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Preparation of Neutral Fragment Imaging for Stored
lons in CRYRING@ESR

Suphachok Buaruk

Prince of Songkla University, s.buaruk@gmail.com

During recent research at CRYRINGQ@ESR, profile were not possible because the closed
orbit of the circulating low-energy ion beam would be destroyed by the external fields.
However, imaging of neutral reaction products from the electron cooler section should
provide a projection of the beam profile. In this work, the simple experimental setup
consisting of uFye camera and a scintillating screen are used to investigate the beam
profile. Additionally, the count rate from the %4 Am alpha source that is used to sim-
ulate the ion beam, is investigated by photomultiplier tube. Because of the limitation
of the camera, the light profiles from each case cannot be determined obviously and
the low beam intensity imaging was not possible. Howewver, it can be clearly seen that
the count rate is increased when the distance between scintillating screen and source

is decreased.
1 Introduction

1.1 CRYRING

CRYRING, a low energy ion storage ring,
was previously developed and operated by the
Manne Siegbahn Laboratory in Stockholm, Swe-
den from the early 1990s to 2010. By combining
the CRYRING and ESR facilities, both rings are
the first part of the future facility for antiproton
and ion research (FAIR), under the collabora-
tive work of GSI Helmholtzzentrum fiir Schwe-
rionenforschung (GSI) in Darmstadt, Germany.
It is a small synchrotron ring with a circumfer-
ence at the central orbit of 54.17 m and a di-
ameter of about 18 m, consisting of twelve 30°
bending magnets with a bending radius of 1.2 m
and 12 straight sections. Every second section
between the bending magnets is used for focus-
ing the ion beam by three quadrupole focusing
elements. The other six straight sections include
an injection line, an extraction line, a RF ac-
celerator and decelerator, an electron cooler, a
beam diagnostic line and one free sections for ex-
perimental installations [1]. The operation pa-
rameters of ESR have been described by Eich-
ler and Stohlker 2007 [2]. Originally, CRYRING
has been designed for operation in an ion energy
range of ~14 MeV /u down to < 300 keV/u or
even lower energies [3]. CRYRINGQESR will be
the only facility world-wide that provides low-

energy highly charged stable beams and beams
of rare isotopes with a free choice of the charge
state, including bare ions [4].

1.2 Imaging of stored ions interactions

Ton beam profile measurements are indispens-
able for optimal tuning of the electron cooler to
the ion beam to achieve efficient cooling. Yet,
for a certain class of ion beams, with very low
charge state and very high mass, like e.g. Mg,
C*, ArT or similar ions, and where the injec-
tion energy is too low, profile measurements are
not available, because any kind of external fields
would destroy the closed orbit of the circulating
low-energy ion beam. However, some of the pos-
sible reaction channels form neutral fragments
(see Fig. 1). Thus, the idea has arisen to use
neutral fragment imaging for stored ions neu-
tralized in one of the straight ring sections to
derive a projection of the ion beam profile. As
a prototype approach, a cost-efficient solution
for realizing an imaging setup using scintillating
screens and a video camera for readout to realize
an imaging solution, shall be attempted. In this
project, the screen and camera readout are put
into operation, using an alpha particle source
as a proxy for the stored ion beams. 2*'Am is
an emitter of alpha particles, with three alpha
lines that lie close together around 5.5 MeV and



3 Results and Discussions

Fig. 1: Ion trajectories after charge exchange [5].

is a good substitute for the impinging neutral-
ized stored particles from the ring in this test
setup.

2 Experimental setup

YAG:Ce, which stands for yttrium aluminium
garnet doped with cerium, is used as a scintil-
lating screen. The properties of the YAG:Ce are
given in the Tab. 1 [6]. It has the peak emission
at 550 nm, in the visible range which has ca-
pacity to optically investigate experimental re-
sults. In this experiment, the mounted crystal
has a free diameter of 48 mm and a thickness
of 0.25 mm. The side of the crystal facing the
ion beam is coated with 200 nm of aluminium
layer. The experimental setup is shown in Fig.
2. The distance between alpha source and scin-
tillating screen can be varied from 25-175 mm
using a manipulator. Moreover, we can assume
that the particles which go through the pinhole
act as the ion beam in the accelerator. The scin-
tillation counter uses the photomultiplier tube
Hamamatsu R2083. The imaging system uses
an IDS uEye UI-5240SE-M-GL Rev.2 camera
with a Ricoh 16 mm f/1.4 lens operated at max-
imum aperture.

Scintillating

screen
(=

uEye camera

LTl

Manipulator

Vacuum pump

Fig. 2: Ezperimental setup consists of uEye camera,
manipulator and pinhole.

