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NEUTRON CROSS-SECTION EVALUATION FOR 15N
S.A. Badikov, A.I1. Blokhin, N.N. Buleeva, A.G. Gusejnov,

V.S. Masterov, V.G. Pronyaev, N.S. Rabotnov,
N.N. Titarenko

Natural nitrogen contains only 0.37% ISM. However, the neutron data

for this nucleus have various characteristics which justify attention being

paid to it despite its rareness. The neutron binding energy in the 16N compound
nucleus is anomalously small at 2.5 MeV. There are only three levels below

the binding energy. These two related factors result in an exceptionally

small radiative capture cross-section with a thermal value of onY = 24 + 8 yub.
Relative neutron overloading inhibits the emission of charged particles during
absorption of a neutron by a 15N nucleus. Therefore, even in a hard reactor
spectrum this isotope seems to be an almost pure scatterer with a low charged
particle yield.

Few experimental data are available on 15

N neutron cross-sections.
There are some studies which measure the total cross-section [2-4] covering
the 0.5-30 MeV range; there are individual measurements of the total cross-
section and radiative capture cross-section at the thermal point [5-6]; and
there are results on differential elastic scattering cross-sections over a
fairly narrow energy range [7-8]. The characteristics of the 16N compound

nucleus levels corresponding to neutron resonances have been thoroughly

studied in reactions with charged particles, and they are collected together
in Ref. [9]. The resonance parameters are contained in Ref. [1]. A 15N file
has been created in the ENDF/B-V library, but only a short description of it
has been published [10}.

The evaluation of the total cross-section in the resonance region given
in this paper is based on the data from Ref. [4] which are the most detailed
and accurate available. In the 0.891-20.0 MeV range they have been smoothed

using the rational functions approximation program PADE2 [11], employing the

method described in detail in Ref. [12]). The range was broken down into



19 intervals in each of which the cross-section was described using the

resonance expansion

1 a; (E-gy)+p;

o.(E) =C {}; .

t ik (€ -e®) (1)
Continuity of the cross-section at the point where the intervals meet is
ensured (but not smoothness!). If Bi =Y = 0, then the resonance
component assumes the polar form ai/(E—ei). The approximant here has a
discontinuity where E = € and, of course, it is essential that the value
of £ lie beyond the boundaries of the next approximation interval. The
resulting parameter values are given in Table 1. They enable one to compute,
where necessary, the value of the total cross-section at any point using
formula (1). The cross-section energy dependence obtained is shown in Fig. 1.

The constants in formula (1) can be related in the resolved resonance
region to resonance parameter values in the generally accepted sense for the
purposes of comparison with available data. This is most easily done for the

parameters ki and € Here the ratios €, = Eoi (resonance energy)

and Yi = I'/2 ([ is the total resonance width) apply. Comparison of the data
in Table 1 with the data in Ref. [1] shows that the resonance and energy
values tally in all cases to three decimal places, but for the ZYi and

Fi values (though the qualitative agreement is satisfactory) there are
quantitative differences. The divergence is greatest for the narrowest
resonance - width 2 keV - since the energy resolution in this case is
comparable to ', and a correction for it is not introduced in the present
paper. The value obtained was zYi = 4.3 keV.

When processing by interval the two widest resonances (E. = 2650 keV,

0

' = 1100 keV and E0 = 2840 keV, ' = 714 keV) were omitted or, more
precisely, their contribution in each interval was taken to be a suitably

smooth background described by the "polar" component and not the "resonance"

component in expression (1). This situation is illustrated in Fig. 2 where
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Energy dependence of the evaluaced total cross-section for '°N.

The curve shows the values of Ucot(E) calculated using formula (1)
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Contributions of the “resonance components'" (a) and the fitted curve (b)

to che cotal cross-section. One can see how the two widest overlapping

resonances in che JMeV region, on processing by interval, appear as a

contribution to the background.



