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Total thermal radiative neutron cross sections have been measured on natural and enriched iso-
topic targets containing ©7Li, °Be, 111 B, 1213C, and *!5N with neutron beams from the Budapest
Reactor. Complete neutron capture «-ray decay schemes were measured for each isotope. Absolute
transition probabilities have been determined by a least-squares fit of the transition intensities, cor-
rected for internal conversion, to the (n,y) decay schemes. The ~-ray cross sections were standardized
using stoichiometric compounds containing both the isotope of interest and another element whose
~y-ray cross sections are well known. Total cross sections, oo, were then determined for each iso-
tope from the 7-ray cross sections and transition probabilities. For the 11B(n;y)lzB reaction decay
transition probabilities were determined for the v-rays from 2B (t1/2=20.20 ms) S~ -decay.
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I. INTRODUCTION

Precise thermal neutron capture ~-ray cross sections
have been measured for all naturally abundant elements
except He and Pm at the Budapest Reactor [1, 2].
These data were evaluated, together with additional in-
formation from the literature, to generate the Evaluated
Gamma-ray Activation File (EGAF) [3] and were pub-
lished in the Handbook of Prompt Gamma Activation
Analysis [4]. The (n,y) data can be used to determine to-
tal radiative thermal neutron capture cross sections, oy,
if the level scheme is complete as is the case for the light
isotopes.

The elements H, Li, Be, and B are important strategic
materials identified by the US Department of Defense [5]
while the elements C, N, and O are abundant in nature
and important for dosimetry, neutron transport calcula-
tions and shielding determinations. Previously we have
published the total radiative thermal neutron capture
cross sections for 2H and 17180 [6] and in this work
we discuss our measurements of the %7Li, “Be, 1011B,
12,13C and 15N cross sections.

II. EXPERIMENT

The 57Li, ?Be, 1%11B, 1314C, and *'5N(n,7y) neutron
capture y-ray spectra were measured in both guided ther-
mal and cold neutron beams at the 10-MW Budapest Re-
actor [1]. Neutrons entered the evacuated target holder
and continued to the beam stop at the rear wall of the
guide hall. The target station, where both primary and
secondary v-rays can be measured in low background
conditions, is located ~30 m from the reactor. The neu-
tron flux at the target ranged from 2.3 x 10% em~2s~! for
cold beams to 5 x 107 cm™2s~! for thermal beams during

these experiments.

Prompt «-rays from the target were measured with an
n-type high-purity, 27% efficient, germanium (HPGe) de-
tector with closed-end coaxial geometry located 23.5 cm
from the target. The detector is Compton-suppressed
by a BGO-scintillator guard detector annulus and sur-
rounded by 10-cm thick lead shielding. Counting effi-
ciency was calibrated from 50 keV to 10 MeV with ra-
dioactive sources and (n,7y) reaction vy-rays to an accuracy
of better than 1% from 0.5-6 MeV and better than 3% at
other energies [7]. The y-ray spectra were analyzed with
the Hypermet-PC program [7, 8].

III. NEUTRON SEPARATION ENERGIES

The ~-ray energy calibrations were also performed us-
ing the efficiency calibration sources. Level energies, in-
cluding the neutron separation energy, were calculated by
a least-squares fit of the ~-rays to the level scheme with
the computer code GAMUT [9]. The x?/f quality of each
fit of the ~-rays to the level scheme is reported in the de-
cays scheme figure captions. Our measured neutron sep-
aration energies are compared to the recent compilation
of Wang et al [10].

IV. CROSS SECTION ANALYSIS

Natural and isotopically enriched targets were sus-
pended in teflon holders to reduce the target background
and irradiated in the neutron beam to obtain high statis-
tics y-ray spectra. The small contribution from internal
conversion for these low-Z isotopes was dominated by
internal pair conversion (IPC), which can exceed 0.3%
for high energy transitions, and was calculated using the
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FIG. 1: Decay scheme for 14N(n,fy). Total transition probabilities, P-4, are shown. The fit of the «-rays to the level scheme

gives x?/f=1.3.

BRICC code [14] assuming multipolarities taken from the
Evaluated Nuclear Structure Data File (ENSDF) [15].
This correction had been ignored in earlier work but
became more significant in our high precision measure-
ments.

Complete neutron capture decay schemes were con-
structed for each of the isotopes discussed here. The
absolute ~-ray transition probabilities were then deter-
mined by a least-squares fit of the transition intensities
to the decay scheme where we assume that the intensity is
balanced feeding/deexciting each intermediary level and
the total primary transition intensity deexciting the cap-
ture state (CS) equals the secondary intensity populating
the ground state (GS). The fitted transition probabilities
provide a well balanced, energy conserving decay scheme.

The ~-ray cross sections were standardized using sto-
ichiometric high purity targets containing the isotope of
interest and a comparator isotope that emits v-rays with
well known cross sections. Each target was analyzed by
PGAA to search for 7-rays from target impurities and
no significant impurities were found for the targets used

in these experiments. The primary comparator for this
work is the 2223-keV transition produced by the 'H(n,7)
reaction where 0,=332.54£0.7 mb [6, 16]. The secondary
standards '2C and N were calibrated with respect to
hydrogen as discussed below. The total radiative ther-
mal neutron cross sections are calculated as shown in
Eq. 1 where Abd(%) is percent abundance of the isotope
of interest in the target. This method eliminates

O~y
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(1)

the need to know the absolute neutron flux or the neu-
tron spectrum for these non-1/v isotopes. For natural
targets we use the standard abundances of Berglund and
Wieser [17] and for enriched targets we use the abun-
dances reported for the material.

Uncertainties in the cross section measurements are de-
rived from the statistical uncertainties in the peak anal-
ysis of the v-ray spectrum, determined by Hypermet,
added in quadrature with the systematic uncertainties in



TABLE I: 14N(n;y) energies, intensities, transition probabilities, and y-ray cross sections measured on a deuterated urea target
enriched to 98% in deuterium.