Tab. 1: Properties of the YAG:Ce Scintillator [6].

Density [g/cm?] 4.57
Melting point [°C] 1970
Index of refraction 1.82
Max. of emission [nm] 550

Decay time constant [ns] 70

Light yield [ph/MeV] 9000

3 Results and Discussions

3.1 Picture profiles

This part investigates the effects of distance
between alpha particle source and scintillating
screen with and without pinhole. The distance
was varied from 25 to 175 mm. Fig. 3 illus-
trates the example picture from the uEye cam-
era when the source is placed to be 25 mm from
the scintillating screen. All pictures from the
uEye camera are plotted in a histogram using
ImageJ. A histogram of the light profile, with
the distance between the alpha particle source
and the scintillating screen of 25 mm, is shown
in Fig.4. There were no significant differences
in histogram profiles when the distance is var-
ied, or when the pinhole was moved in the beam
path. In summary, the results of this study did
not show any significant differences for any of
the parameters. Note that the identification of
pictures depends on the limitation of the cam-
era used in this work. The next part, therefore,
moves on to discuss the results from photomul-
tiplier tube.

Fig. 3: Picture from uEye camera when the distance
between alpha source and scintillating screen is 25
mm.



3.2 Count rate

I ]

0 255

Count: 327680
Mean: 57.087
StdDev: 30172

Min: 0
Max: 255
Mode: 0 (6329)

Fig. 4: Histogram of picture profile when the dis-
tance between alpha source and scintillating screen
is 25 mm.

3.2 Count rate

The count rate is shown as a function of of
the position of the alpha source relative to the
screen, where 175 mm corresponds to the mini-
mum and 25 mm to the maximum distance. The
count rate is shown in Fig. 5. It can be clearly
seen that the count rate is increased when the
distance between source and scintillating screen
is decreased. This behavior can be explained by
the change in the solid angle which decreases
in proportion to the distance from the source
squared. From the results, this has led to the
following approximation:

)2 + offset (1)
when a is the constant, including the power
of the source, R is the radius of scintillating
screen, d is the maximum distance between al-
pha source and scintillating screen and x is the
position of source varied by manipulator. With
24 mm of scintillating screen radius, the ana-
lytic fitting shows that the maximum distance
between the source and scintillating screen is
175.44 mm. Additionally, the relationship be-
tween count rate and voltage used with photo-
multiplier tube is also studied which is shown in
Fig. 6.

Count rate = a(d

4 Conclusions

This work investigates the light profiles from the
scintillating screen which the pictures taken by
a uEye camera. The picture profiles are ana-
lyzed using the ImageJ program. The exper-
imental setup is designed for studying the ef-

Count rate
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Fig. 5: Count rate as function of position defined
by distance between alpha particle source and scin-
tillating screen.
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Fig. 6: The relationship between count rate and volt-
age used with photomultiplier tube.

fects of distance between a 2*' Am alpha source,
and a scintillating screen on the light profile.
The analyzed light profiles are show no vari-
ation when the distance is varied. The most
likely reason for these results is that the sen-
sor noise is too high compared to the low light
yield of the scintillator. A possible explanation
of these results might be that the number of pho-
toelectrons per sensor pixel, which is too small
to induce a detectable signal. Further research
with a cooled sensor, an image intensifier or a
higher activity source is strongly recommended.
The results from the photomultiplier tube help
us to understand the relation between the count
rate and the distance between the alpha source
and the scintillating screen, which shows the ex-
pected increase with decreased distance. On the
other hand, the increase of the voltage used with
the photomultiplier tube directly increases the
count rate. The count rate ranges from 130 to
260 s! at 2.5 kV used with a photomultiplier
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tube. The analytic fitting shows that the max-
imum distance between the alpha source and
scintillating screen is 175.44 mm.
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Monte Carlo Simulation for Radiation Protection

Warisara Charuchinda

Chulalongkorn University, c.warisara@hotmail.com

At GSI during experiments, the most contribution to the dose comes mainly from neu-
trons and during shutdown from gammas. In this project, neutron spectrometer which
is Bonner TLD set, and CdTe z-ray and gamma detector were studied by using Monte
Carlo simulation code FLUKA. The calibration of the GSI ball with *4* Am(a,n)Be

and 52 Cf(sf) was also done.

1 Introduction

Bonner TLD set is a neutron spectrometer based
on Thermoluminescence Dosimeter (TLD) used
as a sensitive element. In this project, Monte
Carlo code FLUKA[1] was used to calculate the
response of Bonner TLD set. Then, the calibra-
tion factors were determined from the calibra-
tion with 24! Am(a,n)Be source and the source,
252(Cf(sf). Additionally, the efficiency of CdTe
x-ray and gamma ray detector was calculated
by FLUKA.

