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Abstract: Absolute activation cross-sections for the reactions Cu®(n, )Co®, Ni®(n, p)Co®,
Ti*(n, p)Sci® and Na*(n, 2n)Na?? were determined in the energy range 12.5 MeV to 16.5 MeV.
Mono-energetic neutrons were obtained from the T'(d, n)He* reaction at 1 MeV deuteron ener-
gy. The very low induced specific activities were detected by a coincidence counting technique.
For comparison, statistical model calculations from 5 to 20 MeV neutron energy were per-
formed taking into account second particle emission.

E NUCLEAR REACTIONS Na*(n, 2n), Ti**(n, p), Ni®(n, p), Cu®(n, a), E=12.5-16.6 MeV;
measured oy, 2n(E), 0y,p(E), On,o(E). Natural targets.

1. Introduction

Measurements of activation cross-sections for reactions leading to product nuclei
of long half-life are very rare and inaccurate. This is due to the low fluxes of mono-
energetic neutrons available by accelerators which induce only very low activities.
These low activities can hardly be distinguished from background with normal
counters. On the other hand, the determination of these cross-sections by direct de-
tection of the produced particles is in most cases associated with large uncertainties
due to the plurality of the different secondary particles and their continuous energy
distributions.

In all cases where two characteristic radiations per disintegration are emitted the
signal-to-noise ratio can be increased considerably by application of coincidence
counting technique. The reactions Cu®3(n, )Co®®, Ni®°(n, p)Co¢°, Ti*é(n, p)Sc*®
and Na23(n, 2n)Na2?? were studied by means of this technique.

2. Experimental Procedure
2.1. IRRADIATION

The general arrangement for neutron irradiation is shown in fig. 1. Neutrons
between 12.6 and 16.6 MeV energy were obtained by bombarding a T-Ti target with
a 25 uA beam of 1 MeV deuterons and using the angular range 20° to 155°. The sam-
ples were suspended from a graduated circle of about 82 mm radius. This circle was
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394 H. LISKIEN AND A, PAULSEN

adjusted with its centre above the geometrical centre of the deuteron beam spot by
means of a mirror system. The geometrical size of the neutron source is defined by an
aperture to a width of 3 mm and a height of 8 mm. The specimens were mounted at
both sides with respect to the deuteron beam direction to determine a possible shift
of the beam centre. In addition to the TD neutrons a certain number of DD neutrons
(produced by self-target formation) were observed. However, the thresholds of all
the examined reactions are high enough to avoid interference due to these neutrons.

sample

d ]
Ta - aperture deuteron energy 1 MeV
0.3cm width recoil proton
telescope
T-Ti-Target
10 or 25 mg/cm?

Fig. 1. Experimental arrangement for sample irradiation.

The tritium target holder and the facilities for sample mounting were kept as light
as possible to keep flux attenuation low. The neutron flux was determined absolutely
by means of a proton recoil telescope counter ) positioned in 0° direction at 25 cm

TaBLE 1
Some data about irradiation and activity determination

Reaction Cu®(n, «)Co® Ni%(n, p)Co®® Ti%(n, p)Sce Na?¥(n, 2n)Na?2?
Half-life of the product 5.265 5.265 0.230 2,583
nucleus (y)

Tritium-titanium target 2.5 2.5 1.0 1.0

used (mg/cm?)

Sample material Cu Ni Ti NacCl
Sample size (mm) 30 x8 30 x8 20 X5 200 x5
Typical specific sample 3 3 30 14

activity (pCur/g)

Efficiency of the coincidence 1.1 1.1 1.1 5.7
counter (%)

Background of the coincidence 18 18 38 90
counter (c/h)

Typical foreground-back- 13 7 8 4
ground ratio
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distance from the target. Irradiation time for each reaction was about 32 h. Informa-
tion about sample material, sample dimensions and T-Ti target thickness can be
obtained from table 1.