E,(AE,) Mult® MR ICC(AICC) I, (AL) P~ (AP,) o, (Acy)? oo(Aoo)
131.44(7)° El 0.00053(1) 0.062(12) 0.019(3)
383.0(4)° E1 1.86(3)x107°  0.025(8) 0.0076(16)
583.57(3) M1 7.30(11)x107°%  0.62(21) 0.138(23)
609.19(13) M1 6.70(10)x107°%  0.23(3) 0.075(6)
767.67(12) M1 4.27(6)x1075  0.24(3) 0.068(6)
770.4(5)° E1 3.12(5)x107%  0.033(12) 0.010(4)
831.39(14) E1 2.64(4)x107°  0.16(3) 0.048(9)
908.41(7) E1 2.20(3)x107%  0.59(4) 0.178(11)
977.1(3) E1 1.90(3)x107%  0.12(4) 0033(12)
1011.61(8) M1 2.56(4)x107%  0.6(4) 0.10(7)
1025.2(3)¢ E1 1.73(25)x107%  0.054(8) 0.0163(24)
1053.9(3)° E1 1.64(23)x107%  0.050(12) 0.015(4)
1073.04(13) E1 1.59(2)x107%  0.27(3) 0.079(6)
1157.52(4) E2 7.27(11)x107%  0.21(10) 0.05(3)
1297.7(3)¢ MI14+E2  0.3273°  2.18(7)x107°  0.0012(5) 0.00036(15)
1416.28(12)° M1 4.29(6)x107°  0.026(4) 0.0079(12)
1479.7(9)°  MI1+E2  0.14975  5.84(9)x107°  0.00092(7)  0.000278(21)

1549.9(3)¢  MI+E2  0.11(3)  7.88(12)x107° 0.00013(7)  0.000039(21)

1610.79(14)¢ El 0.00036(1) 0.246(21) 0.075(6)

1612.13(18) E1 0.00036(1) 0.12(5) 0.038(13)

1652.1(3)° El 0.00039(1) 0.00013(7)  0.000039(21)

1678.24(3) M1 1.20(2)x10~*  26.05(17) 7.81(5) 6.26(4) 80.2(7)
1681.17(4) E1 0.00041(1) 5.33(4) 1.609(12)

1748.77(7)¢ M1 1.45(2)x107*  0.009(3) 0.0027(9)

1783.54(7) M1 1.58(2)x10™*  0.77(5) 0.232(14)

1853.94(5) M1 1.85(3)x107*  1.97(9) 0.63(3)

1878.2(3)¢ El 0.00056(1) 0.0009(4) 0.00027(12)

1884.85(3) MI14+E2  0.01471°  1.97(3)x10™*  60.6(4) 18.32(8) 14.57(9)  79.5(7)
1921.2(8)° El 0.00059(1) 0.0067(21)  0.0020(6)

1988.53(8) M1 0.00024(1) 1.22(7) 0.361(21)

1999.69(3) M1 2.42(4)x107*  13.11(8) 3.976(23) 3.15(2) 79.2(7)
2002.3(4)°  MI1+E2 0.31(15) 0.00025(1) 0.79(17) 0.18(5)

2030.86(24) MI1+E2 0.18(15)  0.00026(1) 0.25(4) 0.073(12)

2247.44(12)° E1 0.00081(1) 0.010(5) 0.0031(15)

2262.02(17) M1 0.00035(1) 0.21(3) 0.063(9)

2293.15(16)¢ MI1+E2 0.028(12) 0.00036(1) 0.150(17) 0.048(5)

2389.1(3)° E1 0.00090(1) 0.00050(21)  0.00015(6)

2520.45(4) M1 0.00046(1) 17.85(17) 5.42(5) 4.29(4) 79.2(9)
2604.8(10)¢ E1 0.00104(2) 0.0054(12)  0.0016(4)

2726.0(5)° El 0.00110(2) 0.067(17) 0.020(5)

2830.80(5) E1 0.00116(2) 5.53(17) 1.74(4)

2898.4(5)° M1 0.00061(1) 0.075(17) 0.022(5)

3013.63(6) M1 0.00066(1) 2.67(10) 0.79(3)

3269.2(4)° E2 0.00090(1) 0.20(4) 0.048(5)

3294.3(3)° E1+M2  0.1373  0.00137(2) 0.0013(5) 0.00039(15)

3300.92(24)  MI1+E2  0.91(7)  0.00083(1) 0.37(5) 0.117(15)

3400.7(3)° El 0.00143(2) 0.0015(8) 0.00045(24)

3435.8(10)¢ M1 0.00082(1) 0.0083(21)  0.0025(6)

3531.98(5) M1 0.00086(1) 29.67(25) 9.05(7) 7.13(6) 78.8(8)
3546.4(3)° E1 0.00150(2) 0.00025(12)  0.00008(4)

3677.80(5) M1 0.00091(1) 47.7(4) 14.39(9) 11.47(10)  79.7(8)
3779.04(7)° E2 0.00110(2) 0.071(21) 0.022(6)

3855.55(8) E2 0.00112(2) 2.52(10) 0.78(3)

3881.4(5) El 0.00163(2) 0.27(6) 0.095(17)

3884.35(11) M1 0.00098(1) 1.76(8) 0.545(24)

3923.9(6)° E1 0.00165(2) 0.12(3) 0.034(7)

4125.3(3)° M14+E2  0.59(13) 0.00110(2) 0.008(3) 0.0024(9)




TABLE I: 14N(n;y) energies, intensities, transition probabilities, and y-ray cross sections measured on a deuterated urea target

enriched to 98% in deuterium, continued.

