole moment Q = o2 — a'y2 at several points
in the beamline, which are measured by Beam Energy Profil
Monitors (BEPMs), with the transfer matrices between the
BEPMs [3]. Figure 1 shows the layout of SRILAC and
beamline with 8 BEPMs in between SRF cavities. There
are two types of BEPMs: type-A (numbers 1 to 6) with a
longitudinal length of 50 mm and type-B (numbers 7 and
8) with a longitudinal length of 60 mm. These detectors
were originally introduced to measure beam position and
energy and have contributed significant y to the stable beam
operation of SRILAC. The beam energy is calculated by
measuring the time of fligh from the time di'erence between
signals in pairs of each section. Figure 2 shows the CAD
model of type-A BEPMs on CST simulation. These BEPMs
have cosine-like shape electrodes. This shape realizes the
ideal response of the quadrupole moment while maintaining
good linear position sensitivity [4]. The value of Q at each
of the BEPMs is connected with the phase ellipses upstream
using transfer matrices as
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The quadrupole moment can be calculated based on the asym-
metry of signal strength of four electrodes reflectin the flatnes of
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Figure 1: Schematic of beamline including SRILAC. Green numbers denote Beam Energy Position monitors, and PFe00

denotes a wire scanner.

a beam ellipse as

2 VL+VR—Vu—VD 2

-<x> +<y>2, “)

- 2
Q=oy-oy= TV +VR+Vy +Vp
where Vi, Vg, Vy, and Vp are the induced voltages of the left,
right, up, and down electrodes, respectively, and k is a constant
number measured previously.

In these equations, o (0) indicates the elements of the sigma
matrix of the beam at the upstream position denoted as 0, and Ml.oj."
is the (i, j)-th element of the transfer matrix from position 0 to the
position of the n-th BEPM. The transfer matrices are calculated
using the beam dynamics simulation software TraceWin. The
simulation with TraceWin has been able to reproduce the beam
energy response to changes in phase and voltage of each cavity at a
level of 0.5% and also is expected to reproduce the realistic beam
dynamics, including transfer matrices.

BIAS ON MEASUREMENT OF
QUADRUPOLE MOMENT

Using this method, we fir t compared the Q variation during Q-
scan measurements, as mentioned in Ref. [5]. While data showed
clear positive correlations, there was also an o’set between the
measured values of the O moments and those estimated with Q-
scan. For investigation of the underlying cause, detailed simulations
were conducted using CST Studio with the model shown in Fig. 2.
Figure 3 shows the comparison of waveform signals from BEPM
7 (circles) and CST calculations (lines). For the simulations, the
scaling factor and timing o’set are tuned to reproduce the upstream

Figure 2: CAD model of type-A BEPM. The beam comes
from the upper right corner towards the foreground. Up and
down (right and left) electrodes are represented as upstream
(downstream).
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signals. In these simulations, the particle beam has no transverse
emittances, i.e., ox = 0, = 0. Despite the conditions, the peak
of the signal from the downstream electrode is smaller than that
from the upstream electrode. A similar tendency is shown in the
measured data.

The result indicates this “bias” e’ect should be corrected in the
quadrupole moment calculation based on eq. (4) to estimate phase
ellipses accurately. This e’ect can be qualitatively understood as
follows. When considering a cylindrical BEPM, if an electrode
covers a portion of the circumference with an angle ¢, the signal
voltage V of that electrode is represented as a function of time t as

V() = Re[Z  Vyelimwon)], 5)
. R LI 2 2
Vn(¢, L) = %%exp(n a?a')- ©

R and C represent the resistance and the capacitance of the equiv-
alent circuit of electrodes, and L is the longitudinal length of the
electrodes. 3, wg, and o7 denote velocity, angular velocity, and
time widths of the beam, respectively. To account for the shape
of the electrode, the electrode is divided longitudinally by 6/ and
I-dependence of ¢ is incorporated as follows,

Be @)

In the case of the upstream electrode, a large signal is generated
corresponding to a large ¢, followed by gradually overlapping
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Figure 3: Waveform of the signals from BEPM electrodes.
Black and red points correspond to upstream and down-
stream data, respectively. The lines represent the CST simu-
lation result with the corresponding data color.
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Figure 4: Longitudinal beam length (= Az) dependence of
bias factor calculated by CST for type-A BEPM.

signals corresponding to smaller ¢ with a time delay. The peak
maximum is mainly determined by the signal from the upstream
portion of the electrode where ¢ is large. On the other hand, for
the downstream electrode a relatively small signal is generated
corresponding to small ¢, followed by gradually overlapping signals
corresponding to larger ¢ with a time delay. In the latter case,
although the peak maximum is generated by the larger ¢ portion
of the downstream electrode, the undershoot of the signal from the
upstream portion overlaps, resulting in a relatively smaller peak
than that of the upstream electrode. This e’ect is expected to have
a greater impact when 3 and o are smaller.