2.2, ACTIVITY DETERMINATION

Activity measurements were started about two weeks after irradiation for Cu, Ni
and NaCl samples. For the Ti samples however, a waiting time of four weeks was
necessary due to a 1.8 d activity from Ti*8(n, p)Sc*®. The induced specific activity
of the samples of the order of pCur/g were determined in a y—y coincidence spectro-
meter which consists of two scintillation counters (7.6 cm x 10.2 cm @ Nal(TI)
crystals coupled to type 54AVP photomultipliers). Only pulses due to a photoeffect
were fed into the coincidence unit (resolution time 2 usec). The efficiency of the y—y
coincidence spectrometer was determined with absolutely calibrated sources and was
checked several times per day. To eliminate differences in geometry and y-self-ab-
sorption between these sources and the samples, each calibrated source had the size
of a normal sample and consisted of four active foils sandwiched between blocks of
inactive material. These calibrated sources were delivered by the Radioactivity Group
of the CBNM with an accuracy of +0.5% for the -activity. In the case of Na??,
a value of 0.898 B* per disintegration was used ).

The efficiencies and natural backgrounds of the coincidence counting equipment
for the different window settings and the specific sample activities together with the
resulting foreground-background ratios are listed in table 1.

3. Results
3.1. DATA EVALUATION
For activation measurements in which the irradiation time is short with respect to
the half-life of the product nucleus the reaction cross-section ¢ is given by
_ _4o
N, N, A

where 4, is the sample activity at the end of irradiation and A is the decay constant
of the product nucleus.

The number of neutrons per cm? at sample position N; was calculated from the
proton recoil telescope measurement at 0°, taking into account the distance target-
sample and the angular distribution of the TD reaction. Mean values from all avail-
able data for this angular distribution, as compared in ref. ?), were used. Corrections
for neutron absorption and scattering within the sample were applied.

The number of sample nuclei of interest N, is given by the sample weight, isotopic
abundance and the chemical purity of the sample material.

All the final results are listed in tables 2 and 3. The mean neutron energies were
calculated from the kinematics of the TD reaction taking into account the deuteron
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energy, the irradiation angle and the deuteron energy loss in the target. The deu-
teron energy was determined with the aid of a calibrated magnetic resonance system.
The given neutron energy spread is due to the finite solid angle of the samples and
the target thickness. The quoted values are the half-widths of the neutron spectra
seen by each sample.

TABLE 2
Experimental results for the reactions Cu®(n, a)Co® and Ni®(n, p)Co®®

Cu®(n, o)Co® Ni®(n, p)Co®
En(MeV) o(mb) o(mb)
12.6740.17 39.142.7 141-£10
12.86+0.22 38.14-2.7 141410
13.24+0.29 38.24-2.7 138410
13.544-0.33 37.84-2.6 1354 9
14.054£0.37 39.14-2.7 1224 9
14.424-0.39 35,7425 1184+ 8
14.994-0.39 31.64+2.2 1094 8
15.3740.37 30.242.1 102+ 7
15.88+0.36 27.241.9 904 6
16.184+-0.41 26.84+1.9 914 6
16.524-0.46 23.34+1.6 85+ 6
TaBLE 3
Experimental results for the reactions Ti*(n, p)Sc*® and Na?*(n, 2n)Na??
Ti*(n, p)Sct® Na?(n, 2n)Na??
En(MeV) o(mb) En(MeV) o(mb)
12.6040.11 300421 12.63+0.11 0.9%3:3
12.76-4+-0.14 30721 12.81+0.15 1.141.1
12.984-0.17 2964-21 12.98+0.17 3.3+£17
13.104+0.18 297421 13.244+0.20 34+1.2
13.384+0.20 292420 13.464+0.22 - 8.041.2
13.54+0.22 303421 13.79+0.23 142414
13.881+0.24 305+£21 14.054-0.25 28.042.1
14.05+0.25 299421 14.424+-0.26 44.04-3.1
14.424-0.26 295421 14.7140.27 65.84-4.6
14.614-0.26 2934-21 15.09-4-0.26 84.8+5.9
14.994-0.27 285420 15.37+£0.25 87.3+6.1
15.18+0.26 2904-20 15.72+0.23 10848
15.554+0.24 289420 15.994-0.21 11348
15.71+0.23 2844-20 16.25+0.20 12249
16.03-+£0.21 2884-20 16.424+0.19 13349
16.314+0.19 285420 16.614+0.20 141110
16.524+0.19 2964-20