E,(AE,) Mult® MR ICC(AICC) I,(AlL) P,(AP,) o0,(A0,)"? 00(Aoo)

A3774(3)°  MItE2 0.135(15) 0.00114(2)  0.0025(12) _ 0.0008(4)

4508.69(6) El 0.00186(3)  55.3(5) 16.62(11)  13.28(11)  79.9(8)

4654.1(11)° El 0.00191(3)  0.096(21)  0.029(6)

4795(1)° M1 0.00126(2)  0.0079(17)  0.0024(5)

5178.5(3)° El 0.00208(3)  0.014(6) 0.0042(15)

5268.98(7)  M2+E3 0.131(13) 0.00112(2)  100.0(9) 30.17(14)  24.03(21)  79.6(8)

5297.66(15) El 0.00211(3)  71.1(8) 21.65(14)  17.08(19) 78.9(10)

5402.1(3)°  E1+M2 0137 0.00212(4)  0.00050(21) 0.00015(6)

5430.6(3)°  E1+M2  0.247%  0.00209(5)  0.025(12)  0.007(3)

5533.25(8) M1 0.00146(2)  65.8(6) 19.86(14)  15.82(15) 79.7(9)

5561.95(8) M1 0.00147(2)  36.1(4) 10.90(11)  8.67(9)  79.5(9)

6322.309)  MI1+E2 0.132(4) 0.00165(2)  62.0(5) 18.82(11)  14.89(13)  79.1(8)

7153.4(4)° E3 0.00171(2)  0.212(25)  0.064(8)

7208.90(10) E1+M2  0.0177%  0.00067(1)  32.0(3) 9.50(8) 7.68(8)  80.8(10)

8310.17(13) El 0.00278(4)  13.90(21)  4.15(6) 3.34(5)  80.5(13)

8568.9(7) E1+M2  0.85f2  0.00216(4)  0.22(6) 0.073(17)

9047.3(4) El 0.00290(4)  0.61(10) 0.187(15)

9149.24(17) M1 0.00210(4)  4.74(21) 1.586(22)

9219.5(11)° M1 0.00211(4)  0.062(25)  0.018(6)

9923.4(7) M1 0.00221(4)  0.34(8) 0.102(16)

10061.85(5) El 0.00306(4)  0.19(3) 0.066(6)

10697.8(17)  MI+E2  0.180%2  0.00231(4)  0.033(17)  0.010(4)

10829.10(21)  El 0.00317(4)  44.5(17) 13.44(21)  10.7(4)  79.6(3)
Weighted average total cross section 80.0(4)

“ Multipolarity assumed from the level J* values and used for the calculation of internal conversion coefficients.

b Cross sections reported by Belgya [11].

¢ Previously observed transitions from the literature [12, 13] that were too weak to observe here.

the isotopic abundance and standardization y-ray cross
sections. Each cross section discussed here is the result
of several measurements and the goodness of fit for each
weighted average value is determined by a chi?/f test
where f is he number if degrees of freedom.

A. N cross section

A 98% enriched deuterated urea (CD4N2O) target was
irradiated for 233,034 seconds at the Budapest Reac-
tor. 80 v-rays, including 38 ~-rays observed in other
experiments [12, 13] but too weak to be seen here,
were placed in the "N level scheme and are listed in
Table I. The transition probabilities were fit to the
capture v-ray decay scheme, as discussed above, with
a x?/f=0.42. The N capture y-ray decay scheme
is shown in Fig. 1 where the level energies are calcu-
lated by a least squares fit to the ~-ray energies. The
neutron separation energy, determined in this work, is
S,=10833.22+£0.05 keV in agreement with the recom-
mended value S,,=10833.2951+0.0008 keV [10].

The 1884.85 keV 7-ray cross section from *N(n,7y) was
standardized with respect to hydrogen using a variety of
stoichiometric compounds summarized in Table II yield-
ing a weighted average cross section from the seven mea-
surements of 14.57+0.04 mb. The uncertainty includes

TABLE II: Calibration of the 1884.85 keV ~-ray cross section.
The **N natural abundance of 99.632+0.007% [17] was used
for calculating the isotopic cross section. The weighted aver-
age includes an 0.02 mb statistical uncertainty with x?/f=1.6
and a calibration uncertainty of 0.03 mb.

Compound Formula o,(Acy) mb
Pyridine CsHsN 14.66+0.07
Melamine C3HgNg 14.50+0.04
Urea CH4N>O 14.70+£0.18
Ammonium Sulfate (NH4)2S0, 14.8840.14
Ammonium Nitrate-1 NH4NO;3 14.65+0.09
Ammonium Nitrate-2 NH4NO;3 14.594+0.17
Ammonium Nitrate-3 NH4;NOj3 14.56+0.10

Weighted Average 14.57+0.04

a statistical error of 0.02 mb and a calibration error of
0.03 mb. The same calibration cross section was used
by Belgya [11] to calibrate the 7-ray cross sections of
14 strong transitions in °N ranging from 1.7-8.3 MeV
shown in Table I. Another accurate set of 1*N(nv) cross
sections are available from Jurney et al. [13] but we chose
the Belgya data because it corrects for an earlier system-
atic uncertainty in the high energy efficiency calibration.
We also measured the cross section of the 10829.10 keV
CS—GS v-ray as 10.740.4 mb. The total radiative cross



TABLE III: Comparison of the previous measurements of the
MN(n,y) cross section. All measurements were done by the
PGAA method.

oo (mb) Reference

160£00  Kinsey (1951) [18]
80£20 Bartholomew (1957) [19]
75.0+£7.5  Jurney (1963) [20]
79.742.4  Islam (1981) [21]
80.14£2.0  Islam (1990) [22]
80.3+0.6  Jurney (2002) [13]
79.5+1.3  Loginov (2005) [23]
80.3£0.8  Belgya (2006) [11]
80.1+0.6  Mughabghab (2006) [16]
80.0+£0.4  This work

sections derived from all 15 measurements are consistent
and led to a weighted average value of oo (1*N)=80.0+0.4
mb with a statistical uncertainty of 0.02 mb and a cali-
bration uncertainty of 0.03 mb. This result is consistent
with the previous measurements that are summarized in

Table III.

