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Abstract—A neutron source composed of a tandem accelerator with vacuum insulation and a lithium target
is used to develop the boron neutron capture therapy and other applications. The dependence of the proton
beam size on the target surface on the beam current is measured with thermocouples inserted inside the target
and with a infrared camera. It is found that there is no appreciable influence of the spatial charge on the pro-
ton beam transport to a distance of 5 m from the accelerator to the target, which simplifies the neutron source

operation.
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INTRODUCTION

At the Budker Institute of Nuclear Physics, Sibe-
rian Branch, Russian Academy of Sciences, there is an
accelerator source of epithermal neutrons [1] that was
designed for the development of a promising method
for the treatment of malignant tumors—boron neu-
tron capture therapy (BNCT) [2]. The source is com-
posed of a tandem accelerator with vacuum insulation
to produce a stationary proton beam, a lithium target
to generate neutrons due to the threshold reaction
"Li(p,n)’Be [3], and an epithermal neutron beam
shaping assembly [4]. The neutron source is used to
carry out biological research in the field of BNCT [5, 6],
to measure the content of impurities in ceramic sam-
ples by activation analysis [7], and to prepare the radi-
ation testing of optical fibers by fast neutrons [8]. Ear-
lier we used a wire scanner to measure the dependence
of the profile and current of the negative hydrogen ion
beam injected into the tandem accelerator with vac-
uum insulation on the residual gas pressure and found
the influence produced by the spatial charge on the
ion beam transport [9]. In order to offset the spatial
charge effect, the focusing lens force is changed so that
to focus the negative hydrogen ion beam on the accel-
erator input, controlling the beam size, and to make it
parallel in the stripping target of the accelerator, while
controlling the target heating.

The purpose of this paper is to determine whether
the spatial charge influences the proton beam during
its transport from the accelerator to the target. It is
proposed to measure the transverse size of the proton
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beam on the target as a function of the proton beam
current.

1. EXPERIMENTAL FACILITY SCHEMATIC

The neutron source scheme is presented in Fig. 1;
its detailed description is given in [1]. The proton
beam is obtained in the following way. A beam of neg-
ative hydrogen ions with an energy under 25 keV is
extracted from ion source / and deflected by an angle
of 15° in the magnetic field of the ion source. Then the
negative hydrogen ion beam is focused by magnetic
lens 2 on accelerator input 3 [9] and is accelerated to
the energy of 1 MeV. In gas stripping target 4 mounted
inside the high-voltage electrode of the accelerator,
negative hydrogen ions are transformed into protons
that are accelerated to the energy of 2 MeV by the same
potential 1 MV. The proton current is varied by the
discharge current and the extraction voltage of ion
source /. The proton energy is calculated by measuring
the voltage of the high-voltage potential using a resis-
tive voltage divider and is calibrated to the threshold of
the reaction of neutron generation "Li(p,n)’Be equal
to 1.882 MeV. In order to transport protons from the
accelerator to neutron-generating target // /ocated
horizontally at a distance of 5 m, the beam transport
channel with the cross section of 60 mm is used. It is
equipped with corrector 7 to correct the direction of
the proton beam propagation; bending magnet § to
deflect the proton beam downward by the angle of
90°; scanner /0to sweep the proton beam over the tar-
get surface; three cooled copper diaphragms 5 with
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Fig. 1. Schematic of the accelerator-based epithermal neutron source: (/) source of negative hydrogen ions, (2) magnetic lens,
(3) tandem accelerator with vacuum insulation, (4) stripping target, (5) cooling diaphragm, (6) non-destructive DC current
transformer, (7) corrector, (§) bending magnet, (9) second diagnostic chamber with the insertable Faraday cup, (/0) scanner, and

(11) lithium neutron generating target.

thermocouples to measure the proton beam position
and to prevent burning-through of the vacuum cham-
ber by the beam; three Faraday cups with thermocou-
ples, which are inserted to control current and the pro-
ton beam position; and a non-destructive DC current
transformer NPCT-CF4 (Bergoz Instruments, France)

’-\8 x 45°

8 x 2.5

Fig. 2. Schematic of thermocouple arrangement in the tar-
get copper disk.
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for continuous measurement of the proton beam cur-
rent. The typical residual gas pressure in the channel is
0.5 mPa.

The neutrons are generated during the threshold
reaction "Li(p,n)’Be, where 2-MeV protons interact
with lithium deposited on a copper heat removal sub-
strate that is efficiently cooled by water. The copper
substrate is similar to the one described in [3] and has
been used for 10 years for neutron production: it is
made in the form of a disk 143 mm in diameter and
8 mm in thickness. The substrate is flat on the side of
the proton beam; on the other side, it has four spiral-
shaped double-turn 3-mm-deep channels for water
coolant with an input temperature between 22.5 and
22.8°C. There are eight holes drilled on the lateral side
surface of the copper disk at a distance of 2.5 mm from
the flat surface, in which the thermocouples are
inserted (Fig. 2). Four thermocouples are placed uni-
formly in azimuth at a distance of 18 mm from the
center of the disk. The other four thermocouples are
positioned uniformly in azimuth with a shift by 45°
relative to the first thermocouples; one of them is at
the disk center and the other three are at a distance of
26 mm from the disk center. After the thermocouples
were placed, the holes were sealed with high-tempera-
ture cement.