3.2. ACCURACY

The experimental errors on the resulting cross-sections are given in tables 2 and 3.
They were calculated by compounding quadratically the uncertainties of the different
factors involved.
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The largest uncertainty of +5.7 % is due to the number of neutrons per cm? at
sample position N,. This uncertainty contains the errors of the telescope measure-
ment (+4 %), the irradiation geometry (+3 %), the neutron angular distribution
(£2.59%) and the neutron absorption and scattering correction (40.5%). The un-
certainty in the sample activity at the end of irradiation 4, amounts to +2.7 9 and
contains statistical errors (£2.0 %) and the error due to efficiency and background
variations of the coincidence counter (+1.7 %).

" All other uncertainties are small compared with the abovementioned ones. Com-
bining all the uncertainties one gets errors between +6 % and +7 %,. Only the cross-
sections of the reaction Na?3(n, 2n)Na?? near threshold have larger uncertainties
due to the poor foreground-background ratio.

3.3. COMPARISON WITH EXISTING DATA

No previous activation measurement is known for the reaction cross-section of
Cu®3(n, )Co®°. ‘

A determination of the aipha particle yield at 55°4-55° resulted in a differential
cross-section of 5.65+0.6 mb - sr~! at 14.8 MeV neutron energy *). Assumption of
isotropy would lead to a reaction cross-section of 71.2 mb which is considerably
higher than these results.

Furthermore there exists a measurement *) of the partial cross-section for Cu®?
(n, ®)Co®°™ leading to the isomeric state of Co®®(Ty .= 10.5 min). This partial cross-
section was reported to be 23+3 mb at 14,70+0.15 MeV.

For the Ni®°(n, p)Co®° reaction only one earlier activation measurement ®) resulting
in 150+20 mb at 14.5 MeV neutron energy is known. However, there are some
further measurements carried out by direct proton detection. Due to the plurality of
different secondary particles and their continual spectra occurring in the fast neutron
induced reactions, these measurements are associated with larger uncertainties. The
following cross-sections have been reported for the sum of compound and direct
interaction part: 155425 mb at 13.5+0.1 MeV (ref. 7)), 240148 mb at 14 MeV
(ref. ®)) and 158 +32 mb at 14.1 MeV (ref. °)); and for the compound nucleus re-
action part only: 134128 mb at 14 MeV (ref. '°)). The agreement of all results may
be considered as satisfying taking into account that the cross-section of 240+48 mb
is surely exaggerated by observation at 34°+20° and assumption of isotropy as stated
in the original paper.

The cross-sections for the reaction Ti*$(n, p)Sc*® can be compared with a rough
activation measurement ') giving ~ 520 mb at 14.84+0.9 MeV. This result is in-
dicated in the original paper as a tentative figure.

For the reaction Na?3(n, 2n)Na2? the previous measurements of Prestwood '?)
resulted in 13.8 mb at 14.140.2 MeV. The quoted uncertainty of +2.2 mb is twice
the standard deviation for six measurements showing only the reproducibility. The
measurement of Picard and Williamson ') resulted in considerably smaller cross-
sections than the present work.
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4. Statistical Model Calculations

For comparison statistical model calculations from 5 to 20 MeV were performed
taking into account second particle emission. Cross-section formulae as given in
ref. ') were used.

For the decay of the compound nucleus after neutron absorption emission of neu-
tron, proton, deuteron, a-particle and y-quanta was considered. Neutrons, protons
and gammas were taken into account as second emitted particles. The reaction Q
values were taken from ref. ).

For the dependence of level density p on excitation energy e the following expres-
sion was used 19):

ple) ~ a *(e—5+1(e))~** explda(e— )],
with the nuclear temperature given by

He) = (e_;_é)* (1+ [4a(e—6)17* + [8a(e—8)]171).