FIG. 2: Decay scheme for '"N(n,y). The levels at 120.42-
and 397.27-keV were not populated in this reaction. Total
transition probabilities, P, are shown.

TABLE IV: *N(n,y) v-ray energies, transition probabilities,
and total cross sections measured on a pyridine target en-
riched to 98% in N. Two independent measurements were
made of the 6129 keV ~-ray from '°N A~ decay. The un-
certainty in the weighted average is nearly entirely statistical
with x?/f=0.03.

oy(Acy) oo(Aoo)

E,  Mult® ICC(AICC) P, (AP,)

ub
208 M1 3.02(5)x 10> 99.9970(5) 39.9(17) 39.9(17)
2192 E2 4.09(6)x10~* 99.959(6) 37.7(75) 37.7(75)
6120-1 sl 25.9(44) 38.6(66)
61200 {73 0.00147(21) 9700 56.4(18) 39.4(27)
Weighted Average 39.6(14)

¢ From Tilley et al. [24].
® 16N 3~ decay P from the evaluation of Tilley et al. [24].

B. !N cross section

The N(n,y) thermal neutron radiative neutron cap-
ture decay scheme was not previously measured. To de-
termine this cross section we irradiated a 98% '°N en-
riched pyridine (C5H5N) target with cold neutrons. We
identified three v-rays that are assigned to this reaction
and listed in Table IV. The 2192-keV ~-ray is placed as
a primary transition deexciting the CS to the 298.22-keV
level [24] which decays by the 298-keV ~-ray to the GS.
Both transitions have approximately equal intensities so
this appears to be a simple v-ray cascade as shown in
Fig. 2. The third transition is the well known 6129-keV
~-ray from N 3~ decay.

The °N(n,y) capture state should have J™=07,1" as-
suming s-wave capture. This decay scheme is unusual
because the only primary ~-ray populates the 298.22
keV 37 level with an E2 transition while the expected
M1 transitions to levels at 0(27)-, 120.42(07)-, and
397.27(17)-keV level are not observed.

The ~-ray cross sections in Table IV were standard-
ized with respect to the 2223 keV ~-ray from hydrogen
and corrected for abundance in the "N enriched pyri-
dine sample. Total radiative neutron cross sections were
determined for each transition in Table IV leading to
a consistent set of values. The weighted average total
cross section was determined as og(1°N)=39.641.4 ub.
Here the uncertainty is nearly entirely statistical. This
value is larger than the Mughabghab’s compiled value,
00(1°N)=2448 ub [16], although no primary reference is
given. Another measurement reported by Ferguson and
Montague [25] gave o¢(1°N)=62+6 b, after correction
for a more recent 37Cl(n,y) calibration cross section, is
larger than our value but does not appear to have been
included in the compilation.

C. !'2C cross section

Graphite powder was irradiated for 35,903 s in the cold
beam at the Budapest Reactor and six v-rays were as-
signed to the 2C(n,y) reaction whose energies and in-
tensities are summarized in Table V. The 2C(n,y) level
scheme drawing is shown in Fig. 3. Transition proba-
bilities were fit to the level scheme with a y?/f=0.33.
The neutron separation energy S,,=4946.3240.06 keV is
in excellent agreement with the recommended value of
S, =4946.3084+0.0005 keV [10].

The cross section for the 4945.30 keV v-ray was stan-
dardized with respect to the 2223 keV v-ray from hydro-
gen and the 1885 keV ~-ray from nitrogen with five sto-
ichiometric compounds as shown in Table VI. We adopt
a total cross section oo (12C)=3.87+0.03 mb including a
statistical uncertainty of 0.03 mb and a standardization
uncertainty of 0.01 mb.

There has been considerable variation in the mea-
sured '2C(n,y) cross sections in the past as shown in
Table VII. The value 0p=3.53+0.07 mb, adopted by
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FIG. 3: Decay scheme for **C(n,y). Total transition proba-
bilities, Py4e, are shown. The fit of the v-rays to the level
scheme gives x?/f=0.6.

TABLE V: '2C(n,y) energies and transition probabilities mea-
sured on a graphite powder target.

E, Mult® ICC(AICC) I,(AlL,) P,(AP,)
595.16(9) EI  3.58(5)x10 ° 0.0364(15) 0.0248(9)
1261.71(6)  E1  0.000101(2) 47.5(11)  32.1(4)
1856.98(22) M1  0.000185(3) 0.0238(15) 0.0162(9)
3088.80(21) E1  0.00128(2)  0.063(3) 0.041(12)
3684.02(7) MI+E2° 0.00091(1)  46.7(11)  32.0(4)
4945.30(7)  E1  0.00201(3)  100.0(19) 67.8(4)

¢ From the evaluation of Ajzenberg-Selove [12].
¥ The mixing ratio §=-+0.094(9) [12].

Mughabghab [16], was based on the measurement by Ju-
rney et al. [26] and is ~9% lower than our value. Since
our result is consistent with most other previous measure-
ments and comprised of multiple measurements on sto-
ichiometric compounds using several internal standards,
we believe that these results should finally settle the pre-
vious discrepancies.

TABLE VI: Standardization of the 4945.30 keV ~-ray cross
section from the '*C(n,y) reaction and determination of the
total radiative thermal neutron cross section. Here we assume
that P (4945)=67.8£0.4% from Table VI and the natural
abundance of *C is 98.9340.08% [17]. The weighted average
includes a statistical uncertainty of 0.03 mb with x?/f=0.7
and a standardization uncertainty of 0.01 mb.

