In situ blistering observations on metals under proton irradiation
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ABSTRACT

On a tandem accelerator with vacuum isolation, blistering of metal samples in situ was observed
upon irradiation with 2 MeV protons to a fluence of 3.4 + 0.3 10%° cm. Copper and tantalum
samples of different purities were placed in the path of the proton beam and forcibly cooled
down. Sample surfaces were observed using a CCD camera with a remote microscope. Here
we describe the experimental setup, results obtained, and their relevance to development of
lithium targets of accelerator neutron sources for boron neutron capture therapy. To develop a
promising technique for the treatment of malignant tumors, boron-neutron capture therapy [1,
2], an accelerator source of epithermal neutrons was proposed and created at the Budker
Institute of Nuclear Physics [3, 4]. Neutron generation occurs as a result of the threshold
reaction ’Li (p, n) ‘Be by directing a 2-MeV proton beam with a current of up to 5 mA, obtained
in a vacuum-insulated tandem accelerator to a 10-cm diameter lithium target.

The target is made of a thin lithium layer sputtered onto a cooled copper substrate, in this case
copper [5, 6]. The thickness of the lithium layer that generates neutrons is chosen in such a way
that proton energy as they exit the layer is slightly below 1.882 MeV, the threshold of the "Li
(p, n) "Be reaction. Further deceleration and absorption of the protons occur in the structural
material, upon which the following requirements are imposed. First, the material must have a
high thermal conductivity or be thin enough that the temperature of lithium does not exceed its
melting point of 182° C to prevent mixing of the radioactive isotope, ‘Be, with the lithium
vapor. To maintain high thermal conductivity, the best support material is copper. Secondly,
deceleration of protons in this material should not lead to appreciable generation of unwanted
X-rays and gamma rays. To avoid X-ray and gamma-radiation, the best materials are
molybdenum and tantalum [7]. Third, this material must have sufficient resistance to radiation
blistering [8, 9]. Deformation of the surface layer, evident in the formation of blisters and
exfoliation of thin layers of material, decreases thermal conductivity. Experimental data on the
magnitude of the critical dose for blister formation are extremely scarce, and there are no data
for protons with energies in the region of 2 MeV. The blistering phenomenon is thought to be
characteristic of metals that dissolve hydrogen poorly (Al, Mo, Fe, Cu, Ag, W, Pt, Au) [8, 9].
In metals in which hydrogen dissolves well (alkali, alkaline earth, Ti, Ta, Nb, V, Ni, Pd),
blistering is not observed. The threshold for hydrogen blistering in copper, 10 cm™ [8, 9],
limits the use of copper as a target substrate, since at a proton current of 10 mA and a target
diameter of 10 cm the critical dose accumulates in 20 min, which is less than the planned time
therapy (1 h). When irradiation was carried out with 200-keV protons and the copper
temperature was ~100° C, the observed radiation dose causing the appearance of blisters in



copper was 10 times greater — 10'° cm [10]. In copper irradiated with 2 MeV protons the
estimated dose causing blisters to appear was 2x10%° cm™ [2, p. 81]. We also obtained a similar
value of 1.7x10'° cm™ experimentally [2, p. 82]. Figure 1 is a photograph showing part of the
surface of a copper substrate of a target purified from the lithium layer after generation of
neutrons for biological studies [11]. The aim of the work was to study the formation of blisters
during irradiation of copper and tantalum samples with protons having an energy of 2 MeV.

EXPERIMENTAL INSTALLATION

Investigations were carried out on a vacuum-insulated accelerator-tandem [3], which provides
a 2-MeV proton beam, up to 5 mA, with a transverse dimension on the order of 1 cm [12]. The
experimental setup is shown in Fig. 2. In the diagnostic tank of the proton beam transport path
(6, in Figure 2), a sample disk 30 mm in diameter, and 3 mm thick was placed on the axis. The
sample was pressed tightly against the heat sink surface using a liquid metal of gallium-indium
alloy between the sample and the heat sink. The sample temperature (£1° C) was measured with
a Pt100 platinum thermistor (CHEPT-1) inserted into a 1.5 mm hole drilled into the sample to
the center of the disc at a depth of 1.5 mm below the surface. The thermistors were previously
calibrated and connected in a three-wire circuit, taking into account the error introduced by the
resistance of the wires. The surface temperature of the sample was measured using an Optris
CT Laser 3ML SF pyrometer (Optris, GmbH, Germany). The current of the proton beam
incident on the sample was measured with an ohmic divider when a positive voltage of 100 V
was applied to the sample and a negative voltage of 300 V was applied to the suppressor ring,
set 50 mm in front of the sample. A copper-cooled diaphragm with a hole 26 mm in diameter
was installed in front of the diagnostic chamber. Temperature measurements with four Pt100
thermistors, inserted inside the diaphragm and uniformly spaced in azimuth, made it possible
to control propagation of the proton beam along the axis of the apparatus. Continuous real-time
monitoring of the sample surface was carried out through a fused quartz window using a CCD
camera with an Infinity K2 remote microscope (DistaMax ™, USA) (3 in Figure 2) installed at
an angle of 42° to the sample surface normal (5 in Fig. 2). The distance from the surface of the
front lens of the microscope to the sample was 330 mm. The microscope was calibrated with a
100-um crosshair and a resolution of 260 lines / mm. Samples through an additional window
of fused quartz were illuminated with a halogen lamp light source (LFP-10WP-R, Shibuya,
Japan) with a power of 10 W (4 in Figure 2). Next to the CCD camera was a computer (2 in
Figure 2) used to collect data from the camera, to save the images to a local database, and to
display the status of the target in real time.

