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1.42, 1.42, and 1.41 as calculated from Rose's data.1 

The ratios of the total number of transitions to the 
number of gamma rays and the number of iT-converted 
transitions are then 6.6 and 5.5, respectively. Assuming 
internal conversion of the high-energy transitions of 
Lu168 to be negligible, the ratios of the relative numbers 
of transitions in Yb168 are 49:10:13, respectively. The 
relative number of K x rays can be corrected for 
fluorescence by dividing the 100 K x rays observed by 
the K fluorescence yield in ytterbium which is 0.937.2 

The result is 107. Applying the ratio 5.5 to the 87-kev 
transitions implies that approximately 9 of the 107 K 
x rays result from internal conversion of the 87-kev 
transition and approximately 98 result from K capture 
to the levels of Yb168. 

Figure 1 shows a proposed energy level scheme for 
the decay of Lu168. The approximate branching ratios 

1 M. E. Rose, Internal Conversion Coefficients (North-Holland 
Publishing Company, Amsterdam, 1958). 

2 A. H. Wapstra, G. J. Nijgh, and R. Van Lieshout, Nuclear 
Spectroscopy Tables (North-Holland Publishing Company, 
Amsterdam, 1959). 

INTRODUCTION 

ALTHOUGH many (n,2n) cross-section measure­
ments have been made for 14-Mev neutrons,1-7 

relatively few measurements have been made over a 
range of neutron energies.8-11 Weisskopf and Ewing 
presented an approximate theoretical equation for the 

1 B. L. Cohen, Phys. Rev. 81, 184 (1951). 
2 H. C. Martin and B. C. Diven, Phys. Rev. 86, 565 (1952). 
3 S. G. Forbes, Phys. Rev. 88, 1309 (1952). 
4 E. B. Paul and R. L. Clarke, Can. J. Phys. 31, 267 (1953). 
5 V. J. Ashby, H. C. Catron, L. L. Newkirk, and C. J. Taylor, 

Phys. Rev. I l l , 616 (1958). 
6 L . A. Rayburn, Bull. Am. Phys. Soc. 3, 337 (1958); also 

4, 228 (1959); also Report to the Atomic Energy Commission 
Nuclear Cross-Sections Advisory Group, WASH-1018, 1959 
(unpublished). 

7 J. J. Dudley and C. M. Class, Phys. Rev. 94, 807(A) (1954). 
8 J. L. Fowler and J. M. Slye, Jr., Phys. Rev. 77, 787 (1950). 
9 J. E. Brolley, Jr., J. L. Fowler, and L. K. Schlacks, Phys. Rev. 

88, 618 (1952). 
10 H. C. Martin and R. F. Taschek, Phys. Rev. 89, 1302 (1953). 
11 A. V. Cohen and P. H. White, Nuclear Phys. 1, 73 (1956). 

of electron capture to the levels of Yb168 were obtained 
by determining the difference between the number of 
transitions from each level and the number of transitions 
into the same level. The number of K x rays remaining 
after correcting for internal conversion and fluorescence 
was used as the relative number of electron capture 
transitions to the ground state of Yb168. 

There is no information currently available in the 
literature concerning the radioactive decay of Lu168 nor 
have any energy levels been established in Yb168 by 
Coulomb excitation. The natural abundance of the 168 
mass number in ytterbium is only 0.14%. 
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variation of the (n,2n) cross section for nuclides with 
^4>50 as a function of neutron energy as long ago as 
1940.12 However, this equation possesses two parameters 
(the cross section for the emission of one neutron from 
the compound nucleus and the nuclear temperature) 
which in general are not known, and hence it is difficult 
to compare the theory with experimental data at only 
one energy. 