2 Bonner TLD Set

Bonner TLD set is a neutron spectrometer
which serves to measure the neutrons in wide
energy range response. The sensitive element is
TLD. One TLD card contains 4 LiF crystals of 2
kinds; TLD600 and TLD700. TLD600 contains
95.12% of SLi and 4.38% of "Li. Since "Li has
large neutron capture cross-section, this kind of
crystal is used for detecting neutrons and gam-
mas. TLD700 detects only gamma because they
contains 0.03% of °Li and 99,47% of "Li. The
TLD cards are inserted into spheres or cylinders
of different dimensions. Polyethylene (PE) and
polyvynylchloride (PVC) materials are used as
moderator and some of the set elements have
also lead layer which can be seen in Table 1, to
increase response to the high energy neutrons.
The configuration of Bonner sphere with a lead
layer and 2 kinds of TLD cards are shown in
Fig. 1. Orange cards are sensitive cards used to
measured the neutron dose down to 2 uSv, the
yellow cards are non-sensitive cards and might
be used for doses above 20 uSv. The difference
between these cards is in the composition of LiF

crystals.

%

Polyethylen

Fig. 1: The configuration of Bonner sphere with lead
layer and 2 kinds of TLD cards comparing to the size
of 1 euro coin.

Fig. 2 shows the Bonner TLD set which con-
sists of spherical and cylindrical shaped moder-
ators.

Fig. 2: The Bonner TLD set.

Table 1 shows the material and dimension of
each Bonner TLD set element.
In this project, we used Bonner TLD set to



2 Bonner TLD Set

Material | R [cm] | H [cm]

527 PE 2.54 -
83”7 PE 3.81 -
S5” PE 6.35 -
587 PE 10.16 -
5107 PE 12.7 -
S12” PE 15.24 -
S16” PE 20.32 -
GSIball | PE4+Pb | 16.25 -
C PE 2.5 6
Andrea | PVC+Pb 7 7

Tab. 1: Dimensions of Bonner TLD set which we
used. S, C, R and H represent sphere, cylinder, ra-
dius and height, respectively.

measure the spectrum of 24! Am(a,n)Be source
and determined calibration factors from calibra-
tion with 241 Am(a,n)Be and 252Cf(sf).

2.1 FLUKA

FLUKA is a Monte Carlo radiation transport
code which is capable to simulate with high ac-
curacy the interaction and propagation of radi-
ation in matter. To calculate the response func-
tion for neutron energies ranging from 1072
to 10 GeV, the mono-energetic neutron beam
with 42x42 cm? plane was used to irradiate
the Bonner TLD set. Total energy that is de-
posited in TLD crystals [GeV /p.p.] was scored
by USRBIN card. Then, we simulated irra-
diation of the Bonner TLD set with isotropic
241 Am(a,n)Be source in a room in accordance
with the actual dimensions of real room. The
distance between the source and detector is 1 m.
The spectrum of the neutrons at the detection
region can be calculated by USRTRACK card in
units of em™2GeV " 'p.p.7!. And the read-out
signal is obtained by using the USRBIN card.
The signal (.S) is a function of the response func-
tion (R) and neutron fluence (®) is:

S = Z Rp®p.

2.2  Results and Discussions

Fig. 3 are the response functions of Bonner TLD
set. We can notice that bare TLD card pro-
vides high response to thermal neutron. Then,
moderator is added, the larger size of modera-
tor increases the response to higher energy neu-
tron. GSI ball with lead layer shows higher re-
sponse than the ones without lead layer at high
energy region. Because lead can convert high
energy neutrons to neutrons with lower energy
by a spallation reaction.
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Fig. 3: Response Functions of Bonner TLD Set.

Then, the results of 24! Am(a,n)Be irradiation
with walls are discussed. Fig. 4 shows the com-
parison between spectrum of 2! Am(a,n)Be at
detection region position with the walls of ex-
perimental room and without walls. We can see
the neutron spectrum from the source is provid-
ing a peak around 5 MeV, but for the irradiation
with walls, a small peak at thermal energy ap-
pears. This peak is the result of back-scattering
of the neutrons from the walls.
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Fig. 4: Spectrum of *** Am(a,n)Be source at detec-
tion region with the walls and without walls.

In Fig. 5, the read-out signals of Bonner



TLD set to 2! Am(a,n)Be with walls and with-
out walls are shown. From Eqn. 1, the Bonner
TLDs which provide high response signals e.g.
S5”, 887, 510”7, and S12”, has good response at
energy region around the peak of 24 Am(a,n)Be
spectrum. Therefore, the product of response
functions and spectrum of these detectors are

high.
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Fig. 5: Response signal of Bonner TLDs Set to
241 Am(o,n)Be source.

