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Abstract

A new analysis method for the digital-image processing
apparatus has been developed to evaluate profiles of high-
intensity DC beams from temperature images of irradiated-
thin foils. Numerical calculations were performed to ex-
amine the reliability and the performance of the profile
analysis method. To simulate the temperature images ac-
quired by a thermographic camera, temperature distribu-
tions were numerically calculated for various beam param-
eters. The noises in the temperature images, which are
added by the camera sensor, were also simulated to be
taken its effect into account. By using the profile anal-
ysis method, the beam profiles were evaluated from the
simulated-temperature images, and they were compared
with the exact solution of the beam profiles. We found that
the profile analysis method is adaptable over a wide beam
current range of ~0.1—20 pA, even if a general-purpose
thermographic camera with rather high noise (ATNgTD =~
0.3 K; NETD: Noise Equivalent Temperature Difference)
is employed.

INTRODUCTION

Beam profile measurement in a beam transport line is
important for providing high-quality beams at accelera-
tor facilities. To measure the beam profile, one can em-
ploy several types of beam monitors, such as wire moni-
tors and scintillation screens [1]. Wire monitors such as
wire scanners and profile grids have a high tolerance for
high-current beams, and are thus widely used, especially in
high-intensity accelerator facilities. However, when mea-
suring beam profiles including hollow structures, the wire
monitors fail to give the correct profile, because informa-
tion from wire monitors is a one-dimensional projection of
the beam profile along the x- or y-axes [1]. Scintillation
screens are also employed to measure the profiles of high-
intensity beams, but are not suited to measure high duty
factor DC beams because the CCD camera pixels usually
used in scintillation screen systems are easily damaged by
secondary neutrons. A new improved monitor is required
for the stable measurements of the beam profile in high-
intensity accelerator facilities.

Under those background, we proposed a simple diag-
nostic system including a thermographic camera and a
thin foil, in which the heat source distribution caused by
beam irradiation and heat conduction can be treated as
two-dimensional. The microbolometer used in the thermo-
graphic camera is tolerant of neutron radiation in the accel-
erator facilities that provide high-intensity DC beams[2].
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Also, the diagnostic system can be quasi-nondestructive if
the target plate can be thin for the incident beams. For those
reasons, the simple diagnostic system can be expected to
be used in high-intensity accelerator facilities. To evalu-
ate an accurate beam profile from the temperature distribu-
tion obtained by the thermographic camera, we developed
anew algorithm for a digital image processing apparatuses.
The algorithm accurately converts a temperature profile to
a beam profile using a discretized Poisson equation with
averaging and filtering procedures.

Temperature images acquired by a thermographic cam-
era contain noise from the camera sensors. To investigate
degradation of the converted beam profile due to noise and
evaluate reliability of the algorithm, we performed numeri-
cal analyses using simulated temperature images. To simu-
late temperature images acquired by a thermographic cam-
era, temperature distributions were numerically calculated
for various beam parameters. Camera noise was also simu-
lated to consider its effect. We then converted the simulated
temperature images into beam profiles using the algorithm.
The converted beam profiles were compared with exact so-
lutions of the beam profiles. We present the results of the
comparison between the converted beam profiles and the
exact solutions. From these results, we discuss how noise
in the temperature images affects the accuracy of converted
beam profiles. We then examine the effect of averaging and
filtering procedures to obtain more accurate beam profiles.

CONVERSION ALGORITHM

The simple diagnostic system including a thermographic
camera and thin foil is shown in Fig. 1. Beams incident on
the thin foil pass through it. The beams then irradiate the
main target, which is installed downstream for the primary
purpose, such as radioisotope or neutron beam production.
A thermographic camera installed at an angle diagonal to
the beam axis measures the temperature distribution in the
thin foil.

The conversion method requires simplification to mini-
mize its calculation cost for use in digital image process-
ing apparatuses. The conversion method is therefore repre-
sented by a two-dimensional rather than three-dimensional
model. If the beam intensity is constant, and the foil is thin
enough to consider energy deposition of the incident beams
as uniform along the z-axis, then the relation between the
temperature distribution T'(z, y) and the heat-source distri-
bution caused by the incident beams S(z,y) is expressed
by a two-dimensional steady-state heat conduction equa-
tion,

*T(z,y) , T (x,y)
Ox? + Oy

= =S(z,y)/NT). D)
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Figure 1: Apparatus for temperature distribution measure-
ment.