I t was, therefore, decided to take advantage of the 
unique energy-angle relationship of the neutrons 
produced by the T(d,w)He4 reaction to measure some 
(n,2n) reactions in the range from 12 to 18 Mev. 
Four nuclides were studied: N14, P31, Cu63, and Pr141. 
These were chosen to give a wide range in atomic 
weight and for experimental convenience (each of the 
product nuclides, N13, P30, Cu62, and Pr140, is a positron 
emitter). The yield of the reaction for a given neutron 

12 V. F. Weisskopf and D. H. Ewing, Phys. Rev. 57, 452 (1940). 
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The (n,2n) cross sections have been measured for N14, P31, Cu63, and Pr141, for neutron energies from 12.5 to 
18 Mev. The annihilation radiation emitted from the product nuclides was counted with two NaI(Tl) 
crystals in coincidence. In the energy range measured, the cross sections were found to vary, as follows: 
N14, 3.03 to 11.67 mb; P31, 0 to 74 mb; Cu63, 186 to 836 mb; Pr141, 1231 to 1737 mb. The results are 
generally in agreement with those of others. The data are compared with curves plotted from Weisskopf's 
theoretical expression for (n,2n) cross sections. 
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bombardment was obtained by counting the annihila­
tion radiation from the product nuclide. 

EXPERIMENTAL APPARATUS AND TECHNIQUES 

Neutrons were produced by the H3(d,^)He4 reaction, 
with the N R D L Van de Graaff accelerator providing 
a beam of 1.80-Mev deuterons. The target consisted of 
a 0.025-inch thick platinum foil onto which had been 
evaporated a 1 mg/cm2 layer of zirconium which was 
later converted to ZrH3, with the H3 content being 
approximately 0.4 curie.13 

The target materials were melamine (NeC3H6) for 
nitrogen, elemental phosphorus and copper, and a 
mixture of oxides with the effective formula Pr6On for 
praseodymium. All of the samples were in a powdered 
form, and were placed in -j^-inch diameter test tubes, 
rilled to a depth of one inch. 

On a typical run, the sample was held in a thin 
aluminum holder at the appropriate angle and at a 
distance of 9 cm from the tritium target. The sample 
was irradiated for about two half-periods of the 
product nuclide, and then was placed in position in 
the annihilation radiation counter within 60 seconds. 
The sample was counted for about two half-periods. 

The time-integrated neutron flux for each run was 
computed using as data the counts from a 1.5-inch 
diameter, 0.5-inch height Li6I(Eu) scintillation counter. 
The technique for using this crystal as a neutron 
counter has been previously discussed.14,15 The Li6I(Eu) 
crystal was placed at an angle of 110 degrees to the 
deuteron beam, and the neutron flux at the sample 
position was computed from the differential relative 
cross-section values of Bame and Perry.16 

Since the bombarding time was two half-periods, it 
was necessary to correct the time-integrated neutron 
flux for the number of product nuclei which decayed 
during the bombardment. An expression for the ratio of 
nuclei surviving to a time T to the total number of 
nuclei produced during a bombardment may be 
obtained in the following manner. The number of 
nuclei produced between times t and t+dt is propor­
tional to <pdt where <p is the neutron flux per unit 
time. Of these nuclei, the number left at a later time 
T is proportional to er^-® <pdt, where A is the decay 
constant of the radionuclide being produced. If we 
integrate <pdt over the neutron bombarding time we 
obtain the total number of nuclei produced, while if 
we integrate e~X(T-l) <pdt we obtain the total number 

u The zirconium tritide targets were obtained from the Radio­
active Isotopes Division, Oak Ridge National Laboratory. 

14 B. D. Kern and W. E. Kreger, Phys. Rev. 112, 926 (1958). 
15 B. D. Kern, W. E. Thompson, and J. M. Ferguson, Nuclear 

Phys. 10, 226 (1959). 
16 S. J. Bame and J. E. Perry, Phys. Rev. 107, 1616 (1957). 

surviving to a time T. Hence, 

number of atoms left at end of bombardment 
S~ : 

number of atoms produced during bombardment 

= f e-^-^ipdt / i <pdt. (1) 

This quantity (called the "survival factor") was 
determined by feeding the output of the Li6I neutron 
monitor into an electronic device similar to a count-rate 
meter. The RC time constant of this "count-rate 
meter" was set equal to the mean life of the product 
nuclide under study. The output current of the count-
rate meter is proportional to the numerator of Eq. (I),17 

while the denominator is proportional to the total num­
ber of input pulses to the count-rate meter. Thus s was 
determined from the readings of the count-rate meter 
and a scaler monitoring the output of the Li6I crystal. 

