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Abstract

Activation cross sections of the a-particle-induced reactions on "™Cr were measured. A stacked
foil activation technique and y-ray spectrometry were used. Nickel-chromium alloy, nickel and
titanium metallic foils were stacked as a target. The target was irradiated with a 51.2-MeV a-particle
beam at the AVF cyclotron, RIKEN. The y rays were measured for the irradiated foils using an HPGe
detector. Production cross sections of 32¢Fe, 32&54Mn, 48-31Cr and “8V radionuclides were determined.
The cross sections determined in this experiment were compared with the literature data and found to

be consistent with them.

1. Introduction

The radionuclide *?¢Fe has a half-life of 8.275 h and decays with EC and B* decay modes by
emitting an intense y ray at 849.43 keV (I, =100%) [1]. The " particle generates annihilation y rays at
511.0 keV. These v lines can be used for medical diagnostic imaging such as single photon emission
computed tomography (SPECT) and positron emission tomography (PET) in particular for PET bone
marrow imaging [2-6]. 2¢Fe decays to 3>™Mn (T2 = 21.1 min), which mostly decays with emission
of a positron (98.25%) and is a potential medical radioisotope for PET [7]. 32¢Fe is thus a valuable
radionuclide and investigations of its production routes are necessary for optimizing its production.

There are several possible reactions to produce 3?¢Fe. The Coordinated Research Project of
International Atomic Energy Agency showed evaluation of available experimental results and
recommended cross sections for possible production reactions [8], such as the 3Mn(p,4n)>?Fe [9],
naiNj(p,x)**Fe and *°Cr(a,2n)>?Fe reactions [10]. In this paper we focus on the 3°Cr(a.,2n)*?Fe reaction.
There are only three experiments [11-13] in the EXFOR library [14] and additional one [15] in a

literature survey. One of the experimental data [12] shows a large deviation from the others. Therefore,
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we performed an experiment to measure the cross sections of the "Cr(a.,x)*>Fe reaction. Since below
the threshold energy of the 2Cr(a,4n)*’Fe reaction (39.8 MeV), only the *°Cr(a,2n)*?¢Fe reaction
contributes to the cross sections of the "™'Cr(o,x)*?Fe process. Thus, the cross sections measured on
natural chromium can be normalized to those of 3°Cr.

In addition to the °Cr(a,2n)**Fe reaction, we determined activation cross sections for the reactions

to produce >2&34Mn, *31Cr and *V in this work.

2. Experimental

An experiment to measure the activation cross sections of the a-particle-induced reactions on
ntCr was performed at the AVF cyclotron of RIKEN. The standard stacked foil activation technique
and high resolution y-ray spectrometry were used to determine the cross sections.

Nickel-chromium alloys (NiCr) were used because chromium is difficult to process into a foil
structure. Nickel foil was stacked in order to compare it with nuclides produced from nickel in NiCr,
and titanium was used for the monitored reactions. All the foils were purchased from Nilaco Corp.,
Japan. The NiCr foils were used as targets of "™Cr, which has four stable isotopes as listed in Table 1
[16]. Composition and the thicknesses of the used foils are shown in Table 2. The elemental analysis
of the NiCr was conducted by scanning electron microscopy with energy dispersive spectroscopy
using JSM-6610LA with JED-2300, JEOL Ltd. at Hokkaido Research Organization. The measured
weight percentage of "Cr in the alloy is 20.1 £0.1%, which is consistent with the nominal value of
20+ 1%. The surface areas and weights of the large foils were first measured to determine the average
thicknesses. Then the foils were cut into 10x10 mm? to fit into the target holder. The target holder
served also as a Faraday cup. No electron suppression voltage was applied for the Faraday cup, since
the solid angle for the possible escaping secondary electrons was negligibly small. The stacked target
consisted of 10 sets of 2 or 3 NiCr, 2 Ni and 2 Ti foils (NiCr-NiCr-NiCr-Ni-Ni-Ti-Ti foils for 4th-7th
sets and NiCr-NiCr-Ni-Ni-Ti-Ti foils for the others). The second and third foils in the same element
foils were used for cross section deductions taking into account recoil compensation. The
"aiTj(e,x)*!Cr monitor reaction was used to check the beam parameters (energy and intensity) and
validate the energy scale deduced from the calculated energy loss of the o particles throughout the

layered target.