Parameters of the analytical description

for the total

Table 1

5
N cross-section - (see expression (1))

min -
.Ema.x o A 4 ¢
C N
1" '0.0000 1.8572E+03 0 0 -4 . 0542E+02
0.8910 2.2287E-01 0 0 6.1046E+00
0.0000 ~2.6294E-04 2.3783E-05  3.9T99E~03 5.9644E+00 .
2 0.8910 1.5280E+01 0 . - 0 -5,1739E+00
1.3020 1.8688E-03 1.8682E-04 9.4825E-03 0.9224E+00
_ 0.0000 -1.4624E-04 3.2781E-06 1.T044E-03 1.D956E+00
3 1.3020 2.1261E+Q0 = O ) —2.4618E-01
1.7500 ~2.3546E-04 4.4118E-06 2.1612E-03 - 1.5636E-00
0.5860
4 1.,7500 -4.63TDE-02 D } 0 - 2.28T3E+00
2.2000 3.0102E-03 1.2235E-04 1.105TE-02 - .1.9483E+00D
2.0170 6.6741E-03 ~1.5133E-03 3.4994E-02  2.0362E+00-
5 2.2000 -6.1582g+01 . 0 0 ~-3.6641E+00
2.6000 ~1:34D4E-02 2.0023E-03 3.7354E 02 2.4329E+00
12.959 .. .
6 2.6000 -3.6609E-03 8.8538E-05 8.5098E-03 2.8286E+00
g ??Cz)g ~4.8958E-03 -2.5048F-04 1.4785E-02 2.7312E+00
7. 2.8800 1.2954E+01 0 U *9.1215E-01
3.3310 6.5411E-05 . 7. 4833E 05. 4.5T39E-03 -3.2256E+00
-3.6190 ~5.8421E-05 1.6 25E 05 4.8167E-03 2.9147c+00
4.2260E-02 8.5110E-Q3 9.4548z-G2. 2.9882E+00
8 3.3310 3.8381E+00 0 1:.3719E+00
3.5870 - 4.6838E-03 -2. 1267}:—05 §.3630E-03  3.4491E+00
9 3.5870 ° 6.T1T2E+D0 0 9] -7 .0303E-01
8.9620 ~2.9917E-02 3.9163E-03 9.8535E-02 3.7853E+00
10 3.9620 1.4342E-02 -~ 4.9TU9E-04 3.3T41E-C2 - 4.0053E+00
4.5240 1.4491E-02 1.2058E-Q3 -4.2970E-02 4.2815E+00
1.5970 2.7022E-02. 1.3233E-03 3.5190E~G2 4.1260E+00
11 4.5240 5.3206E-04 0 0 4 ,4597E+00
4.9320 ~1.9332E-03 6. 915}:—03 1.2255E~01 4.6478E£+00
-+ 1.5390 3.5532E-03 2.9929E-04 2.6724E~D2 4.T996E+00
*/ Independent variable of the approximant in the first

interval =

In(E,eV); in all the rest E,MeV.