The annihilation-radiation counter consists of two 
4-inch diameter 4-inch height Nal(Tl) crystals placed 
6 cm apart. After bombardment the test tube 
containing the sample was placed in an aluminum 
container thick enough to stop the positrons between 
the N a l crystals. After amplification, the output of 
each crystal was fed into a differential discriminator. 
The differential discriminator outputs were run in 
coincidence and the coincidence counts were recorded 
with a scaler. The windows of the differential discrim­
inators were set to accept pulses from the full-energy 
peak of the 0.511-Mev annihilation radiation. The 
counter was calibrated with a standard Na22 source 
after each run to correct for any drift in the electronic 
equipment. 

The efficiency of the counter was obtained with a 
Na22 source prepared by the Chemical Technology 
Division of NRDL. Small correction factors had to be 
applied to the efficiency to correct for the different 
ranges of the positrons, and for the effect of the 1.27-Mev 
gamma ray in Na22. The correction for the gamma ray 
was obtained by studying the Na22 singles and coin­
cidence spectra with a 100-channel analyzer. The 
correction for the different ranges of the positrons was 
obtained by moving a small Na22 source around to 
determine the effects of small spatial displacements of 
the source. These corrections were never more than 
10%. 

Also, high-activity samples of N13, P30, Cu62, and 
Pr140 were produced by taping the small test tubes 
directly to the tritium target and irradiating. These 
samples were counted both in coincidence and singly 
for comparison with the Na22 standard. Checks were 
made on the half-life of the activity produced. The 
gamma-ray pulse-height spectra were examined for 
interfering activity or unreported gamma rays. All 

17 R. D. Evans, The Atomic Nucleus (McGraw-Hill Book 
Company, New York, 1955), p. 804. 
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TABLE I. (n,2n) cross sections in millibarns. 

Neutron 
energy 
(Mev) 

12.41 
12.81 
13.77 
14.74 
15.78 
16.96 
17.98 

Energy 
spread 
(Mev) 

±0.12 
±0.15 
±0.20 
±0.27 
±0.32 
±0.34 
±0.24 

<7n,2n 

(mb) 

3.03 

5.18 
8.69 
9.25 

10.49 
11.57 

N H 

Standard 
deviation 

(mb) 

±0.75 

±0.6 
±0.9 
±1.0 
±1.0 
±1.2 

<Tn, 2n 

(mb) 

8.7 

43.6 
74.0 

p 3 1 

Standard 
deviation 

(mb) 

±2.7 

±5.2 
±7.4 

<7"»,2tt 

(mb) 

186 
233 
378 
507 
649 
758 
836 

Cu63 

Standard 
deviation 

(mb) 

±19 
± 2 1 
± 3 4 
±45 
± 5 8 
±68 
±75 

<rn, in 

(mb) 

1231 

1386 
1591 
1737 
1606 
1667 

p r141 

Standard 
deviation 

(mb) 

±111 

±125 
±143 
±156 
±145 
±150 

the data obtained agreed with the literature,18 except 
for the half period of Pr140, which was found to be 
200±5 seconds. 

RESULTS 

The number n of radioactive nuclei which are 
present at the start of the positron counting depends on 
the one hand on the cross section a; on the other hand, 
n may be expressed in terms of the number of positron 
coincidence counts A: 

<paLW sa/G= n=A (1 - e^yVpV- (2) 

The remaining symbols in the equation are <p, the 
time-integrated neutron flux density at the midplane 
of the sample; L, Avogadro's number; W, the weight 
of the sample; s, the survival factor; a, the relative 
isotopic abundance of the target isotope; G, the target 
gram atomic weight; X, the radioactive decay constant; 
p, the number of positrons per disintegration; TJ, the 
efficiency of the annihilation-radiation counter; and 
/, the length of time that the annihilation radiation is 
counted. The cross sections have been evaluated from 
Eq. (2). The number of positrons per disintegration is 
taken to be 1.00 for N13 and P30, 0.98 for Cu62, and 
0.54 for Pr140. 

The results are tabulated in Table I and plotted in 
Fig. 1. Each point on the experimental curves is based 
on from two to six runs, with the number of annihilation-
radiation counts varying from 20 to 1000. The results 
of other experimenters3-9 are shown in the figures for 
comparison. 

