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Cross-Section Measurement
of (n, 2n) Reactions on 14.1 MeV Neutrons.

M. CEVOLANI and 8. PETRALIA

Istituto Nazionale di IFisica Nucleare - Sezione di Bologna

(ricevuto il 26 Tuglio 1962)

Summary. — We have measured the absolute cross-section of the reaction
(n, 2n) in twelve nuclei having @+ residual activity, using neutrons of
14.1 MeV. The results are compared with data existing in the literature
and are discussed with reference to the theory of Weisskopt and Ewing.

1. — Introduction.

The measurement of the cross-section of reaction (n,2n) in atomic nuclei,
with neutrons of energy around 14 MeV has been the object of many papers
recently appeared. It is generally noted that results are often disagreeing,
beyond the limits of error quoted by the single authors. This happens as well
for low mass number elements where the cross-section is generally small, as
for medium and heavy elements for which there are cross-sections of the
order of 1 barn.

Measurements have been made principally with the activation method.
The activity of the neutron-irradiated sample has been determined either
counting directly the f-rays emitted by the residual nucleus in a given time
interval, or counting the vy-rays, or, also, counting y-ray anrihilation coinci-
dences in case of nuclei showing B* activity.

There are scanty data on the variation of this cross-section with the energy
of neutrons; the determination has mostly been made for one single energy
only, different for the different authors.

The method of measurement with all the corrections to do and errors to esti-
mate as well as the quick variation of the cross-section near the reaction thresh-
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9 CROSS-SECTION MEASUREMENT OF (n,2n) REACTIONS ON 14.1 MeV/NEUTRONS [1329] I

old, where till now measurements were nearly always taken, may justify
the divergence of experimental data. In experiments with the activation meth- .

od, the value of the cross-section may be influenced by the incertitude on < °

the decay scheme and on the half-life of the residual nucleus.

In view of the interest which the knowledge of cross-sections of reactions
(n, 2n), may offer for reactor technique as well as the disagreement still existing
in experimental values of these cross-sections and the importance of the knowl- -
edge of their exact values for the comparison of theories on nuclear reactions
we have undertaken a series of measurements of these cross-sections which
we report in the following.

2. — Experimental technique.

Neutrons were produced bombarding a target of tritium adsorbed in zir-
conium, with a deuteron beam accelerated by a potential difference of 240 kV.
In order to avoid a strong energy variation with emission angle and deuteron
energy of the neutrons impinging on the sample, this was set at an average
angle of 90° to the direction of the deuteron beam, and it was kept small (a
little cylinder of (7-8) mm diameter). In case of solid substances the thick-
ness of the cylinder could vary between 1 and 8 mm; in case of powders, we
adopted a cylindrical plexiglas container with very thin walls, and a length of
8 mm. The average distance of the sample from the tritium target was 5 cm.
The utilized neutron energy was therefore (14.13 4 0.1) MeV.

The neutron flux was monitored by a plastic scintillator, whose indications
served to regulate the intensity of the deuteron current on the tritium target,
in order to keep the neutron flux constant throughout the irradiation. Irra-
diation lasted generally three or four half-lifes of the residual nucleus, but
never more than 5 hours. The value of the neutron flux necessary to deter-
mine the cross-section was determined counting the «-particles associated with
the neutron-producing reaction through a solid state detector, 1.3 m distant
from the tritium target so as to take up the «-particles emitted at 90° to the
direction of the deuteron beam. In Fig. 1 is shown the spectrum of these par-
ticles taken with the 200 channel analyser.

The activity of residual nuclei was determined counting the y-y annihi-
lation coincidences. We have therefore limited our study to nuclei with g*
residual activity. The sample was introduced, within a minute from irradia-
tion, in a brass cylinder whose walls of appropriate thickness served to the
total conversion of the p*. This cylinder was centered along the axis of two
NaI(Tl) crystals 2in. high and 2 in. in diameter situated at 8 cm distance.
The electric pulses of the photomultipliers connected with the crystals were
sent to a fast-slow coincidence apparatus; the differential discriminators of
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4  CROSS-SECTION MEASUREMENT OF (n,2n) REACTIONS ON 14.1 MeV/NEUTRONS [1331] :

dences between photoelectrons of the annihilation radiation and Compton
electrons of the 1.276 MeV radiation emitted in cascade with the gt of 2Na. -
For this correction we assumed that the detection probability of the Compton
spectrum of the 1.276 MeV radiation, which corresponds to the photoelectric
peak of the 0.511 MeV radiation, remains almost unaltered for slightly stronger
energies; it is then easy to obtain the Compton contribution inside the disecri-
minator channels.