The pairing energies 6 were taken from ref. 7). The parameter a can be written
as 18)
a= Za(jz+jN+ ].)A‘l

to include shell effects. The effective single-particle angular momentum quantum
numbers j, and jy were taken from ref. %), while for the constant «, a value '¢) of
0.0374 was used. The values of a recently derived from experimental data in ref. 2%)
are in good agreement with & = 0.0374. Other « values evaluated from experimental
data are 0.031 (ref. %)) and 0.028 (ref. '°)).

Absorption cross-sections for the formation of a compound nucleus were mainly
taken from refs. 2!:22), However, since in these papers absorption cross-sections are
only presented for certain Z and A values also refs. 2> ~2%) were consulted. All these
cross-sections calculated by different authors are based on nearly the same optical
potentials for one kind of incoming particles.

The results of this computation and the experiments are shown in fig. 2. Discrep-
ancies between theory and experiment are of the order of a factor 2 to 4. It turns
out that the statistical model is still not a reliable help for extrapolating experimental
results. It should be noted that the theoretical cross-sections of three of the four in-
vestigated reactions are larger than the measured values.

The authors wish to thank Dr. J. Spaepen and Mr. K. H. Béckhoff for their kind
interest in this work. Many thanks are due to Dr. H. Horstmann for carrying out all
the computer work in connection with the statistical model calculations and to Mr.
R. Widera for his continuous help during experiment and data evaluation. Thanks
are also due to the staff of the 3 MeV electrostatic accelerator of the CBNM, es-
pecially to Messrs. J. Leonard and R. Duchez.
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Fig. 2. Statistical model calculations of the excitation functions together with the experimental
cross-sections. The dashed line represents the theoretical cross-sections without regarding second

particle emission.



400 H. LISKIEN AND A. PAULSEN

References

1) S.J. Bame, Jr., Eugene Haddad, J. E. Perry, Jr. and R. K. Smith, Rev. Sci. Instr. 28 (1957) 997
2) Nuclear Data Sheets, National Academy of Sciences, Washington
3) A. Paulsen and H. Liskien, Nuclear Physics 56 (1964) 394
4) M. Irfan and W. Jack, Proc. Phys. Soc. 81 (1963) 808
5) J. Kantele and D. G. Gardner, Nuclear Physics 35 (1962) 353
6) W. G. Cross and R. L. Clarke, Progress Report AECL-1542/PR-P-53 (1962)
7) P. V. March and W. T. Morton, Phil. Mag. 3 (1958) 577
8) D. L. Allan, Proc. Phys. Soc. A70 (1957) 195
9) R.S. Storey, W. Jack and A. Ward, Proc. Phys. Soc. A75 (1960) 526
10) D. L. Allan, Nuclear Physics 24 (1961) 274
11) A. Poularikas and R. W. Fink, Phys. Rev. 115 (1959) 989
12) R. J. Prestwood, Phys. Rev. 98 (1955) 47
13) J. Picard and C. Williamson, J. Phys. 24 (1963) 813
14) H. Biittner, A. Lindner and H. Meldner, Nuclear Physics (1964)
15) Nuclear Data Tables, Part 1 (1960), ed. by USAEC
16) D. W. Lang, Nuclear Physics 26 (1961) 434
17) A. G. W. Cameron, Can. J. Phys. 36 (1958) 1040
18) T. D. Newton, Can. J. Phys. 34 (1956) 804
19) D. B. Thomson, thesis (1960) LASL
20) A. V. Malyshev, JETP (Soviet Physics) 18 (1964) 221
21) H. Meldner and A. Lindner, Z. Phys. 180 (1964) 362
22) H. Meldner, Diplomarbeit (1964) Universitit Frankfurt
23) C. M. Perey and F. G. Perey, Phys. Rev. 132 (1963) 755
24) L. F. Hansen and R. D. Albert, Phys. Rev. 128 (1962) 291
25) J. R. Huizenga and G. Igo, Nuclear Physics 29 (1962) 462



o disseminate knowledge is to disseminate prosperity — I mean
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arker times.
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