The significant sources of error and an estimate of 
their magnitudes are: (1) uncertainty in the Li6(w,2)He4 

cross section, 5%14; (2) uncertainty in the relative 
differential cross section for the H3(d,w)He4 reaction, 
4%; (3) statistical error in the number of neutron 
monitor counts, 2 to 3%; (4) uncertainty in the survival 
factor, 2%; (5) uncertainty in the annihilation-
radiation counter efficiency, 5%; (6) uncertainty in 
the sample position with respect to the target, 2%; 
(7) statistical error in the number of annihilation-
radiation counts, 1 to 15%. The first, second, and 

fifth sources of error introduce systematic errors; the 
others are expected to vary from run to run. 

DISCUSSION 

The following approximate equation for the {n^ln) 
cross section, based on the compound nucleus model of 
nuclear reactions, is given by Weisskopf and Ewing11: 

<rn,2n=cr(»,»i)Cl- ( l+e/@)<r^] , (3) 

where ® is the temperature in Mev of the target 
nucleus at the bombarding energy, and e is the difference 
between the incident neutron energy and the injln) 
threshold energy £th. The quantity <x(n,ni) represents 
the cross section for the emission of at least one neutron 
from the compound nucleus, and ideally would be 
equal to the sum of the cross sections of all the reactions 
which involve emission of at least one neutron from the 
compound nucleus. In this equation, however, the 
competing effect of other secondary reactions, such as 
(n,np), are ignored. Hence the equation would be 
expected to overestimate the (n,2n) cross section as 
the energy is increased to the point where secondary 
and tertiary reactions become important. 

To compare the equation with the experimental data, 
one must obtain values for 2£th, o-(^,%), and 0. The 
threshold energies were computed from data given by 
Ajzenberg-Selove and Lauritsen,19 Sullivan,20 and Way 
et al.21 For the four nuclides considered, the neutron 
inelastic scattering cross section has been measured at 
14 Mev only for nitrogen.22 However, accurate values 
for the nonelastic cross section are available.23 For the 
purposes of this paper it is assumed that 

a(n,ni) — (rne— ( C n p + ^ n a ) , (4) 

18 D. Strominger, J. M. Hollander, and G. T. Seaborg, Revs. 
Modern Phys. 30, 585 (1958). 

where a(n,ni) is the cross section for the emission of 
the first neutron from the compound nucleus, as in 

19 F. Ajzenberg-Selove and T. Lauritsen, Nuclear Phys. 11, 1 
(1959). 

20 W. H. Sullivan, Trilinear Chart of the Nuclides (U. S. Govern­
ment Printing Office, Washington, D. C , 1957). 

21 K. Way, R. W. King, C. L. McGinnis and R. Van Lieshout, 
Nuclear Level Schemes, A—40—A—92, Atomic Energy Commis­
sion Report TID-5300 (U. S. Government Printing Office, 
Washington, D. C , 1955). 

22 J. R. Smith, Phys. Rev. 95, 730 (1954). 
23 M. H. MacGregor, W. P. Ball, and R. Booth, Phys. Rev. 

108, 726 (1959). 
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FIG. 1. The solid lines are theoretical estimates of the (n,2n) cross sections using Eq. (3), where the values of <r(n,ni) are given in 
Table II, and the values of O are indicated on the figure. The points are the experimental cross sections given in this paper and by 
other investigators. The symbols representing each of the investigators are shown in the relevant figure. 
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TABLE II. Data used for theoretical estimates. 

N14 

p31 

Cu63 

pr141 

(Tne 

(barns) 

1.13a 

1.49a 

2.11a 

<rnp 

(barns) 

0.077b 

0.120c 

0.050d 

O'na 

(barns) 

0.146b 

0.030d 

0.01d 

(barns) 

0.48e 

0.91f 

1.35f 

2.06f 

(Mev) 

11.30* 
12.78h 

10.821 

9.70h 

a See reference 23. 
b See reference 4. 
0 See reference 25. 
d Estimated from cross sections of neighboring nuclides. 
e See reference 22. 
f Calculated from Eq. (4). 
e See reference 19. 
h Calculated from nuclear masses from reference 20. 
1 See reference 21. 

