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Abstract

During an inspection of a new Long Radial Probe, inserted
into the Ring cyclotron only a month earlier, an activation
hot spot has been identified. The nature of this hot spot has
been investigated by performing measurements of the resid-
ual activation using shielded Al,O03:C dosimeters, 5 mm in
diameter, and a portable gamma spectrometer. Monte Carlo
simulations of the probe activation with various proton en-
ergies have been performed. Results show that most of the
activation comes from relatively fast decaying radionuclides
and therefore the residual dose drops sufficiently during
the shutdown to allow for maintenance and upgrade works.
Comparing the abundances of various radionuclides esti-
mated from measured gamma spectra with simulations at
various proton energies we conclude that the most probable
loss mechanism is scattering of the protons on the upstream
collimator.

INTRODUCTION

The Long Radial Probe (RRL) is a device installed in
the PST’s Ring cyclotron. It measures transverse beam po-
sition and profile of all orbits by measuring the effects of
interaction of the beam with a thin, moving target (carbon
fibre). The measured radius extends between 2080 and
4500 mm [1].

A picture of the probe moved out of the cyclotron during
the gamma spectroscopy measurement is shown in Fig. 1.
The cyclotron chamber is behind the large vacuum valve on
the right side of the plot. The RRL structure, here in a service
box with side flanges open, is normally manually inserted
into the cyclotron before the start of the beam operation.

After 19 days of being inserted into the cyclotron the RRL
had to be serviced. A routine activation measurement re-
vealed presence of a hot spot with 1 mSv/h. Red star marks
the location of this hot spot. Additional measurements per-
formed using small Al,O3:C chips exposed directly to acti-
vated structure and shielded from other directions revealed
that the hot spot is on the upper structure of the RRL.

MONTE CARLO SIMULATIONS

The established method for the activation calculations at
PSI is the coupling of Monte Carlo simulations with the
general purpose radiation transport code MCNP [2] and the
nuclide inventory code FISPACT [3].

The object under study is modeled in the MCNP 6.2 geo-
metry and it is divided in smaller cells to estimate the activa-
tion as a function of the position. Particles are transported
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from the loss points to the regions of interest with MCNP.
The flux of neutrons up to 20 MeV and the production rates
of radionuclides are calculated in each cell of the geometry.
The coupling script [4] is then used to prepare the input files
for the FISPACT code, which include MCNP results and the
irradiation history. The nuclide inventory of each cell at any
time step is finally calculated.

The RRL device is modeled as two blocks of an
aluminium-magnesium alloy called EN-AW-508, with di-
mensions of 1 m in the radial direction (x), 0.5 cm in the
vertical direction (y) and 11.75cm along the beam direc-
tion (z) (see Fig. 2). The distance between the two blocks
in the vertical plane is 4 cm. The upper part, where higher
activation has been measured, is divided in 12 cells. Cells
100-105 are between y=2 cm and y=2.2 cm, while cells 110-
115 are between y=2.2 cm and y=2.5 cm. The lower part is
not segmented and it is called cell 200.

Since the beam losses at the location of the RRL device
are not known, some assumptions have been made for the si-
mulations. The proton beam is moving along the z direction
and it is impacting on the device front face. It is uniformly
distributed over 1 m in x and between 2.0 cm and 2.2 cm in
y. Twelve simulations have been performed considering the
following beam energies (in MeV): 10, 20, 40, 60, 80, 100,
140, 200, 300, 400, 500, and 590.

The spectrum of the produced neutrons and the rates of
residual nuclei have been calculated for each cell and used
as input for the FISPACT calculations. The considered op-
eration history is summarized in the Table 1. A constant
lost current of 1 nA has been assumed for both irradiation
periods. The end of the first cooling time corresponds to the
moment when the hot spot was identified, while the end of
the third cooling time corresponds to the time of the gamma
spectra measurement.

Table 1: Part of the beam exposition history relevant for this
activation study.

Dates (2022) Length
1% irradiation Apr., 27" - May, 16t 19 days
1% cooling May, 16" ev. - May, 18" 36 hours
2™ cooling May, 18" - May, 19" 29 hours
2" jrradiation  May, 19 - June, 13® 25 days
3" cooling June, 14t 12 hours

For each cell, the nuclide inventory at each time step
is calculated, as well as the residual dose that would be
generated at 1 m by 1 g of material. The highest dose rates
are always observed in cell 100.
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Figure 2: RRL device geometry in MCNP. The numbers in
the figure correspond to the cell numbers.

For beam energies above 60 MeV, the dominant contribu-
tion comes from the decay of sodium isotopes (Na-22 and
Na-24).

To calculate the residual dose to be compared with the
measurements, the spectra of the gammas emitted by the ra-
dioactive nuclides and their normalisation are extracted from
the output of FISPACT for each cell. The sum of the gamma
spectra is used as source term for a second calculation in
MCNP [5]. The expected dose map has been calculated for
all proton beam energies. An example is shown in Fig. 3.