Then, the differences between the signals
when irradiation is with the walls and without
the walls are discussed. This difference is the ef-
fect from neutron back scattering. It means that
the difference occurs for the detectors which
are more sensitive to low energy neutron those
are bare TLD, small Bonner spheres and Bon-
ner cylinder. From the response functions and
read-out signals, we can calculate back the en-
ergy spectrum of the source by unfolding algo-
rithm|[2].
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Fig. 6: Spectrum of **Am(oa,n)Be without walls
calculated by unfolding algorithm in comparison to
a known spectrum/3].

Fig. 6 shows ! Am(a,n)Be spectrum result-

ing from unfolding algorithm which agree well
with a known spectrum[3] in term of the posi-
tion of peak.

3 Calibration of GSI Ball with
24 Am(o,n)Be and 2°2Cf(sf)
Source

In this section, we irradiated GSI ball with
24 Am(a,n)Be and 2*'Cf(sf) to determine the
calibration factor [Sv/Gy]. The irradiation of
each source is proceeded 2 times with sensitive
cards and non-sensitive cards. Usually, only one
TLD card is inserted in the ball. To increase
statistics, 3 cards are used as shown in Fig. 7.

Fig. 7: Configuration of GSI ball which has 8 TLD
cards in the middle.

For sensitive cards, GSI ball was irradiated by
252Cf(sf) during 71.50 hours. And non-sensitive
cards were irradiated during 93.68 hours. After
irradiation, the TLDs cards were preheated in
the TLD oven and read out by Harshaw TLD
Reader Model 6600 Plus. The reader provides
the number of collected charges @ [nC] in each
crystals. The energy dose response D [GeV] of
the bare thermoluminescent elements was deter-
mined with '7Cs source before the cards were
used as neutron detectors.

To obtain calibration factors, we calculated
ambient dose equivalent H*(10) [Sv] by using
the formula of ambient dose equivalent at dis-
tance R from source, after irradiation time ¢
which is

heg-I-t
— 2
4.7 R? @)

where I is the source intensity, 2.2 - 10° neu-
trons/s for 2*'Am(a,n)Be, and 9.4 - 10° for
Z52Cf(sf) at the distance 1 m. hy is a neu-

tron fluence to dose equivalent conversion co-
efficient [4], 380 pSv cm? for 252Cf(sf) and 391

H*(10) =
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pSv cm? for 2! Am(a,n)Be. The calibration fac-
tor is the ratio of ambient dose equivalent from
the source H*(10)[Sv] and of measured energy
dose response D [Gy]. The calibration factors
for the spheres with 2 types of cards are listed
on the Table 2.

Source Calibration Factor (Sv/Gy)
Non-sensitive Sensitive
21 Am(a,n)Be 0.35 1.03
22(0f(sf) 0.38 1.5

Tab. 2: Calibration factors of sensitive and non-
sensitive cards calibrated with ** Am(a,n)Be and

2 Cf(sf)

4 CdTe Detector

Apart from the detection of neutron, x-ray and
gamma measurements are also considered. Ger-
manium detector provides good performance for
photon of energies above 50 keV. For lower pho-
ton energies, Cadmium Telluride (CdTe) detec-
tor presents a better efficiency. We constructed
the geometry of CdTe detector in a dimension of
5 x 5 x 1 mm including Carbon window with 25
pm thickness in FLUKA. The efficiency of CdTe
detector calculated with FLUKA is compared
to the data computed using NIST attenutation
values and nominal device specifications, shown
in Fig. 8. The results have a good agreement
with each other. We can see that this detec-
tor provide a good efficiency to energies from
a few keV to several hundreds of keV, with an
efficiency that peaks from 10 to 100 keV.
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Fig. 8: Efficiency of CdTe detector simulated by
FLUKA in comparison to NIST’s calculation

In this simulation, a interesting phenomenon

appears. Starting from around 30 keV, escape
peak appears in the spectrum. For example, the
spectra for incident photons of energies 35 and
45 keV in Fig. 9 have small peaks at low en-
ergy region. Orange dots in Fig 8 is efficiency
which does not consider this escape peaks. The
real efficiency is dropped for photon with energy
around 25 to 80 keV in comparison to idealized
efficiency calculated using NIST absorption and
transmission coefficients. Escape events are im-
portant in CdTe and should be considered for
efficiency calculation.
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Fig. 9: Energy signal spectra from gammas with en-
ergies of 35 and 45 keV
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