0y(Aoy) o0(Aco)

Standard Formula Comparator wh
Polyethylene (CoHa)n H(2223) 2.67(7)  3.93(10)
Melamine  CsHgNe H(2223) 2.64(4)  3.90(6)
Urea CH4N20 N(1885) 2.73(10) 4.03(14)
Pyridine CsHsN  H(2223) 2.621(22) 3.87(3)
Pyridine CsHsN  N(1885) 2.604(23) 3.84(3)
Weighted Average  3.87(3)

TABLE VII: Comparison of previous measurements with the
new '2C(n,y) neutron cross section reported here.

oo (mb) Reference Method

3.30+0.15 Hennig (1957) [27] Mass Spectroscopy
3.85+0.15 Koechlin (1957) [28] Pile Oscillator
3.5+0.3  Muehlhause (1957) [29] Pile Oscillator

3.80+0.04 Nichols (1960) [30] Reactivity
3.83+0.06 Starr (1962) [31] Pulsed Neutron
3.840.4  Jurney (1963) [20] PGAA
3.72+0.15 Sagot (1963) [32] Pulsed Neutron
3.50+0.16 Prestwich (1981) [33] PGAA
3.53+0.07 Jurney (1982) [26] PGAA

3.53+0.07 Mughabghab (2006) [16] Compilation
3.87£0.03 This work PGAA

D. '3C cross section

We irradiated a urea target (CH4N2O) enriched to
99.5% in '3C and 99.1% in '°N in the cold neutron beam
at the Budapest Reactor and seven ~-rays were assigned
to the 2C(n,y) reaction whose energies and intensities
are summarized in Table VIII and on the level scheme
drawing in Fig. 4. The transition probabilities were fit
to the level scheme with a x?/f=1.1. An additional
weak 6587.93 keV EO transition was placed in the level
scheme based on the evaluation of Ajzenberg-Selove [12].
The neutron separation energy S,=8176.61(8) keV is
slightly higher than the recommended value S,,=8176.43
keV [10].
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FIG. 4: Decay scheme for '*C(n,y). Total transition proba-
bilities, Py4., are shown. The fit of the v-rays to the level
scheme gives x?/f=0.01.

The 6092.46- and 8174.04-keV ~y-ray cross sections
were standardized relative to the 2223-keV ~-ray from
hydrogen in the urea sample as summarized in Table IX.
Three separate measurements were made that give a
weighted average cross section o (*?C)=1.496+0.018 mb.
The uncertainty consists of a statistical contribution of
0.018 mb and a standardization contribution of 0.003 mb.

Our result is compared with previous measurements
in Table X. The only previous precise measurement was
by Mughabghab et al. [37] and is ~9% lower than our



TABLE VIIT: **C(n,y) energies and transition probabilities
measured on a graphite powder target.

E.(AE,) Mult® ICC(AICC) I,(AL) P,(AP,)
495.71(10) EI  5.73(8)x10 ° 7.5(4)  6.4(3)
808.82(10) M1 240(4)x10°% 5.3(3)  4.45(22)
1273.82(13) M1 1.65(2)x107° 5.3(5)  4.45(22)
1586.91(10) E1  0.00034(1)  83(7)  6.5(3)
2082.56(10) M1 0.00028(1)  5.3(11)  3.3(4)
6092.46(10) E1 0.00232(4)  15.9(5) 14.2(4)
6587.93(22) EO 0.1(1)  0.077(9)
8174.04(10) E1  0.00276(4)  100.0(20) 85.5(5)

® From the evaluation of Ajzenberg-Selove [12].

TABLE IX: Standardization of the 6092.46- and 8174.04-
keV ~v-ray cross sections from the 130(n;y) reaction and
determination of the total radiative thermal neutron cross
section. Here we assume that P, (6092)=14.240.4% and
P, (8174)=85.5+£1.7% from Table VIII. The weighted average
includes a statistical uncertainty of 0.018 mb with x?/f=0.5
and a standardization uncertainty of 0.003 mb.

Measurement  E., T (AUW)mb a0(Aa0)
6092 0.207(6) 1.45(4)
Urea-1 8174 1.300(24)  1.52(3)
6092 0.187(5) 1.32(3)"
Urea-2 8174 1.275(21)  1.491(25)
6092 0.225(16)  1.59(11)
Urea-3 8174  1.27(4) 1.48(4)
Weighted Average 1.496(18)

® Not used in the weighted average.

TABLE X: Previous measurements of the new *C(n,y) neu-
tron cross section.

oo (mb) Reference  Method
0.940.2 Hennig (1954) [34] Activation
1.04+0.3 Bartholomew (1957) [35] PGAA
0.84+0.2 Bartholomew (1961) [36] PGAA
}:gg;ﬁﬁgw {Mughabghab (1982) [37] PGAA
1.496+0.018 This work PGAA

“ Recalculated assuming oo ("°C)=3.8740.03 mb, from
this work, and oo (**C) /oo (*?C)=0.3884-0.010 [37].

result. They measured oq(13C)/0¢(12C)=0.38840.010
which, when combined with our new '?C cross section,
gives 0o(13C)=1.50240.027 mb in excellent agreement
with our oo (13C) measurement.

E. '°B cross section

The '°B transition y-ray cross sections were measured
on H3BO3 and B4N targets and standardized with re-
spect to the hydrogen and nitrogen ~-ray cross sections

respectively. This standardization was done assuming
the natural abundance of 1B is 19.94-0.7%. The hydro-
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FIG. 5: Decay scheme for '°B(n,y). Total transition proba-
bilities, Py4e, are shown. The fit of the v-rays to the level
scheme gives x?/f=2.4.

gen stoichiometry was corrected for an 0.5% background
from water in the sample based on the relative intensity
of the 2223-keV hydrogen v-ray with respect to the in-
tense 478-keV 7-ray from the °B(n,a) reaction assuming
0+ (478)=719+5 b [16, 40].