Here, A\(z,y) is the temperature-dependent thermal con-
ductivity coefficient of the thin foil material. By discretiz-
ing this equation using a second-order difference method,

we have
Tivr,; = 2T +Tion
Sig= —Aij ( A2
yLigrn =205+ Thj
Ay? '

)

Here, Az and Ay are the x- and y-direction length repre-
sented by each pixel, and the subscripts 7 and j denote the
pixel position along the z- and y-axes, respectively. 5; ;
and T; ; are the heat source and temperature on the (i, j
pixel, respectively. This equation shows that we can obtain
the heat source .S; ; from the temperature on the pixel (7, j
and the temperatures of its four neighbor pixels by simple
multiply—accumulate operations. The beam profile can be
evaluated from the heat source distribution by the relation

Ii,j = qSi,jlz/AEa (3)

where ¢ is the charge state of the incident beams, [, is the
foil thickness, and A F is the deposition energy of the inci-
dent beams. Note that using this conversion method gives
the absolute value of the beam current density distribution
as the beam profile only by measuring the temperature dis-
tribution.

The conversion algorithm includes averaging and filter-
ing procedures as well as the conversion method of Eq. (2)
and Eq. (3), to successfully convert the noise containing
temperature images. The flowchart of the conversion algo-
rithm is shown in Fig. 2.

NUMERICAL ANALYSIS METHODS

Temperature distribution images including noise are re-
quired to evaluate performance of the conversion algo-
rithm. We therefore simulated the temperature distribution

Cyclotron Subsystems

Diagnostics

TUPPT008

START

N=0

2-D
Temperature
Data Acquisition

Averaging
over Nave Data

N=0

N++

Filtering
(Gaussian Filter)

No N = Ni
Yes

Conversion
from Temperature
to Beam Profile

Figure 2: Flowchart of the algorithm.

images by solving Eq. (1) for given beam profiles, assum-
ing that the incident beam currents are constant. Figure
3 shows a schematic diagram of the thin foil system used
for numerical analysis. A ¢100 mm circular region is dis-
cretized by 200 x 200 pixels (Ax = Ay = 0.5 mm). We
employed the finite difference method to solve Eq. (1). The
energy deposition AF of a projectile are calculated using
the Bethe-Bloch formula to evaluate S(z,y) in Eq. (1).
Pixel noise was simulated using pseudorandom numbers,
assuming that the noise amplitude has a Gaussian distri-
bution. The standard deviation of the Gaussian distribu-
tion was determined to be 20 = ATnerp. The ATNETD
was assumed to be ATxgrp = 300 mK, which is a rather
high NETD for general-purpose thermographic cameras
[3]. The simulated temperature images of the irradiated
thin foil were converted to beam profiles. Then, the con-
verted beam profiles were used for the comparison to the
exact solutions of the beam profiles.
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Figure 3: Schematic diagram of the thin foil and the cool-
ing pipe: (a) a cross section, and (b) a bottom view.
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solution, as shown in the graph below. We see that the
noise amplitude is comparable with the current density of
the beam profile (~0.1 A/mm?). Since the noise ampli-
tude is too large to measure the beam profile accurately,
averaging and filtering are required. Figure 4(b) and (c)
show the conversion results using the averaging and filter-
ing procedures. Although the noise on each pixel was still
conspicuous when only the averaging procedure was em-
ployed (Fig. 4(b)), a single filtering procedure effectively
eliminated the noise (Fig. 4(c)). We therefore confirmed
that the developed algorithm, including the averaging and
filtering procedures, successfully converted the tempera-
ture image to a beam profile [4].

CONCLUSION

A new algorithm for digital-image processing appara-
tuses has been developed to evaluate profiles of high-
intensity DC beams from temperature images of irradiated
thin foils. The algorithm, which includes a conversion
method and averaging and filtering procedures, success-
fully evaluated profiles of the 20-uA beams from noise-
added temperature images (ATngrp =~ 0.3 K).
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Figure 4: Converted beam profile (a) without any averaging (N,.=0, N5=0), filtering procedures, (b) using averaging

procedures (N,v.=10, Ng=0), and (c) using averaging procedures and one-time filtering (N,ye=10, Ng1=1).

RESULT AND DISCUSSION

Figure 4(a) shows the converted beam profile for a
20 pA, 20 MeV proton beam with a 100 gm Cu thin foil.
The converted beam profile was evaluated without any av-
eraging or filtering procedure (N,y. = 1, Nz = 0). The
beam profile could be observed to a certain extent; how-
ever, the noise on each pixel is conspicuous. The converted
beam profile along the x-axis is compared with the exact
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