Table 1. Isotopic composition of natural chromium.

0Cr 4.345%
32Cr 83.789%
3Cr 9.501%

Cr 2.365%




Table 2. Composition and thicknesses of the foils.

Nickel-chromium Ni Ti

Cr20.1(1)%
Composition Ni >99% Ti 99.6%
Ni 79.9(2)%

Thickness (mg/cm?) 6.17 4.15 2.43

The stacked target was irradiated with a 51.2 =0.2-MeV a-particle beam. The incident energy of
the o particles was measured by the time-of-flight method [17]. Energy degradation in the target was
calculated by using the SRIM code [18]. The irradiation with an average beam intensity of 209.8 nA
lasted for 2 hours. The beam intensity was recorded every minute to check the beam stability during
the irradiation.

The y-ray spectra of the irradiated foils were measured by an HPGe detector (ORTEC GEM-
25185-P) and analyzed by a dedicated software (SEIKO EG&G Gamma Studio). The detector was
calibrated by a standard y-ray point source containing mixture of the 37-¢°Co, 83y, 19°Cd, '3Sn, 3Cs,
139Ce and ?*! Am radioisotopes. The reaction and decay data used in the data analysis were taken from
online databases, NuDat 3.0[19], LiveChart [20, 21], QCalc [22] and the Nuclear Data Sheets [1, 23-

25] and are summarized in Table 3.

Table 3. Reaction and decay data used in data analysis were taken from online databases [1, 19-25].

Nuclide Half-life Decay mode (%)  Ey (keV) Iy (%) Contributing reaction  Q-value (MeV)
S2eFe 8.275h EC+B" (100) 849.43 100 3Cr(a,2n) -15.6
32Cr(a,4n) -36.9
3Cr(a,5n) -44.9
32eMn 5.591d EC+B" (100) 744.233 90.0(12) 3Cr(a,d) -10.3
32Cr(aL,tn) -25.3
33Cr(a,t2n) -33.2
34Cr(aL,t3n) -43.0

2Fe decay
3*Mn 312.20d EC+B* (100) 834.848 99.9760(10)  2Cr(a.,d) -10.6
33Cr(a,t) -12.3
4Cr(a.,tn) -22.0
SICr 27.7025d EC+B* (100) 320.0824  9.910(10) 9Cr(a,3He) -11.3
32Cr(o,0n) -12.0
3Cr(a,02n) -20.0

4Cr(a,a3n) -29.7



#Cr 21.56 h EC+B* (100)

sy 159735d  EC+p* (100)

112.31 96.0(20)

983.525  99.98(4)

31Fe decay
SMn decay
Cr(o,02n)
32Cr(o,04n)
SCr(a,ad)
S2Cr(a,aitn)
3Cr(a,0t2n)

“Cr decay

-23.6
-44.9
-18.9
-34.0
-41.9

Reaction with the smallest Q-value is listed for every target isotope.

3.  Results

The cross sections of the "Ti(c,x)’'Cr monitor reaction were derived to assess the beam

parameters and to check the foil thicknesses. The activity of 3'Cr in each Ti foil was determined by

measuring the y line at 320.0824 keV (I, = 9.910%) from the decay of 3'Cr (T, = 27.7025 d) after a

cooling time of 90 days. The cross sections deduced using the measured experimental parameters were

compared with the IAEA recommended values [26]. Based on the comparison, the incident beam

energy was corrected by +0.2 MeV. The corrected cross-section data and the IAEA recommended

values [26] are shown in Fig. 1. The experimental cross-section data are in good agreement with the

recommended values. Based on the monitor reaction no additional correction was applied for the initial

intensity and target thicknesses.
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Fig. 1. Excitation function of the "Ti(a,x)*'Cr monitor reaction with the

recommended values [26].