The 1°B(n,y) transition energies and intensities are
summarized in Table XI and the ''B decay scheme is
shown in Fig. 5. The transition probabilities were fit
to the level scheme with a x?/f=1.4. In Table XI
we have averaged our transition energies and intensities
with the previously published data of Kok et al. [38].
The neutron separation energy determine in our work,
S,=11454.02+0.10 keV, is in excellent agreement with
the adopted value, S,=11454.12+0.16 keV [10].
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FIG. 6: Decay scheme for ''B(n,y). Total transition proba-
bilities, Py4e, are shown. The fit of the v-rays to the level
scheme gives x?/f=0.3.

The «-ray cross sections were determined for all transi-
tions in our work relative to hydrogen and nitrogen and
are summarized in Table XII. We determined the to-
tal cross sections o(1"B) from the weighted average -
ray cross sections and transition probabilities according
to Eq. 1. Agreement between the two calibrations and
was good and we get a weighted average cross section
00(1'B)=394+15 mb. The error is comprised of 6 mb sta-
tistical uncertainty, 0.8 mb calibration uncertainty, and
14 mb uncertainty in the abundance of '°B. This result
agrees with the earlier measurement by Bartholomew and
Campion [19] (5004200 mb) but is higher than the value



TABLE XI: '°B(

n,v) energies and transition probabilities were measured on natural H3BO3 and B4N targets.

They are

compared here with comparable values measured by Kok et al. [38] measured on a B4N target with a pair spectrometer.

E(AD)

L(AL)

This work Kok [38] Adopted Mult™  MR(9)  ICC(AICC) H3BO3 B4N Kok [38] Average P+ (AP5)
2296.42(9) 2296.6(6) 2296.42(9) M1 0.00036(1) 14.4(9) 14(3) 10(6) 14.2(9) 9.2(5)
2533.54(7) 2533.49(23)  2533.54(7) El 0.00099(2) 22.3(10) 21(3) 18(6) 22.1(9) 13.8(4)
4444.12(14)  4444.03(12)  4444.07(9) MI1+E2 +0.1583° 0.00116(2) 100(3) 100(8) 100(6) 100(3) 63.0(10)
4474.5(3) 4474.5(3)  MI14+E2 +0.0613° 0.00117(2) 1.1(3) 115(18) 1.15(16) 0.79(8)
4711.30(15)  4711.17(10)  4711.21(8) E1l 0.00193(3) 43.7(20) 40(3) 42(3) 42.4(15) 28.0(7)
6739.4(3) 6738.3(5) 6739.11(3) E2 0.00192(3) 30 3(17) 29(3) 28(3) 29.5(15) 18.9(7)
7006.4(3) 7006.75(10)  7006.72(9) E1l 0.00253(4) 75(4) 84(6) 84(3) 81.0(22) 53.5(10)
8915.2(4) 8916.8(3) 8916.22(24) M1 0.00277(6) 16 3(13) 19.7(20) 19.4(15) 18 0(9) 13.0(4)
11446.5(13)  11447.4(5) 11447.28(5) El 0.00325(6) 5.8(9) 7.2(8) 6.9(4) 6.8(4) 4.44(25)
“ From the evaluation of Kelley et al [39].
L L0, 20.20 ms

TABLE XII: The '°B(n,y) cross sections determined from a 12 \

H3BO3s target, relative to hydrogen, and a B4N target, rela- >

tive to nitrogen. The total radiative cross section oo ('°B) is ~ 17103&:100

determined from a weighted average of the v-ray cross sec- v QQ?

tions, o, and the transition probabilities in Table XI accord- I~ Log ft L > Qv_g’

ing to Eq. 1. The weighted average includes a statistical un- 0.69 a\,{ S 12000 4 MeV

certainty of 6 mb with Xz/f:0.47 a standardization uncer- 0.81 4.40 \0+ “’é%_,M 8.5 eV

tainty of 0.8 mb, and a 14 mb uncertainty from the '°B abun- <0.4 >5.6 \2" 44389  0.0108 eV

dance. 98.03  4.06 O ) 0.0

E,(AE,) oy(Acs) o0(Aoo)
(keV) H3BO3  B4N Wt. Ave.  (mb)
2296.42(9)  36.5(24) 35(8) 36.4(23)  395(25)
2533.54(7)  56.5(25) 54(8)  56.3(24)  408(17)
4444.07(9)  256(8)  255(20)  256(8) 403(12)
44745(3)  29(9)  29(5)  2.9(4) 372(51)
4711.21(8)  109(5)  101(8)  106(4) 380(15)
6739.11(3)  76(5) 74(7) 75(4) 396(22)
7006.72(9)  207(11)  214(16)  210(9) 392(17)
8916.22(24) 46(4) 50(5) 47(3) 365(23)
11447.28(5)  17(3)  18.3(20) 17.9(16)  404(35)

Weighted Average  394(15)

determined by Kok et al.[38] (290440 mb) and the rec-
ommended value of Mughabghab [16] (305416 mb).

F. ''B cross section

12B transition probabilities and cross sections from
1B(n,y) are summarized in Table XIII and the 2B de-
cay scheme is shown in Fig. 6. Transition probabilities
were fit to the level scheme with a x?/f=0.01.

The neutron separation energy was determined as
3368.87+0.16 keV, which is consistent with the rec-
ommended value of 3369.8+1.4 keV [10]. The to-
tal thermal radiative neutron cross section was deter-
mined with respect to the 2223-keV ~-ray from hydro-
gen as 09p=9.0940.10 mb including a statistical uncer-
tainty 0.06 mb, a standardization uncertainty of 0.02
mb, and an uncertainty from the abundance of 0.08 mb.
This result is consistent with and more precise than
the only other measurement cp=5+3 mb, by Imhof et

FIG. 7: B 8~ decay scheme. The level at 12 MeV represents
B~ decay feeding to a continuum of levels near that energy.
Total transition intensities, P4., are shown.