Incorporating this e’ect is necessary for an accurate determina-
tion of the phase ellipse. First, we calculated the dependency of
this e’ect on the beam based on CST simulations. As commented
above, this e’ect appears only for low beta particles. The devi-
ation of the signal strength is tiny, 0.2%, for 8 = 0.99 [6,7], but
non-negligible, 5%, for 8 = 0.1. In the acceleration with our SRF
cavities, particles are accelerated from 8 = 0.09 to 0.115, where
the change of bias factor is small, at most 0.5%. For the longitudi-
nal distribution of the beam, we vary spacial longitudinal widths
Az instead of o7 in the CST calculation. Figure 4 shows the Az
dependence of the bias e'ect. Here, bias is define as the ratio
of signal strength between that from the upstream and that from
the downstream. As shown, there is relatively large dependence
on Az. Although the longitudinal distribution of the beam has not
been measured directly, considering that the RF of SRILAC is 73
MHez, it is reasonable to assume that it falls within the range of
5 to 15 degrees (1 rms), which corresponds to approximately 5
mm to 15 mm in terms of the longitudinal distribution. The bias
factor changes by approximately 3% in this range. Therefore, in
the subsequent analysis we consider these values as an uncertainty
of the bias factor and treat them as errors of Q, which typically
corresponds to 4 to 5 mm? shift.

APPLICATION FOR PHASE ELLIPSE
MEASUREMENT

For the application of this method, we estimated the bias factor
by comparing it with the Q-scan measurement result because the
CST simulation does not fully reproduce the measured waveform

SRF Facilities

Operational experience and lessons learned

SRF2023, Grand Rapids, MI, USA
ISSN: 2673-5504

JACoW Publishing
doi:10.18429/JACol-SRF2023-MOPMBO86

Table 1: Estimated Parameters of Phase Ellipse

Method bias €, €, an PBn a, By
BEPM not corrected 3.2 0 -49 09 - -
BEPM corrected 6.7 2.6 -0.5 03 1.1 1.7
BEPM + PF  corrected 59 4.0 -0.6 02 0.7 0.6
Q-scan - 53 38 05 03 0.6 04

signals, as shown in Fig. 2. For the bias factor estimation, the
measured data in April 2023 are utilized. As a result, the bias
factors were determined to reproduce those results to be 1.060 for
type-A BEPMs and 1.044 for type-B BEPMs.

data
ifit w/o PF
fit w/ PF

é

bias not corrected

*?Q ¥

#

bias ¢orrected
“2”“3”"4”“5””6””7””8””9
BEPM #
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Figure 5: Measured and fitte quadruple moment Q at each
BEPM position. The top (bottom) graph corresponds to the
calculation without (with) bias factor correction. The green
circle is a fi result of the analysis using additional profil
monitor data.

To demonstrate the method, we again compared the estimated
phase ellipses with these by Q-scan method using data in 2-month
later, on June 16th, 2023. In this period ion source was restarted
several times, and some accelerator parameters, such as slit , were
tuned. Therefore it is a good demonstration if the method can
reproduce the result by the conventional Q-scan method. Figure 5
shows the measured quadrupole moments Qs for § BEPMs before
and after bias correction. In the analysis, we estimate phase ellipse
upstream to reproduce the measured Q of each BEPM. The cal-
culated Qs with the estimated phase ellipse are also shown in the
graphs. The analysis with the wire scanner at e00 in Fig. 1, which
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is represented as a profil monitor or PFe00, is also performed.
The additional information of the PF is expected to increase the
sensitivity of the analysis to the absolute values of beam emittances.

As shown in the Fig. 5, the Os without bias correction were
not reproduced. In contrast, the Qs are well reproduced in both
analyses without and with profil monitor data after the bias cor-
rection. The calculated Qs with these two methods show a tiny
di'erence. However, the estimated phase ellipse parameters, sum-
marized in Table 1, show large di'erences between these analyses.
For the analysis with only BEPMs after bias correction, €, and €,
di‘er significanty, indicating that realistic solutions have not been
achieved. This result may be attributed to the limited number of
BEPMs in our case compared to previous studies, resulting in rela-
tively low sensitivity to absolute values of oy and oy. By contrast,
the values of €, and €, become closer and more realistic by the
analysis including the PF data.

The results of the obtained phase ellipses with BEPMs and PF
data are compared with the results of the Q-scan method, as shown
in Fig. 6 and Table 1. The estimated values of €;, and ¢, closely
match with an accuracy of approximately 10%. Furthermore, the
phase ellipse parameters also exhibit very similar values. While the
correlation for the horizontal ellipse are reversed, it corresponds to
approximately only 15 cm shift of the focused point. In conclusion,
these results shows sujcientl y good agreements as a fir t step of
the development.

It should be noted that adding PF data when applying this method
does not produce significan problems. The measurements with
profil monitors are performed regularly once a day to verify the
beam stability during normal operation. By utilizing these data,
it is possible to operate without additional destructive measure-
ments. Moreover, compared to Q-scan measurements, which re-
quire changing the magnetic field this method requires only one
profil monitor measurement without magnetic fiel adjustments.
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Figure 6: Estimated phase ellipses by the conventional Q-
scan method and this work.

CONCLUSION AND FUTURE
PERSPECTIVES

To estimate the beam dynamics in superconducting RF cavities,
we developed a new approach leveraging BEPM signals. Although
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Figure 7: Operation monitor for BEPMs. On the left side
averaged waveform of each BEPM is shown. On the right
side, the estimated beam position and spacial distribution
are displayed.

this method has been recognized for several decades, we found bias
factors arising with low-beta particles and co-sin like shapes of
BPM are important to estimate the real Q moments of the beams.
By conducting compensated analysis, we have successfully re-
produced the phase ellipse observed through the Q-scan method.
Visualizations of the estimated phase ellipses have already been
integrated into our daily monitoring systems as shown in Fig. 7. To
further validate the accuracy of this method, we plan to gather ad-
ditional data and integrate it into our routine operations to achieve
more precise beam tuning. Going forward, we aim to implement
this methodology across the entire RI Beam Factory.
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