The cross sections of the "Cr(a.,x)**¢Fe, "™'Cr(o,x)*?&3*Mn, "'Cr(o,x)*1Cr and "*Cr(a.,x)*V
reactions were derived in this experiment. The results are presented numerically in Table 4 and
graphically in Figs. 2-7. The results are compared with the available experimental data measured
earlier [11-13,15] as well as with the results of the TALYS model code taken from the TENDL-2021
data library [27].

The estimated total uncertainty of the cross sections was 10.0-30.7% except for one data point
(53.3%) of the "Cr(a.,x)*'Cr reaction close to its threshold energy. The uncertainties were estimated
from the square root of the quadratic summation of each component; statistical uncertainty (0.4-29.0%
with one exception of 52.4%), target thickness (measurement of lateral size and weight: 2%), target
purity (nominal value: 5%), beam intensity (fluctuation in time and secondary electron emission: 5%),
detector efficiency (activity of the standard source and polynomial fitting: 5%), y intensity (derived
values from online databases: <2.1%), and peak fitting (dependence on the fitting method, Covel

method or Gaussian fitting: 3%).

Table 4. Activation cross sections determined on natural chromium target

Energy (MeV) 2¢Fe (mb) 3*Mn (mb) 322Mn(™ (mb) S'Cr™ (mb)  “8Cr (mb) 48V (mb)
50.5 £0.2 0.37 £0.05 120 £12 74 7 118 £12 0.39 £0.04 9.1+1.0
48.0 +0.2 0.26 +0.06 143 +£15 44 +4 131 +13 0.32 +0.05 8.5+0.9
453 +0.2 0.16 £0.05 163 +17 21 +2 153 15 0.19 +0.03 7.24+0.8
42.6 £0.3 0.21 £0.06 202 +£20 10 £1 175 €18  0.093 +0.025 5.2+0.6
41.9 +£0.3 0.24 £0.06 265 +27 8.9+0.9 200 +20 2.8+0.3
39.0+0.3 0.43 £0.08 267 £27 9.2+0.9 205 £21 1.9 +£0.2
38.2+0.3 0.47 £0.08 358 £36 13 +1 209 £21
35.1+0.4 0.50 +0.08 387 +£39 14 +1 208 £21
343104 0.78 £0.10 462 +46 19 +2 170 £17
30.9 £0.5 0.73 £0.10 478 +48 20 +2 161 £16
30.0 £0.5 0.69 £0.08 479 +48 22 42 103 £10
26.2 £0.6 0.57 £0.07 477 +48 22 42 83 £8
21.9 +0.8 0.44 +0.08 387 +£39 19 +2 1342

16.9 £1.0 54 £5 3.6+0.4 0.13 +0.07




3.1 The "Cr(c,x)’*¢Fe reaction

The radionuclide **Fe has a metastable state with a short half-life (T12 = 45.9 s). The *>"Fe
metastable state decays almost 100% to >2¢Mn (EC+B": 100%) and in minor part to 32¢Fe (IT: <4.0E-
3%). The latter contribution to populate the 32¢Fe state is negligibly small and the independent cross
sections of the "Cr(c,x)**¢Fe reaction could be obtained by measuring the 168.688-keV v line (I, =
99%) from the decay of 3*¢Fe (T2 = 8.275 h). The measurement series was started after a cooling time
of 23 hours to reduce background. Our result is compared with the experimental data [11-13,15], the
recommended values [8] and the TENDL-2021 data [27] in Fig. 2. The literature data presented for
the *°Cr(a,x)*?¢Fe reaction were normalized to the "Cr target composition by taking into account the
isotope ratio listed in Table 1. The experimental dataset reported by Chowdhury et al. (1995) was much
larger than the other experimental datasets. Our result is consistent with the previous studies by
Levkovski (1991) and Hermanne et al. (2015) and the recommended values [8] up to 45 MeV even
above the threshold energy of 39.8 MeV for the 32Cr(o,4n)’?¢Fe reaction. Above 45 MeV, the
32Cr(a.,4n) reaction starts to contribute to the production of 3>¢Fe. The TENDL-2021 data are different