Eq. (3), (Tne is the nonelastic cross section, and crnp 

and ana are the cross sections for proton and a-particle 
emission. The values used for estimating a(n,ni) are 
given in Table I I . Where there were no measured values 
available for anp or <rna, the cross section was estimated 
from those of neighboring nuclides.4,24'25 

In using Eqs. (3) and (4), we have ignored the effect 
of other competing reactions, such as <r(n,np) and 
a(n,d). Also, since Eq. (3) is based on the compound 
nucleus model of nuclear reactions, we have ignored the 
effect of direct interactions. Solutions of Eq. (3) for 
the a(n,ni) values given in Table II , and several 
different values of 0 are plotted with the experimental 
results in Fig. 1. 

Values of 0 were chosen so that the theoretical 
<rn,2n curves bracket the experimental ones. For the 
isotopes with higher mass numbers (Pr141 and Cu63), 
these values for 0 are reasonable when compared with 
those estimated on p. 372 of Blatt and Weisskopf.26 

For the isotopes with lower mass numbers (P31 and N14) 
much larger values of 0 than those estimated in 
reference 26 have to be used to bracket the experi­
mental curves. These considerations suggest that 
compound nucleus formation is a relatively less 
important mechanism for the (n32n) reaction in isotopes 
with low mass numbers. In particular, Hassler, Zatzick, 

24 H. G. Blosser, C. D. Goodman, and T. H. Handley, Phys. 
Rev. 110, 531 (1958). 

25 D. L. Allen, Proc. Phys. Soc. (London) A70, 195 (1957). 
26 J. M. Blatt and V. F. Weisskopf, Theoretical Nuclear Physics, 

(John Wiley & Sons, New York, 1952). 

and Eubank27 have obtained angular distributions of 
emitted particles for the W*(n,p), P 3 10,£) , N140,d)> 
and ¥zl(n,d) reactions for 14-Mev neutrons, and all 
their data show angular distributions characteristic of 
the direct interaction process. 

In the direct interaction process, the average energy 
of the "first neutron" given off in an interaction is 
expected to be larger than for a compound nucleus 
reaction. Hence there are fewer cases when there is 
enough energy available for a second neutron to escape 
and the (n92n) cross section is expected to be smaller. 

The Cu63 cross sections show the best agreement with 
Eq. (3). The data of Rosen et al.28 indicate that the 
compound nucleus process accounts for 85 to 90% of 
the inelastic interactions for medium and heavy 
weight nuclides, so one would expect reasonable 
agreement for Cu63. The experimental cross section for 
Cu63 appears to increase less rapidly than the theory 
predicts at the higher energies. This can be attributed 
to the effect of secondary nuclear reactions which were 
neglected in Eqs. (3) and (4). 

The Pr141 cross section appears to be decidedly lower 
than theory predicts, especially at higher energies. As 
in the case of Cu63, this discrepancy is attributed to 
the effect of secondary reactions. The threshold for the 
Txul(n,np) reaction is about 5.5 Mev, and the threshold 
for the ¥xul(n,d) reaction is about 3.3 Mev. I t is, 
therefore, not unreasonable to assume that in the high-
energy region these reactions are important enough to 
account for the difference between the theroretical 
curves for 0 = 1 or 1.5 Mev and the observed cross 
sections. 

In conclusion, it appears that Eq. (3) overestimates 
the (fij2n) cross section for nuclides with low mass 
numbers for reasonable values of the nuclear tempera­
ture. This lack of agreement is consistent with the 
view that the direct interaction process predominates 
for nuclides with low mass numbers. For nuclides with 
medium and high mass numbers, the equation agrees 
reasonably well near the threshold, but overestimates 
the cross section at higher energies where other second­
ary reactions not included in Eq. (3) begin competing 
effectively with the (n,2n) process. 

27 F. L. Hassler, M. R. Zatzick and H. P. Eubank, Bull. Am. 
Phys. Soc. 4, 321 (1959); also private communication. 

28 L. Rosen, L. Stewart, J. H. Coon, and D. B. Nicodemus, 
Proceedings of the Second United Nations International Conference 
on the Peaceful Uses of Atomic Energy, Geneva, 1958 (United 
Nations, Geneva, 1958), A/Conf. 15/P/666. 