Residual
dose [mSv/h]

III 3.8008-01
2.3498-01
2

7 [em]

Figure 3: Residual dose map [mSv/h] at the time of the first
measurement in the z-y plane, for 80 MeV proton beam and
1 nA lost current.

GAMMA SPECTROSCOPY

Several measurements of the gamma-ray energy spectrum
were performed along the inner structure of the RRL (see
Fig. 1). Monte Carlo simulations of the used detector were
carried out in order to obtain the gamma energy distributions
of various radionuclides. The sum of these distributions
have then been fitted to the measured spectra to estimate the
individual contributions of each of the involved nuclides.

The main region of interest is located at an orbit radius
of about 230 cm, where gamma dose rate measurements
revealed a radiation hot spot (see Fig. 1). A LaBr3-based
hand-held scintillator detector (model B-RAD by ELSE Nu-
clear [6]) was used to measure gamma spectra up to an energy
of 2MeV with a resolution of 3.3% (FWHM) at 662 keV.
The black line in Fig. 4 shows the obtained spectrum at the
location of the major hot spot.

Using the FISPACT calculations for proton energies be-
tween 20 and 200 MeV, a list of key nuclides is identified,
which contribute >95% to the total nuclide activity for a
given proton energy. Monte Carlo simulations of the B-RAD
detector are carried out to obtain the individual energy dis-
tributions of these nuclides in the detector. For this purpose,
a simplistic detector model (cylindrical LaBr3 crystal in alu-
minium housing according to the B-RAD geometry) located
in front of a 5x 5 x 14 cm? aluminium block at a distance of
1.5 cm is built using the Geant4 framework [7-9]. Radioac-
tive decays of the key nuclides are generated homogeneously
distributed within the aluminium block. The total energy de-
position in the LaBrj crystal is registered and subsequently
folded with the known detector resolution.

Given the energy-dependent spectra s;(E, ) for each nu-
clide i from the Geant4 simulation, the ansatz

S(Ey) = Y. ci-si(Ey) (1)

Nuclide i

with properly normalized spectra s;(E,) of nuclide i is fit-
ted to the measured energy distribution in the range E, =
[270, 1900] keV using a x> minimization (ROOT MINUIT
package [10]) to extract the nuclide contribution coefficients
c¢;. Some nuclides in the previously built list of key nu-
clides do not show any sensitivity in the fit (c; = 0) and are
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Figure 4: Measured gamma-ray energy spectrum (black
points) compared to the fitted sum of simulated nuclide con-
tributions S(E, ) (blue curve) and individual contributions
of key nuclides.

therefore removed from the list. Figure 4 shows the mea-
sured distribution along with the fitted sum and individual
nuclide contributions. The relative contributions r; are then
calculated as

E E)
r; =/ci-s§(Ey) dEy/ /S(Ey)dEy 2)

Ey Ey

with £y =270keV and E; = 1900 keV. The numerical values
of r; can be found in Table 2.

Table 2: Relative contributions r; of key nuclides obtained
from the fit of the measured gamma spectrum and from the
Monte Carlo simulation (cell 100) of a 80 MeV proton beam.

Nuclide  rFt[%] rMC(80) [%]
Na-22  24.6+0.9 30.1
Na-24  60.0+ 1.1 58.5
V-48 2.6 +0.7 3.8
Mn-52  6.9+05 55
Be-7 0.9+0.1 0.1
Cr-51 0.3+0.1 0.6
Co-56 23+05 1.0
Ga-66 22+1.0 0.2
Ga-67 0.3+0.1 0.1

COMPARISON OF SIMULATED AND
MEASURED NUCLIDE CONTRIBUTIONS

In order to identify the energy of the impacting protons,
the relative nuclide contributions from the fit rF* are com-
pared to the values rM©(E),) estimated by Monte Carlo si-
mulations with proton energy E, by calculating

Fit
Nuclide i Ar;

2

3)

with uncertainties Arf it originating from the spectrum fit

of the key nuclides. Figure 5 shows the E,-dependence of
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Figure 5: Top: relative nuclide contributions r; of key nu-
clides obtained from measurement fit (horizontal dotted
lines) and Monte Carlo simulations (solid curves) as a func-
tion of the proton energy E,. Bottom: E,-dependence of
x? with minimum at E p =~ 86 MeV.

rlMC and y2. The latter has a minimum at E p = 86 MeV

indicating that the best agreement between measurement
and Monte Carlo simulation is found at this energy.

CONCLUSIONS

A comprehensive study of the activation of the Long Ra-
dial Probe structure revealed that the observed hot spot is
most likely due to protons scattered on the upstream col-
limator, as the best agreement between the measured and
simulated gamma spectrum was found for a proton energy
of E, ~ 86 MeV, whereas the primary beam energy at this
location is in the range of 150—180 MeV. The main radionu-
clide responsible for the activation is Na-24, which has a
short decay time, therefore no significant buildup of the acti-
vation is expected. Nevertheless during the upcoming winter
shutdown the probe will be motorized, so it will not remain
inserted into the cyclotron when it is not in use.
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