TABLE XIIT: "'B(n,y) energies and transition probabilities
were measured on a natural H3BOgs target. The weighted
average includes a statistical uncertainty of 0.06 mb with
x?/f=0.02, a standardization uncertainty of 0.02 mb, and an
uncertainty from the '*B abundance of 0.08 mb.

E,(AE,) o4(Ao, Mult® ICC(AICC) P, (AP,) oo(Aog)

953.1(6) 2.66(19) M1 1.00x10° 29.2(5) 0.11(16)
2415.57(12) 2.65(8)  E1  0.00092(2) 29.2(5) 9.06(16)
3368.36(17) 6.43(8) E1  0.00142(2) 70.7(5) 9.09(6)

Weighted Average 9.09(10)

@ From the evaluation of Ajzenberg-Selove [42].

al. [41], and the recommended value 0o=5.5+3.3 mb by
Mughabghab [16].

12B also = decays with a half-life of 20.2040.02

s [43]. Two ~-rays were observed from this decay at
3214.8 keV, with 0,=74416 pub, and 4438.0 keV, with
0,=81%£18 pb. The -decay transition probabilities can
be calculated from the ratios of their cross sections to
the total radiative neutron cross section, g, leading to
the 2B 5~ decay scheme shown in Fig. 7. The S-decay
feeding to the 7654.2 keV level is 0.814:0.18%, which is
slightly larger than the value 0.58+0.02% measured by
Hildegaard et al. [44] but lower than the evaluated value
by Tilley et al. of 1.5+0.3% [43]. We set an upper limit



TABLE XIV: Energies and transition probabilities measured on a beryllium metal target and cross sections measured with a
natural Be(NO3)s target. The weighted average includes a statistical uncertainty of 0.12 mb with x?/f=0.1 and a standardization

uncertainty of 0.03 mb.

E,(AE,) Mult® ICC(AICC) I,(AlL) P,(APo,) o0,(Ac,) oo(Aop)

219.39(13) El 0.078(10) 0.051(4)

547.58(4) M1 0.188(17)  0.123(9)

631.92(4) El 0.31(7) 0.171(14)

853.631(11)  El 36.1(9) 23.5(5)  1.92(5)  8.16(26)

9500.014(25)° ML  0.00049(1) 33.7(8) 21.8(5)  1.82(11) 8.4(6)

2591.5(6)° E1  0.00103(2) 0.013(6)  0.008(4)

2811.66(16) E2  0.00070(1) 0.181(21)  0.120(13)

2896.17(11) El 0.00119(2)  0.200(22) 0.123(9)

3367.48(4) E2  0.00094(1) 52.6(12)  33.5(5)  2.81(7)  8.40(23)

3443.42(4) El  0.00140(2) 17.5(6) 11.4(4)  0.94(4)  8.3(4)

5956.60(9) E2 0.00175(3)  2.52(21) 1.62(13)

5958.0(6)° El  0.00229(4) 0.065(7)  0.042(4)

6180.19(5) E0 0.00047(16)  0.0003(1)

6809.58(10)  E1  0.00249(4) 100.0(24) ~ 64.7(5)  5.31(13) 8.21(21)
Weighted Average  8.27(13)

% From the evaluation of Tilley et al [43].

b Transition intensity corrected for background interference.
¢ Expected transition taken from Tilley et al. [43] and normalized to level feeding

intensity.

of 0.4% feeding to the 4438.9 keV state which is consis-
tent with no feeding found by Hildegaard et al., but it is
inconsistent with 1.24+0.3% adopted by Tilley et al.

TABLE XV: Comparison of the previous measurements of the
9Be(n,y) total radiative thermal neutron cross sections with
the new measurements reported here.

oo (mb) Reference Method
10.24+0.5 Nobles (1947) [45] Diffusion Length
9+3  Hughes (1947) [46] Activation
8.5+0.3 Anderson (1947) [47] Pile Oscillator
7.5+1.0 Jarcyzk (1961) [48] PGAA
9.3+1.6 Vidal (1963) [49] Pile Oscillator
8.49+0.34 Conneely (1986) [50] PGAA

8.49+0.34 Mughabghab (2006) [16] Compilation
8.27+0.13 This work PGAA

G. “Be cross section

The Be(n,y) transition probabilities and cross sec-
tions were measured on a block of pure beryllium and
are summarized in Table XIV and the 1°Be thermal neu-
tron decay scheme is shown in Fig. 8. Transition prob-
abilities were fit to the decay scheme with a x?/f=0.16.
The °Be neutron separation energy measure was deter-
mined as 6812.13+0.04 keV, which is slightly lower than
the recommended value [10] of 6812.284+0.05 keV.

The v-ray cross sections were measured with a natural
Be(NO3), target and standardized with respect to nitro-
gen. Five 19Be ~-ray cross sections that were measured
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FIG. 8: Decay scheme for “Be(n,y). Total transition intensi-
ties, Pte, are shown. The fit of the y-rays to the level scheme
gives x?/f=1.0.

with high precision in this work are summarized in Ta-
ble XIV. Total thermal radiative neutron cross sections
were determined from each of these transitions giving a
weighted average cross section oo(?Be)=8.27+0.13 mb.
The error consists of 0.12 mb statistical uncertainty and
0.03 mb calibration uncertainty. This value is consistent
with previous measurements and the adopted value from
Mughabghab [16] that are summarized in Table XV.