The number of coincidences, experimentally determined for each sample,
was corrected for the loss of coincidences due to absorption of annihilation
radiation in the sample. Therefore, a ?*Na source in form of a thin film, was
counted in correspondence of the photoelectric peak of 0.511 MeV, first alone
inside the converter, and then together with the nonactivated samples: the
intensity reduction so obtained was taken as the correction to apply to the
registered coincidences with the activated sample.

Possible error sources in our nieasurements are the following:

1) Absolute measurement of the neutron flux by the detection of the
recoil a-particles; the corresponding error is estimated to be not over 4 9%,
taking account also of eventual scattering of neutrons on the sample from the
material surrounding the tritium target.

2) Uncertainty in the sample’s geometry in respect of the neutron source;
this contributes an error of about 39%.

3) The error in the calibration of the detector with 22Na sources is also
estimated to be 3 9%. '

4) The error in counting y-y coincidences from the activated sample is
to be referred to the uncertainty of the sample’s position (about 29%,) and to
statistical error. This last one varies from element to element and may go
from 19, to 69%.

- 5) Error in the number of irradiated nuclei owing to impurities, errors
in weighing, or uncertainty in the isotopic concentration: this error is less
than 1 9.

Decay schemes and decay constants for the activated nmuclei were taken
from the tables of KU~z and SCHINTLMEISTER (). Many of the decay con-
stants have been controlled by us. We did not attribute errors to the tabulated
values and have neglected errors in the measurement of irradiation times and
of the time elapsed between end of irradiation and begin of count.

(3) K. Kuxz and J. SCHINTLMEISTER: Tabellen der Atomkerne (Berlin, 1959).
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- 3. — Results.

The cross-section has been calculated with the well-known formula

‘ A exp[,] o ACa
(1) U—nbN,, (1—exp[— t,]) (1—exp[— AAt]) E,

where ¢, is the time of neutron-irradiation of the sample; N _the number of «-
particles counted in this time; A a constant of the apparatus which allows to
pass from the number of a-particles to the neutron flux in the median plane of
the sample; » the number of nuclei of the chosen isotope per em? of sample;
b the B* fraction of the activity of the residual nucleus; A the decay constant
of the nucleus; t, the time elapsing between the end of irradiation and the
beginning of the activity measurement; ¢ a: the number of coincidences re-
gistered in time A¢ and R the calibration constant of the annihilation-radiation
detector, determined with the use of the calibrated 22Na sources.

The results of the measurements are shown in Table I. Then are listed
the chemical compounds containing the examinated nuclides, the half-lifes of

TABLE I. — Measured (n, 2n) cross-section.
: !
. . ‘ . o(n,2n) | Exp. errors | Measwements b
Nuelid Cliemical l Half-life (mb) (+mb) f other authors (m{))
_ E ——— 1.__* _—
HN melanine | 10,05 min @ 5,4 0.46 7.41 (3); 5.18 (%)
BF | teflon ‘112 min | 389 2.3 51.9 (3)
ip element ' 2.53 min | 5.1 0.45 . 10.9 (3); 8.7 (%)
53¢ | 8c,0, . 3.92h 130 7.8 - 150 (5); 198 (3); 148 (%)
16T element | 3.08h 13.3 1.1 13 (3); 31.8 (3)
63Cu element ) 10.1 min 409 25 . see Table II
%47n | element | 38.3 min 105 7 119 (); 167 (3); 107 (5)
“Ga | Ga,0, } 67 min [ 735 44 923 (3); 1070 (%)
“Br CBr, l 6.4 min . 793 48 835 (®)
“Mo | element | 15.7 min | 106 7.5 - 211 (3); 315 (%); 132 (7)
“Ag | element | 24 min t 734 44 . 889 (3); 657 (5); 458 (7)
141Py Pr,0,; [ 3.4 min | 1240 74 . 1801 (3); 1378 (5); 1386 (1) |

(®) L. A. RAYBURN: Phys. Rev., 122, 168 (1961).

) M. PErRGUsOoN and W. E. THOMPSON : Phys. Rev., 118, 228 (1960).
(®) R. J. PresTwoop and B. P. BAYHURST: Phys. Rev., 121, 1438 (1961).
(°) C. 8. KnuraNA and H. 8. HaNs: Nuel. Phys., 28, 560 (1961).
()8
)

®)

-
-

. YasuMmi: Journ. Phys. Soc. Japan, 12, 443 (1957).
E. WEIcoLD and R. N. GLOVER: Nucl. Phys., 32, 106 (1962).
P. StromarL, N. CinDro and B. Emax: Vuel. Phys., 30, 49 (1962).
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8 CROSS-SECTION MEASUREMENT OF (n,2n) REACTIONS ON 14.1 MeV/NEUTRONS [1335]

knowledge has therefore a special importance. In Table Il are reported its
values in mb at different energies around 14 MeV.

4. — Discussion.