from the experimental ones in both amplitude and energy scale.
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Fig. 2. Cross sections of the "'Cr(a,x)3?¢Fe reaction in comparison with the previous data [11-13,
15], the recommended values [8] and the TENDL-2021 result [27]. The values, normalized for the

abundance of "Cr are shown in the figure.



3.2 The "Cr(co,x)%*2Mn reaction

The radionuclide Mn has a metastable state with a short half-life (Ti> = 21.1 min), which in
most part decays to 3>Cr (EC+B": 98.25%) and in minor part to 3*2Mn (IT: 1.75%). Its ground state
32¢Mn (T2 = 5.591 d) can be produced directly and also from the decays of 3>™Mn and 32& 52"Fe. The
y line at 744.233 keV (I, = 90.0%) from the decay of *®Mn was used to assess the activity after a
cooling time of 69 hours. Cumulative cross sections of the "Cr(a.,x)*2¢Mn reaction were determined
including the direct and decay production. The results are compared with the previous studies [11-13]
and the TENDL-2021 data [27] in Fig. 3. The cross sections measured on *°Cr in the previous studies
were normalized to those on "Cr although the >*Cr(o.,tn)*’Mn reaction contributes to the production
of Mn above the threshold energy of 27.3 MeV. Our results are in good agreement with the earlier
experimental data by Levkovski (1991) and Hermanne et al. (2015) up to 40 MeV. The agreement
would indicate that the contribution of the 3>Cr(c,tn)’*Mn reaction is small below 40 MeV. The data
by Chowdhury et al. (1995) show a different shape from the other experimental data. The TENDL-
2021 data agree with the experimental data up to 30 MeV. At the higher energies, the TENDL-2021

deviate in amplitude from the experimental data, though its general tendency follows the experimental

data.
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Fig. 3. Cumulative cross sections of the "‘Cr(co,x)**Mn reaction in comparison with the previous
data [11-13] and the TENDL-2021 data [27]. The values, normalized for the abundance of "Cr

are shown in the figure.



3.3 The "*Cr(o,x)**Mn reaction

The v line at 834.848 keV (I, = 99.9760%) from the decay of **Mn (T2 = 312.20 d) was used to
determine the cross sections of the "™'Cr(o,x)**Mn reaction. The cross-section data were deduced from
the spectra measurements performed after a cooling time of 69 hours. No decay contribution can occur
for production of 3*Mn. Our results are compared with the previous studies [11-13] and the TENDL-
2021 data library [27] in Fig. 4. The experimental cross-section data measured on 3>°3Cr target
materials [12,13] were normalized to those on ™'Cr for comparison. Our result shows an agreement
with the previous studies and the small contribution of the **Cr(c,tn)**Mn reaction having the
threshold energy of 23.6 MeV. The TENDL-2021 data reproduce a similar shape of the excitation
function although they slightly underestimate the experimental data above 30 MeV.
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Fig. 4. Cross sections of the "Cr(a,x)**Mn reaction in comparison with the previous data [11-13]
and the TENDL-2021 data [27]. The values, normalized for the abundance of "Cr are shown in
the figure.