EXPERIMENTAL RESULTS

Four samples were examined. Three of them were made of different copper samples: copper,
grade MO (GOST 859-2014, Russia), fine-grained copper, 99.996% pure (OFC-1 JIS H3150
C1011, SH Copper Products Co., Ltd., Japan) and coarse-grained copper, 99.99996% (high-
purity copper, Mitsubishi Materials Co., Japan). The fourth sample was made of tantalum,
99.7%. Copper samples were polished to a mirror surface of optical quality by means of
diamond polishing. Samples were subjected to a 2-MeV proton beam, 0.6 mA current for 3
hours, at a temperature of 263° C £ 15 °. The tantalum sample was irradiated with a proton
beam at a current of 0.45 mA for 4 hours. Its temperature was 600° C. In all cases, the same
current integral was sought, amounting to 1.81 + 0.03 mAh. The transverse dimension of the
beam was determined in two ways. First, a proton beam-irradiated titanium sample without
ensuring good thermal contact with the heat sink surface. After a short time, a hole 11 mm in
diameter was bored into the sample (Fig. 3). Second, a proton beam-irradiated titanium sample
with to ensuring good thermal contact with the heat sink surface. It also prevented burning holes



into and sputtering of the titanium. Since the interaction of protons with titanium leads to the
operating time of radioactive isotopes of vanadium with half-lives of 33 min, 16 days, and 330
days, the area under the beam becomes radioactive. Its size was determined by measuring the
activity of an sample with a Nal-gamma spectrometer by successively increasing the
collimation opening from 8 to 20 mm in steps of 2 mm. By this method, the transverse beam
dimension was determined as 12 + 1 mm. Taking the diameter of the proton beamto be 12 + 1
mm, we found that the samples were irradiated to a fluence of 3.4 + 0.3x10%° cm™.

RESULTS

Under the proton beam, the MO GOST 859-2014 grade copper and fine-grained copper samples
behaved similarly. The first blisters began to appear at a fluence of about 10%° cm™. The entire
sample surface was densely covered with blisters at fluence of 3.4 x 10'° cm. Figure 4 shows
the dynamics of blister formation. The coarse-grained copper sample behaved quite differently.
Figure 5 shows photographs of the sample surface at different irradiation fluences. Blisters in
the form of bubbles on the surface were not formed, but the surface cracked due to the
irradiation. Cracks began to appear at a fluence of 2x10° cm. No evidence of blister formation
was observed on the tantalum sample until the collected fluence was 3.4x10* cm™.
Modifications of the sample surface from tantalum were not detected until the fluence reached
3.4x10'° cm.

CONCLUSION

Surfaces of metals were observed when irradiated with a 2-MeV proton beam, 1.2 cm in
diameter to a fluence of 3.4 + 0.3x10® cm™. On the surfaces of MO GOST and fine-grained
copper samples heated to a temperature of 263 + 15° C, with a proton fluence of 10'° cm?,
blisters begin to appear, covering the surface densely at a fluence of 3x10%° cm™. When heated
to a temperature of 263 + 15° C, the surface of the coarse-grained copper sample began to be
covered with cracks at a proton fluence of 2x10*° cm. Modifications of the sample surface
from tantalum at a temperature of 600° C were not detected until the fluence reached 3.4x10*°
cm. The present results are important for development of a neutron-generating lithium target
of an accelerating neutron source for boron-neutron capture therapy. With a target diameter of
10 cm, the time of appearance of blisters exceeds the planned length of neutron capture therapy;
therefore, the target, made with a thin lithium layer sputtered onto a cooled copper substrate,
can be used to generate neutrons for boron neutron capture therapy. The use of coarse-grained
copper with a purity of 99.99996% can prolong the lifetime of the target, since radiation damage
by the proton beam does not cause blistering that reduces the thermal conductivity. Instead,
damage appears in the form of cracking, which has a lesser effect on thermal conductivity.
Tantalum is more resistant to radiation blistering than copper.
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FIGURE LEGENDS

Figure 1. Surface of the copper substrate of the target after irradiation with protons with an
energy of 2 MeV at a fluence of 1.7x10* cm?, using a Jeol JCM-5700 electron
microscope.

Figure 2. Photograph of the experimental setup: 1. Tandem accelerator with vacuum isolation;
2. Computer; 3. Remote microscope with CCD camera; 4. Backlight; 5 Fused quartz
window; 6. Diagnostic vacuum chamber. The arrow schematically shows the direction of
the 2-MeV proton beam.

Figure 3. Measurement of the hole in the titanium sample.

Figure 4. Dynamics of blister formation on the surface of fine-grained copper with a purity of
99.996% after bombardment with a 2-MeV proton beam.

Figure 5. Dynamics of blister formation on the surface of coarse-grained copper with a purity
of 99.99996% after bombardment with a 2-MeV proton beam.

Figure 6. Dynamics of blister formation on the surface of Tantalum with a purity of 99.7% after
bombardment with a 2-MeV proton beam.
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