H. 57Li cross sections

The %7Li cross sections were measured with a “LiF
target enriched to 98% in “Li and a natural Li;CO3 tar-
get. The ~-ray energies, intensities and transition prob-
abilities for both reactions are summarized in Table XVI
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TABLE XVI: 6’7Li(n;y) energies, intensities, and v-ray cross sections measured on a LiF target enriched to 98% in “Li and a
natural LioCOs3 target. Three separate measurements were performed on the LioCO3 target.

LiF

nalT i,CO5 Weighted

Reaction Ey(AE,)  Mult® ICC(AICC) I,(AL) L,(ALy)-1 I,(ALy)-2 L,(AL,)-3 Average Py (AP)
TTi(n,y) A477.58(4)  MI 65.0(26) 67.8(22) 65.2(9)  65.6(8) 30.47(16)
6769.5(3) EL  0.00248(4) 65.1(17) 65.1(11) 65.3(5)  65.2(4) 39.37(20)
7246.7(3)  E1  0.00258(4) 100.0(24) 100.0(17) 100.0(15) 100.0(10)  60.38(18)
o, (T247) 24.2(6) 24.0(7) 23.3(5) 23.7(3) 00=39.3(7) mb®
SLi(ny)  980.60(7) M1 10.80(18) 11.3(3)  1L.1(3) 11.01(21) 11.00(11) 9.94(6)
1051.81(5) El 10.77(19)  11.6(3)  11.1(3) 11.13(23) 11.07(12) 9.94(6)
2032.300(20) E1  0.00067(1) 100.00(16) 100.0(19) 100.0(22) 100.0(17) 100.00(16)  90.00(5)
,(2032) 39.5(8) 39.4(6) 40.5(6) 39.9(6)  39.8(3) 00=44.3(5) mb®

¢ From the evaluation of Tilley et al [43, 51].

b The weighted average includes a statistical uncertainty of 0.6 mb with x?/f=0.5, a standardization uncertainty
of 0.2 mb, and a 0.2 mb uncertainty from the °Li abundance.
¢ The weighted average includes a statistical uncertainty of 0.4 mb with x?/f=0.5, a standardization uncertainty
of 0.3 mb,and a 0.02 mb uncertainty from the °Li abundance.
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FIG. 9: Decay scheme for 6Li(n;y). Total transition proba-
bilities, Py4., are shown. The fit of the v-rays to the level
scheme gives x?/f=0.07.
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FIG. 10: Decay scheme for "Li(n,y). Total transition prob-
abilities, P,4e, are shown. The fit of the v-rays to the level
scheme gives x?/f=0.06.

and in the decay scheme drawings in Fig. 9 and Fig. 10.
Transition probabilities were fit to the level scheme with
a x2/f=0.08 for ®Li(n,y) and x?/f=0.23 for "Li(n,y).
The neutron separation energy for "Li was determined
as 7250.674+0.21 keV, slightly lower than the recom-

TABLE XVII: Comparison of the previous measurements of
the ®"Li(n,y) total radiative thermal neutron cross sections
with the new measurements reported here.

Isotope oo (mb) Reference Method
°Li 3048  Bartholomew (1957) [19] PGAA
48415  Jarcyzk (1961) [48] PGAA
38.5+3.0 Jurney (1973) [52] PGAA
37.7+3.0 Park (2006) [53] PGAA

38.5+3.0 Mughabghab (2006) [16] Compilation

39.34+0.7 This work PGAA
Li 3345 Hughes (1947) [54] Activation
42410  Kotypin (1956) [55] Activation
4048 Imbhof (1959) [56] Activation
40+£12  Jarcyzk (1961) [48] PGAA
45.443.0 Lynn (1991) [57] PGAA

45.542.7 Mughabghab (2006) [16] Compilation
44.3+0.5 This work PGAA

mended value [10] of S,=7251.09+0.01 keV, and the
neutron separation energy for 8Li was determined as
2032.564+0.019 keV, consistent with the recommended
value of 2032.52+0.05 keV. The cross sections were stan-
dardized with respect to the 1633-keV ~-ray from 2°F
decay in the 7LiF target, assuming a cross section of
9.3240.22 mb [58], and the 4945-keV ~-ray in the LioCO3
target. The y-ray transition probabilities and cross sec-
tions measured in these experiments are summarized in
Table XVI. For 5Li we obtained 09=39.34+0.7 mb with a
statistical uncertainty of 0.6 mb, a standardization uncer-
tainty of 0.2 mb, and an uncertainty in the abundance
of 0.2 mb. For "Li we obtained 0¢p=44.34+0.5 mb with
an 0.4 mb statistical uncertainty, 0.3 mb standardization
uncertainty, and 0.02 mb uncertainty in the abundance.
These values are consistent with previous measurements

summarized in Table XVII.



TABLE XVIII: Total thermal radiative neutron cross sections
measured in this work.

Reaction 7o (mb)
This Work Atlas [16]
6Ll( v) 39.3(7) 38.5(30)
Li(n,y) 44.3(5) 45.4(27)
9Be(n,~y) 8.27(13) 8.49(34)
19B(n,y) 394(15) 305(16)
UB(n,y) 9.09(10) 5.5(33)
12C(n,y) 3.87(3) 3.53(7)
13C(n,y) 1.496(18) 1.37(4)
MN(n,y) 80.0(4) 80.1(6)
15N (n,7) 39.6(14)“ 24(8)

@ cross section in ub.

V. DISCUSSION

The v-ray energies, transition probabilities, neutron
separation energies, and total thermal radiative neutron

11

cross sections for the isotopic targets 7Li, "Be, 10:11B,
1213C, and %N have been measured in this work,
These cross sections, summarized in Table XVIII, are
the result of multiple measurements with multiple stan-
dards. They are generally more precise and frequently in
significant disagreement with the earlier recommended
values of Mughabghab [16]. We have established a new
method of determining transition probabilities that in-
corporate the constraints of the level scheme for these
complete capture vy-ray measurements.
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