of the energy dependence

min -
_Ema.x o A r €
C
12 4.,9320 2.9759E+00D 0 0 3.0990E+00
8. 3850 ~2.3693E-03 1.2906E-04 1.3542E-02 5.05S0E+00
13 5.3B50 ~-).4639E-02 ~2.566DE-D4 2.1601E-D2 5.4454E+00
6.1420 - 2,8566E-02 1.06871E-04 3.3575E-D2 5.4164E+00
§.1460 4.1995E-02 3 9496E~03 6.85422-02 5.8891E-0C
: =1,a35005-0 L48202-02  9.92T0E-02  5.7738L+00
14 6.1420 -3,452TE-03 0 0 T.0421E+00
6.9260 1.8521E-02 0 o 5,9586E-C0
0.0000 -1.1569E+01 0 D 1.T647E+01
1.6153E-03 5.0546E-02  4.10i42-02 6.6498BE+00
1.5653E-02 1.0355(-D5  £.813zE-02 6.40042-090
8.2963E~02 1.9959E-03 - T7.4336E-02 6.2536E-09Q
15 6.9260 —~1.934TE+01 O o 2.46E5E+01
7.8500 3.0835E-D3 4.64E5E-04 3.9512E-02 7.0906E~00
0.D000 -3.1625E-03 4,12663-04 3.2760E-02 7.4427E+00
—3.20501':-02 5.5603E~-03 1.6340E-01 7.3390E+00
) ©7.258BE-05 5.25322-03 1.0073E-01 7,71022+00
16" 7.8500 -7.18015—“4 .9, 610 1.7143E-02 8.07T01E+00
-9,0120 -8,68809E-03 B8.563% '-"U 5.3986E-02 8.79782+00
1.3320 -9.35665 Gy 2. (M»JE'LB 7.8648E-02 8.2879E+00
-4,1534E-03 6.9214E-03 1,97952-01 B8.5554E+00
. ~8.12492-02 4.1476E-03 1.6980Z-01 7.T669E+00
17T 9.0120. -3.8775E-02 o 0 . J135E+01
10,7200 B.4785E-0% -9, TEECE~CR  8.6184E-02 2189"400
218D -~2,93819E-03 1.1)46L~03 6.5336E-02 1 06432401
~3.8159E-C3 3.2805E~03 1.0845E-D1 1.0261E+01
~9,0466E-03 4.5584E-03 9.4094E-02 9.5926E+Q0
3.265TE-07 4.5992E-03 1.0238E-01 9.7511E+00
© 18 10.7200, S5.6038E+01 0 ) 0 -2.4562E+01
©7 12,6200 ~2.T44TE-02 5.50T7E-04 9.08172-02 1. 1486£+01
0.0000 ~1,2628E~03 1.2153E-03 9.7236E-02 1.2115£+01
) 2.16T2E-02 -8.7274E-04  1.0440E-01 1.0946L+01
19 12.6200 8.4145E-02 0 4] 1.6157E+D1
15,7200 ~3.T19TE+01 8] 0 3.6315E+01
0.0000 ~7.2261E-03 -4.1990E~03 2.4T42E-01. 1.4819E+01
- 2.09623E-02 1.9290r~03 1.6591Z-01  1.3076E+D1
20 15.7200 -6.2721E-02 0 0 1.4625E+01
20. ODOO 2.441BE-03 5.5418E-02 8.2542E-01 1.9559E+D3
1. - ,




the contributions of these two groups of components are presented separately.
In the lower part of the figure the broad peak corresponding to the two
resonances indicated stands out clearly.

In the 10_5 eV £ E £ 0.91 MeV range, the cross-section was
calculated using the Reich-Moore model taking the resonance parameters from
Ref. [1] and normalizing to the thermal value. 1In this region it is difficult
to approximate the cross-section using a rational energy function since the
drop in the values for the independent variable is too great. Since it is
desirable to have analytical approximation formulae for the total cross-
section over the whole evaluation range, in the interval 10—5 eV-0.91 MeV a
rational approximation was set up taking the form of the function x = 1ln(E)
where E is expressed in eV. The parameters obtained using this method are
also given in Table 1 and the relevant (first) interval is marked with an
asterisk. The lower limit of this interval is conventionally given as zero in
Table 1, although in fact the approximation was carried out from the lower
limit of the evaluation range 10—5 ev.

Below 10 eV our processing of the experimental data indicates the
existence of two new resonances (Eo = 8555 keV, 2y = 396 keV and
Eo = 9218.9 keV, 2y = 172 keV) regarding which there are no data in the
literature. For several resonances with energies Eo = 9610, 9770, 10 250,
10 640, 11 090, and 11 410 keV, evaluations of their widths were obtained
which are not given in Ref. [1].