An FLIR T650SC infrared camera (FLIR Systems
Inc., United States) mounted on a branch pipe with a
barium fluoride window at an angle of 45° to the target
surface is used to monitor the position and size of the
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proton beam. A Optris CT Laser 3ML SF pyrometer
(Optris, Germany) mounted on the second branch
pipe is used to control the surface temperature of the
target. The proton beam current is measured by a non-
destructive DC current transformer NPCT-CF4 and a
resistive voltage divider connected to the target that is
electrically insulated from the facility. Glycerin pres-
sure gages (WIKA, Germany), PT2415 pressure sen-
sors (IFM, Germany), SV7614 flowmeters (IFM,
Germany), and water temperature sensors are placed
on the panel connected to the target with hoses on
inch in diameter and 5.7 m in length.

2. MEASUREMENT RESULTS
AND DISCUSSION

A proton beam with an energy of 2 MeV, current
from 0.48 to 3.2 mA, and lateral dimension of 1 cm
[10] is obtained from the vacuum insulated tandem
accelerator and directed to the target. The proton
beam size on the target is determined by the output
electrostatic lens of the accelerator, the bending mag-
net, and the spatial charge action. The behavior of
axisymmetric uncompensated beam envelope R(z)
under the action of its own field is described by the

2
equation igz) = L, where z is the longitudinal
dz R(z)
coordinate and K = Lye 5 is the generalized
2nmey(Bryc)

perveance of the beam. This nonlinear second order
differential equation has the following solution [11]:

_ R
Z—ﬁF(P),

where R, is the initial radius of the beam, p = @, and

dy

P
e = [
(P) '\ Jiny
equation, the beam radius on the target increases by
1.2 times at 0.5 mA and by 1.6 times at 3 mA. The addi-
tional increase in the beam size on the target may be
due to the action of a spatial charge in the focus area of
the bending magnet. If the electric charge of protons
in the beam transport channel is offset by the electric
charge of electrons that emerge during the proton
interaction with residual gas, the spatial charge effect
is absent. In this case, the size of the proton beam on
the target is determined only by the output electro-
static lens of the accelerator and the bending magnet
and is independent of the proton beam current. Within
this study, lithium was not evaporated on the target
and the scanner for sweeping the proton beam over the
surface of the target was not turned on. The target was
cooled by water flowing through cooling channels,
and the measured water discharge was 15.1 L/min.

Measuring the profile of a stationary continuous
proton beam with a high power density of up to

. According to the solution of this
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20 kW/cm? is a challenging task that has to be solved.
In the horizontal part of the transport channel, the
proton beam profile was measured using the following
four techniques based on:

(I) propagation of the boundary of the blister
production region with the increase in fluence of the
2-MeV protons implanted in copper [10];

(IT) spatial distribution of activation of the lithium
layer of the neutron-generating target by the radioac-
tive isotope 'Be produced within the threshold reac-
tion "Li(p,n)"Be [12];

(IIT) dependence of the current that has passed
through the cooled diaphragm inserted inside the
bending magnet on the magnetic field of the bensing
magnet;

(IV) propagation of the boundary of the lithium
melting region with the increase in the proton beam
power.

In all cases, the measured profile is described quite
well by the Gaussian distribution. On the lithium tar-
get placed in the vertical part of the beam transport
channel, the profile of the proton beam can be deter-
mined by heating the lithium target surface. It was
found that the Optris CT Laser 3ML SF pyrometer
underestimates the temperature due to its wide mea-
surement range, 19 mm, and the lack of technical
capability to identify the emission factor lower than 0.1
that is typical for the polished copper surface. On the
contrary, the FLIR T650SC infrared camera overesti-
mates temperature readings due to a nonthermal glow
caused by the copper luminescence under the action
of high-energy protons, which was described in a study
of blistering [10] as a variation in the emissivity of the
copper surface exposed to a proton beam. In addition,
the camera software does not allow digitizing tem-
perature measurement results without using the built-
in autocalibration algorithm. Reliable temperature
measurement was performed by thermocouples used
earlier in the study of the heat removal from the target
during its heating [13].

In Fig. 3, the typical image of the FLIR T650SC
infrared camera (FLIR, United States) is shown

stretched vertically by a factor of V2. The dotted circle
30 mm in diameter is superimposed on the image. It is
shown that the proton beam heats the area inside the
diameter of 30 mm. Note that the light dots in the
image are heated small metal droplets that fall on the
target from above, when to the proton beam touches
the vacuum chamber walls at the increase in the accel-
erator voltage, and heated blisters that emerge during
the implantation of 2-MeV protons into copper [10].
The light oval around the proton beam shown by the
dotted line is not related to heating, but is the reflec-
tion of infrared radiation of the target from the walls of
the cylindrical branch pipe on which the camera is
mounted. Further, during the study, the infrared cam-
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Fig. 3. Image obtained from the infrared camera during the
target irradiation by a proton beam with a current of 1.4 mA.
The dashed circle denotes the diameter of 30 mm.

era images were used to correct the proton beam posi-
tion on the target.