3.4 The "*Cr(a.,x)'Cr reaction

Production of 3!Cr is possible in a series of reactions on all stable isotopes of chromium in the
investigated energy region. The cross sections of the "*Cr(o,x)*!'Cr reaction were derived from the
activity measurement of the 320.0824-keV y line (I, = 9.910%) from the decay of 3!Cr (T12 = 27.7025
d). The measurement series was started after a cooling time of 69 hours. The deuced cross sections are
cumulative since they include the decay contribution from 'Fe (T, = 305 ms) and >'Mn (T2 = 46.2
min). The result is shown in Fig. 5 in comparison with the previous studies [11-13] and the TENDL-
2021 data [27]. The cross-section data measured on 3%3233Cr [12,13] were normalized to those of "*Cr
for comparison. Our result is consistent with the previous studies. The contribution of the
3Cr(a,,a3n)’'Cr reaction between its threshold energy of 31.9 MeV and 45 MeV is small. The
TENDL-2021 data also agree with the experimental data up to 38 MeV, however deviate in a lower
amplitude from them above 38 MeV.
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Fig. 5. Cumulative cross sections of the "Cr(c,x)>'Cr reaction in comparison with the previous
data [11-13] and the TENDL-2021 data [27]. The values, normalized for the abundance of "Cr

are shown in the figure.



3.5 The "Cr(co,x)**Cr reaction

Analysis of the y line at 112.31 keV (I, = 96.0%) from the decay of “*Cr (T, = 21.56 h) was
performed for the y-ray spectra recorded after a cooling time of 23 hours. The deduced cross sections
of the "™ Cr(a.,x)*Cr reaction are compared with the previous study [13] and the TENDL-2021 data
[27]. The cross section data on 3°Cr reported in the previous work [13] below the threshold energy of
48.3 MeV for the *>Cr(o.,04n)**Cr reaction were normalized to those on "™'Cr. Our results are in good
agreement with the previous data. The TENDL-2021 overestimates both experimental data sets. The
reported cross sections include only the direct production, since the production of *Mn is a reaction

that occurs above the initial bombardment energy and is energetically impossible.
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Fig. 6. Cross sections of the "Cr(a,x)*Cr reaction in comparison with the previous data [13] and
the TENDL-2021 data [27]. The values, normalized for the abundance of ™ Cr are shown in the

figure.



3.6 The "Cr(c,x)*®V reaction

The decay of ¥V (T, = 15.9735 d) is followed by emission of the y rays at 983.525 keV (I, =
99.98%). To avoid the influence of that of “Cr (T2 = 21.56 h), the measurement series of the y-ray
spectra was started after a cooling time of 69 hours when most of “*Cr had decayed to “*V. The cooling
period exceeds 3 times longer than the half-life of **Cr. The contribution of **Cr was estimated using
the cross sections determined in Section 3.5 and Eq. (2) in Ref. [28]. The contribution was found to
be less than 3.9% and excluded from the net counts of the y-ray spectra. Independent cross sections of
the "™Cr(a,x)*®*V reaction were determined. The results are compared with the previous studies [11,
13] and the prediction of the model code taken from the TENDL-2021 data library [27]. The previous
cross-section data measured on the *°Cr targets [11, 13] were normalized to those on ™Cr by taking
into account the isotope ratio listed in Table 1. Our result is consistent with the previous data. This
would indicate that the contribution from the other Cr target isotopes is small at least up to 46 MeV.

The TENDL-2021 data somewhat overestimate the experimental data in the whole energy range.
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Fig. 7. Independent cross sections of the ™Cr(o,x)*V reaction compared with the previous data
[11, 13] and the TENDL-2021 data [27]. The values, normalized for the abundance of "Cr are

shown in the figure.



4.  Summary

We determined the activation cross sections of the a-particle-induced reactions on "Cr. The
stacked target, activation technique and high resolution y-ray spectrometry were used. The cross
sections were deduced for the "'Cr(a,x)%?¢Fe, ™Cr(o,x)*?&>*Mn, "'Cr(a.,x)**-!Cr and "*Cr(a.,x)*V
reactions. The newly measured data were compared with the previous experimental data and the results
of the TALY'S model calculation taken from the TENDL database. Our results are consistent in general

with the previous experimental data.
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