There are no direct experimental data on the fast neutron radiative
capture cross-section fop 15N. In the resolved resonance region there are
individual data on the radiation width for s-neutrons for the level where

E. = 2.038 MeV and FY( = 0.234 eV; these are given in Ref. [1]). At

0 )

the thermal point a cross-section value of dnY = 0.024 * 0.008 mb is

taken to apply. Therefore the cross-section dnY was evaluated in the

following way:



(a) 1In the En = 10_5 eV-0.891 MeV neutron energy region, the fast

neutron radiative capture cross-section was described using the
formula

o, =3:817..- 107 X %s.,

ny (2)

where En is expressed in MeV. Formula (2) gives an energy
dependence for dnY of type I/v, where v is the velocity of
the neutrons and is normalized to the thermal value 0.024 mb. The

resonance integral is I_Y = 0.011 mb;

(b) 1In the En = 0.891-20 MeV neutron energy region, the radiative
capture cross-section was calculated using the Breit-Wigner
formula. For the total neutron widths and the positions of the
neutron resonances the values for Y and €5 from Table 1
were used. For the resonance En = 2.038 MeV the experimental

0.234 eV was used. For

I

value for the radiation width FY
other resonances a mean value of FY was used derived from

the condition that the values of dnY are the same when

En = 0.891 MeV, those values having been obtained from

formula (2) and from the description using the Breit-Wigner model.

In the En = 10-5 eV-0.891 MeV neutron energy range, the elastic
scattering cross-section was calculated using the Reich-Moore model with the
resolved resonance parameters from Ref. [1l] and normalizing to the thermal
value oy = 4,57 b. For energies of En > 0.891 Mev, the elastic scattering
cross-section was obtained by deducting the cross-sections of all the other
processes described above from the total cross-section.

The inelastic neutron scattering cross-sections with excitation of
discrete levels in the 15N nucleus were evaluated using the Hauser-Feshbach-
Moldauer model within the SMT-80 program [13]. The parameters of the optical
model for neutrons were derived from the description of the total cross-

sections given in Ref. [4] for the neutron energy region En = 5-30 MeV. The

parameters were fitted using the ABAREX program [1l4]. Table 2 gives the



Table 2

Parameters of the optical model of 15§ for neutrons

Vo, Ws, Vso. COs Cg» Cs0+ a9, ag, ag0+

MeV MeV MeV fm fm fm fm fm fm

45.6 3.78 5.70 1.16 1.25 1.01 0.68 0.60 0.48
15 15 . . .

1. N(n,p) "C - reaction. The calculation for the (n,p) reaction

cross-section takes into account excitation of three discrete levels in

the 15c nucleus.

4 . . .

2. 15N(n.d)1 C - reaction. The calculation for the (n,d) reaction
cross-section takes into account excitation of four levels in the 14C
nucleus.

15 13 . .
3. N(n,t) C - reaction. The calculation for the (n,t)

cross-sections takes into account excitation of four discrete levels in
the 13C nucleus.
15 12 . . .
4. N(n,a) B - reaction. The calculation for the cross-sections
of this reaction takes into account excitation of seven discrete levels

in the 12B nucleus.

15
values for the parameters of the optical model for neutrons for N. The

first eleven levels, whose characteristics were taken from Ref. [9], were used
. . 15 ]
as discrete excited levels in the N nucleus. The continuous spectrum

energy limit was taken to be 9.25 MeV which is 100 keV higher than the last

resolved level. The following reactions were taken into account as competing
processes: (n,p), (n,a), (n,t) and (n,d). Figure 3 shows the evaluated
excitation functions obtained for the process (n,n'), and Fig. 4 the cross-
sections of the threshold reactions where one or two particles are emitted.

