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Activation measurement of copper by 238U irradiation
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γ-ray residual radiation dose around the copper
beam dump of BigRIPS, where the highest radiation
dose rate is expected at RIBF, is occasionally esti-
mated by Monte-Carlo radiation transport code such
as PHITS.1) However, there are no measured data for
the activation caused by uranium beam and the accu-
racy of the calculation remains unknown. Therefore,
345 MeV/nucleon uranium beams were irradiated on
a stack of copper sheets, which is the material of the
beam dump, to measure the produced radioisotopes
and compare them with the PHITS calculation.1)

Ten 1 mm thick copper sheets were stacked. A
10 mm thick copper plate was applied as the radi-
ation sample. After the irradiation of the uranium
beam, γ rays were measured with a germanium de-
tector to identify the nuclide and quantity of the pro-
duced radioisotopes. To consider long-lived radiation
from the beam dump, the γ rays were measured nine
months after the irradiation. Figure 1 shows the depth
dependence of the observed radioactive nuclei. The
depth was reduced from the copper sheet number. The
amount of the radioisotopes was evaluated from the
individual measurements of the copper sheets. The
range of 345 MeV/nucleon uranium-238 beam in cop-
per was approximately 3.3 mm. Manganese-54, cobalt-
56, -57, -58, and cobalt-60 were observed at all the cop-
per sheets. Therefore, the isotopes of manganese and
cobalt in the range 1–3 mm were produced through a
reaction between the uranium and copper nuclei. The
isotopes deeper than 4 mm were produced by a nu-
clear reaction of secondary neutrons with copper nu-
clei. Further, the secondary neutron was produced

Fig. 1. Depth dependence of the observed radioactive nu-

clei in the copper sheets. The depth was converted from

the number of the sheets.
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from the reaction with uranium beam and copper.
Consequently, osmium-185, hafnium-175, zirconium-
97, and ruthenium-103 were observed in the depth
range of 4–6 mm. As nuclei of mass number of ap-
proximately 180 are heavier than typical fission frag-
ments of uranium which mass are approximately 140,
osmium and hafnium are supposed to be produced by
projectile fragmentation of uranium beam. Zirconium
and ruthenium, with approximate mass number of 100,
are typical nuclides from in-flight fission of uranium
beam. The range of produced nuclei in copper was
longer than the 3.3 mm range of uranium beam be-
cause their atomic number are smaller than that of ura-
nium. Moreover, the nuclei produced by fission were
not observed at 7 mm depth and beyond.
The measured activity of nuclei was compared with

the calculation by PHITS. Figure 2 shows the activity
ratio of the calculated to measured value.

Fig. 2. Ratio of nuclei calculated evaluation by PHITS to

measured values.

The calculated activation rate of copper by the sec-
ondary neutron was approximately 50% of measured
value. The calculated production rate of projectile-
fragmentation nuclides of osmium-185 and hafnium-
175 were several times higher than measured values.
However, the ratios of the fission nuclei zirconium-97,
and rutheniu-103 were approximately identical to the
measured values.
Consequently, the benchmark of activation for

345 MeV/nucleon uranium-beam irradiation on cop-
per material was obtained. The PHITS evaluation was
consistent the measured values within a factor of sev-
eral.
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