Thermocouples inserted into the copper disk of the
lithium target were used to measure the temperature
when the target was irradiated by a proton beam with a
current that varied from 0.48 to 3.2 mA. The results of
temperature measurement averaged over the corre-
sponding number of thermocouples are shown in Fig. 4.
The temperature of the target surface (copper disk)
can be determined as

T = AT, + AT,

where AT, is the temperature gradient on copper,
AT, _, is the temperature difference between the
cooled wall and the liquid, AT}, is the mean heating of
the coolant, and Ty, is the initial temperature of the
coolant.

The path projected range of a 2-MeV proton in
copper is 19 um [14], much less than the copper disk
thickness, and so it may be assumed that the proton
beam heats only the surface. In this case, the tempera-
ture gradient from the disk surface to the cooling
channel can be estimated as follows: AT, = ghcy/Acys
where g is the heating power density, A, = 5 mm and
Acy = 400 Wm~! K-! are the thickness and the ther-
mal conductivity coefficient of copper.

The heat transfer from the solid wall to the coolant
is carried out by the convection heat exchange that is
efficient at the turbulent fluid flow. In Fig. 4, it is
shown that the temperature grows linearly with the
increase in heating, which indicates that the wall is
cooled by the turbulent water flow without boiling. If
an even more efficient mode of heat removal by turbu-

+ AT,

—liq iq + 7—iiq >
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Fig. 4. Target temperature as a function of the proton beam
current: (/) at the center, (2) at a distance of 18 mm from
the center, and (3) at a distance of 26 mm from the center.

lent water flow with bubble boiling were implemented,
the temperature would remain constant without
regard to the increase in heating [13]. In the mode of
heat removal by turbulent water flow without boiling,
the temperature gradient between the cooled wall and
the coolant AT,, _;, is determined as AT, _;;, = P/(0.S),
where P is the heating power transferred, S is the heat
exchange surface area, and o is the heat transfer coef-
ficient determined by the hydrodynamic mode of lig-
uid flow and its thermodynamic properties [15].

Heat is removed by water. So, at the exit from the
target, the water is heated by AT;;, = P/(C,Q); here, P
is the heating power, and C, and Q are the heat capac-
ity of water and water flowrate.

The linear dependence on the heating power char-
acterizes all three components of the temperature gra-
dient: AT, AT, _,, and ATy,. Consequently, the tar-
get heating is proportional to the proton beam power,
so the measured temperature distribution can be used
to recover the proton beam power density profile. We
present the radial distribution of power, and thus
of temperature, as the Gaussian distribution: 7(r) =

ATyexp(—r?/ry) + Tyq, Where ATy = AT, + AT, _yq +
AT, is the temperature increase at the maximum
heating power density, i.e., at the proton beam center;
1y is the proton beam radius. Then, measuring tem-
perature at the center 7, and at the known radius
T, (r,= 18 or 26 mm), we determine the proton beam
radius as ry = r,/(InA)"?, where A = (T, — T;,)/(T,— Ty,)-
The result of recovery of the proton beam radius as a
function of current is shown in Fig. 5.

It is shown that the proton beam radius determined
in this way is slightly different, depending on whether
we take the readings from thermocouples placed on
the radius of 18 mm or thermocouples placed on the
radius of 26 mm. This difference can be explained by
the fact that the shape of the proton beam is slightly
different from that of the Gaussian.
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Fig. 5. Proton beam radius as a function of the beam cur-
rent. Dashed line is plotted according to the data from the
thermocouples positioned on a 26-mm radius. Solid line is
plotted according to the data from the thermocouples
positioned on an 18-mm radius.

The main result of the study is that the size of the
proton beam on the target does not depend on the pro-
ton beam current in the range from 0.48 to 3.2 mA; the
proton beam diameter is 33 = 5 mm. The lack of
dependence of the proton beam size on the target sur-
face on the beam current indicates that there is no
noticeable effect of the spatial charge on the proton
beam transport from the accelerator to the target. This
fact simplifies the configuration of the proton beam
transport channel, since it does not require installing
quadrupole lenses, and simplifies considerably the
proton beam obtaining in a wide current range, which
is important when performing studies on the facility.

CONCLUSIONS

In the accelerator-base neutron source of the Bud-
ker Institute of Nuclear Physics, Siberian Branch,
Russian Academy of Sciences, a 2-MeV proton beam
is transported for a distance of 5 m from the accelera-
tor to a lithium neutron-generating target. The proton
beam size on the target surface is measured as a func-
tion of the beam current by thermocouples inserted
into the target and by an infrared camera. It is found
that the proton beam diameter is 33 = 5 mm and is
independent of the current in the range from 0.48 to
3.2 mA. This fact indicates that there is no significant
influence of the spatial charge on the proton beam
transport from the accelerator to the target, which
simplifies the configuration of the beam transport
channel and ensures the reliability of obtaining the
beam in a wide current range.
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