The excitation functions for reactions with charged particle emission
(protons, deutons, tritons, a-particles) were calculated using the

Hauser-Feshbach-Moldauer model within program SMT-80 [13]. The systematics

9



ot

cross-section, ¢

cross-section, o

0.80

0.60

0.40

0.20

0.00

0.10

0.05

- 0.00

l,ll_lllllllllll“_“llLllllll‘lLllllll

I:’ MeV

Evaluated inelastic scattering cross-sections:

0 - Total inelastic scattering cross-section;

(a)
-
<4 .
-
4
-
1
-
.
] ()
T T 3 7 1 T yT r A L] T T L T 1 7T ] T T T U 1.7 1 T 7
S N 10 15 20

1-4 - Inelastic scattering cross—sections with excitation of

1-4 levels;
5-11 - The same with excitation of 5-11 levels;

12 - With excitation of the levels of the comtinuum.

cross-section, o

cross-section, o

0.30
]
.4
020 o
3
0.10 3
3
0.00 T
8
0.15
0.10
0.05
O-OO A)|1l1117111m|||TlT|T1‘jm11jnl1jl|11l
10 12 14 16 18 20
' IE MeV
]
Fig. 4: Evaluated threshold reaction cross-sections:

(a) ! -0,
np

- - [ .
2 % hd 3 Toe’ anu'

(b) 1 -0 , 2 -0 , 3 -9 .
n2n nnp nna

(b)



obtained in Ref. [15] were used as the parameters of the optical model for
charged particles. The diagrams of the discrete levels for residual nuclei
are taken from Ref. [16].

The following multi-particle reactions which are accessible in the
neutron energy region up to 20 MeV were examined: 15N(n,np)MC;
1'Sl\l(n,nc:;)llB; 15N(n,Zn)MN. The cross-sections of these reactions
were calculated using the evaporation model with residual nucleus level
density parameters obtained from the description of the total level density in
the neutron binding energy region. The data from Ref. [1] were used as
experimental data on neutron resonance density.

The angular distributions for the gamma rays accompanying all the
processes examined were taken to be isotropic. The angular distributions of
charged particles and neutrons emitted in all threshold reactions were assumed
to be isotropic in the centre-of-mass system.

The angular distributions for inelastic neutron scattering processes
with excitation of discrete levels were calculated using the ABAREX
program [1l4] and then presented in the laboratory system of co-ordinates as

Legendre polynomial expansion coefficients.

The angular distributions of elastically scattered neutrons were also
calculated using the optical model for the neutron energy regions
En = 10-—5 eV-192 MeV and En > 3.46 MeV. 1In the interval 1.92-3.46 MeV
the experimental data from Ref. [8] were used.

The secondary neutron energy spectra were obtained for the processes
{n,np), (n,na), (n,Zn) and (n,n') across the continuum. The evaporation
model was used to obtain energy distributions, the main parameter of the model
being the thermodynamic temperature of the residual nucleus in relation tc the
energy of the incident neutron. For the (n,n') process the energy dependence
of the temperature T was determined using the equation:

aTe= U = E_ - 2T, (3)

15
where a is the level density parameter for = N;

11



2T is the mean energy removed by the secondary neutron;

En is the initial energy of the neutron.
The level density parameters a for residual nuclei were determined from the
resolved resonance data in Ref. [1]. For instance, for the isotope 15N
(target nucleus 14N). within the framework of the simplest Fermi-gas model
we get the value a = 1.542 Hev_l from Ref. [1]. Then, using expression (3),
the dependence T(En) is set up. A similar dependence T(En) was used for
the (n,np), (n,nz) and (n,2n) processes.

For all the reactions looked at which involve excitation of discrete

levels in the residual nuclei, the standardized gamma transport probabilities
were evaluated. The data compiled in Ref. [9] were those mainly used to

evaluate these quantities.

This nuclear data evaluation for the isotope 15N is presented in the
form of a file of evaluated data in the ENDF/B-5 format. The 15N file is
included in the working version of the BROND-1 library (MAT = 720), and can be

accessed for analysis and use via the Nuclear Data Centre of the State

Committee on the Utilization of Atomic Energy.

12
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