The cross-section for the reaction (n, 2n) has been calculated by WEISSKOPF
and EWING (‘%) basing on the compound nucleus model. It is given by

(2) o(n, 2n) = o(n, n’) [_ (1 —|—_‘8/T) exp[— E/TJ] ’

where ¢(n, ') is the cross-section for the emission of at least one neutron from
the compound nucleus, or the cross-section for inelastic scattering; T' is the
nucleus’ temperature resulting from the emission of the first neutron (here
the target nucleus), ¢ the difference between the energy of the incident neutrons
and the threshold energy of the reaction (n,2n). The cross-section ¢(n,n’) is
often substituted by o,(n), cross-section for the formation of the compound
nucleus by neutron collision.

Owing to the absence of exact data on ¢(n,n’) and on T, it is not easy to
calculate o(n, 2n) using eq. (2). One may obtain o(n, n') from the experimental
values of the nonelastic cross-section o,,, subtracting from it the cross-sections
o(n, p) and o(n, o) for the emission of protons and a-particles respectively, which
however are not always known. Here we have utilized the o,, measured by
FLErov and TALYzIN (1%) for neutrons of energy =14.5 MeV, and in the ab-
sence of experimental data, we have calculated o, with the expression of
Flerov and Talyzin:

(3) l/gf = (1.2.4% 4+ 2.1)-10-3 cm

which agrees well with experience. We have taken o(n, p) from the recent
paper of GARDNER ('4) and the o(n, «)’s for light elements from the literature,
while for the heavy elements we have neglected its value. For *Ti, as we
held the only existing experimental value of ¢(n, p) not to be reliable we have
used o.(n) calculated after BLATT and WEISSKOPF ().

The temperatures of the target nuclei were calculated with the relation

(44) T = (E,la),

) V. . Wrisskopr and D. H. Ewing: Phys. Rev., 57, 472 (1940).

) N. Frerov and V. M. TaLyzin: Jowrn. Nucl. Energy, 4, 529 (1957).

) D. G. GARDNER: Nucl. Phys., 29, 373 (1962).

y J. M. Bratrt and V. F. WEISSKOPF : T'heoretical Nuclear Plysics (New York, 1952).
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with E, the energy of the impinging neutrons and a the density parameter
of the nuclear levels. This parameter has been calculated on the basis of many
nuclear models (1¢). In Table IIT are reported, besides the values of ¢(n,n’)
and of the threshold energies of the reaction, the values of o(n, 2n) calculated
taking ¢ = A/13 and a = 4/22.

TaBLe —~ IIL. Calculaled (n, 2n) cross-sections (barn).

. , B, (threshold- a(n, 2n) a(n, 2n)
Nuclide a(n, n’) energy) (MeV) a=A4/13 a=A4/22
uyN 0.62 11.30 0.113 0.075
1f 0.78 10.80 0.22 0.15
ip 0.92 12.78 0.095 0.061
4$58¢ 1.22 11.57 0.43 0.31
4671} 1.29 (%) 13.48 0.051 0.031
63Cu . 1.35 10.82 0.77 0.59
§47n 1.28 11.90 0.48 0.34
89Ga, 1.51 10.30 1.02 0.80
%Br 1.56 - 10.77 1.004 0.78
2Mo ‘ 1.74 12.48 0.55 0.38
W07Ag 1.84 9.10 1.65 1.46
11py 2.06 9.70 1.85 1.64

() oc(n).

From 8¢, o(n,2n) calculated with a=A4/22 agree well with the experi-
mental data. For 4Sc the calculation gives the total cross-section, sum of the
cross-sections which lead to 4*Sc¢ in the isomeric as well as in the fundamental
state. The total cross-section at E =14.09 MeV results, following PREsT-
WwooD and BAYHURST, to be 266.2 mb. The cross-sections calculated for $4Zn
and **Mo are greater than the experimental ones by a factor 3. This latter
nucleus is a magic one in the number of neutrons (¥ = 50). This may be
due to the fact that the compound nucleus decays, following BLATT and WEIss-
KOPF, before thermal equilibrium is reached; only few nucleons would then
receive energy from the impinging neutron and the emission of one neutron
with relatively high energy would leave the nucleus in a low-excitation state.
In other words it would be a kind of direct interaction. The reaction mecha-
nism with direct interaction has been invoked by FERGUSON and THOMPSON
to justify the disagreement between experimental results and eq. (2), in anal-
ogy with the most recent opinions on the reactions with emission of charged
particles.

(*%) I. DosTtrOVSKI, P. RaBINOWITZ and R. BIVINS: Phys. Rev., 111, 1659 (1958).
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RIASSUNTO

Abbiamo misurato la sezione d’urto assoluta della reazione (n, 2n) in dodici nuclei
che hanno attivitd residua B+, usando neutroni di 14.1 MeV. I risultati sono confron-
tati con i dati esistenti nella letteratura e sono discussi secondo la teoria di Weisskopf

ed Ewing.
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