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AN EVALUATED DATA SET FOR TANTALUM 

Abstract 

A description of the methods used to 
obtain neutron-induced reaction and 
gamma-ray production cross sections is 
presented for tantalum-181. 

Introduction 

This report describes the derivation of 
evaluated neutron-interaction and photon-
production data for tantalum. It includes 
bibliographic references to the original 
experiments upon which the evaluated 
data arc based. 

181 Since natural tantalum is 99.98% Ta, 
it makes no practical difference whether 

181 natural tantalum or Ta is quoted as 
the source material in experiments. The 
evaluated data set covers neutron reac
tions from 0.00001 eV to 20 McV. In this 
energy range, in addition to elastic scat
tering, a number of nonelastic reactions 
are energetically possible. The following 
table lists these reactions, their thresh
olds, and references which give the 
threshold energies. 

Reaction 
Threshold 

(MeV) References? 

n, n' 0.137 1.2 
n,2n 7.69 3 
n,3n 14.3 3 

Reaction 
Threshold 

(MeV) References 

n.P 0.24 3 
n.np 5.97 3 
n,d 3.73 3 
n,nd 11.16 3 
n.t 4.87 3 
n.nt 11.00 3 
n,He, 6.20 3 
n.nHe, 13.24 3 
n.a Exoergic 3 
n.nar Exoergic 3 
n,7 Exoergic 3 

Of the reactions which produce charged 
particles, all but the (n,p) reaction have 
been ignored, as there are essentially no 
measurements for these reactions and the 
cross sections are estimated to be negli
gible. The reactions that arc included in 
the evaluated data set, in addition to total 
and elastic cross sections, arc (n,n'), 
(n,2n), (n,3n), <n,p), and (n.?>. 
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Neutron Cross Sections 

TOTAL CROSS SECTION 

In the neutron energy region below 
300 eV, the total cross section consists 
of elastic scattering plus neutron capture, 
as expressed in a set of resolved reso
nance parameters. For this part of the 
evaluated data set, we have used a stand
ard set of resolved resonance parameters 
[(BNL-325, Suppl. 2, Vol. He, (1966)) to 
generate the cross sections. In the 
energy region from 300 eV to 20 MeV, 
total cross sections were taken from the 
experimental data of Refs. 4 through 20. 
Total cross sections have been measured 
over this energy range to quoted accura
c ies of about 2%. However, the scatter 
in data among different experiments 
amounts to about 10% over the entire 
energy range. Hence the evaluated total 
cross sections have an estimated error 
of about 5%. 

NONELASTIC CROCS SECTION 

Measurements of the nonelastic cross 
21 section have been made at 1 MeV, 

2.5 M e V , 2 2 4.1 M e V , 1 0 7 M e V , 2 2 and 
23 14 MeV. The nonelastic cross sections 

entered into the present evaluation are in 
agreement with the measured values. At 
14 MeV, the evaluated nonelastic cross 
section l ies at the upper edge of the rela
tively large error band for the experimen-

23 tal value, which was obtained from an 
early emulsion experiment. The choice 
made for the nonelastic cross section at 
14 MeV is in reasonable agreement with 
systematics. Experimental determina

tions of the nonelastic cross section have 
quoted uncertainties of ±10% in the 2.5 to 
7 MeV range and ±20% at higher and 
lover energies. When information from 
systematics is included, the evaluated 
nonelastic cross sections are probably 
accurate to ±10%. 

ELASTIC CROSS SECTION 

Below 300 eV, elastic cross sections 
were obtained for the evaluated data set 
by using the resolved resonance parame
ters listed in BNL-325, Suppl. 2, Vol. lie 
(*966). This resonance parameter set is 
based on a single level analysis with an 
assumed material temperature of zero 
degrees Kelvin. The elastic cross s e c 
tion is equal to 6.25 barns at 0.0253 eV 
and is essentially constant over the region 
of thermal and subthermal e n t r i e s . 
Above 300 eV, the elastic cross section 
was set equal to the difference between 
the evaluated total and nonelastic cross 
sections, which were obtained from meas
urements as described above. Direct 
measurements of the elastic cross i>ec-
tion have been made at some energies. 
Reports of these measurements are con
tained in Refs. 21 and 24 through 27. 
Theoe measured values are in general 
agreement with the values obtained by 
taking the differences between total and 
nonelastic cross sections. Since eval
uated total and nonelastic cross sections 
have errors of ±5% and ±10%, respec
tively (see above}, the evaluated elastic 
cross section!; have accuracies of about 
±10%. 



PARTIAL NONELASTIC 
CROSS SECTIONS 

These include the (n,n'), (n,2n), (n,3n), 
(n„p), and (n,Y> reactions. 

'25. 
(n.n1) Reaction 

A. B. Smith'^measured inelastic exci
tation cross sections for tantalum to six 
specific levels fthree of which are experi
mentally unresolvable doublets). These 
measured cross sections were used 
directly for the evaluated data set after 
some smoothing. Continuum inelastic 
scattering cross sections were obtained 
by differencing the total nonelastic cross 
section and the sum of the partial non-
elastic cross sections after the nonelastic 
cross section and all other nonelastic re
actions had been evaluated. In addition 
to the data of A. B. Smith, other refer
ences to (n,n') scattering are given in 
Refs. 1, 27, and 28 through 30. The 
cross sections for excitation to specific 
levels are accurate to ±20%, whereas the 
continuum (n,n'7) cross section i s es t i 
mated to be accurate to about ±40%. 

(n f2n) Reaction 
There have been a number of measure-

23 31—*?7 ments on this cross section. ' 
However, most of these measurements 
were activation measurements based on 

32-37 
the 8.1-hr ioomer. Since this part 
of the (n,2n) cross section is somewhat 
l e s s than half of the total (n,2n) cross 
section, these measurements are not 
very helpful in determining the total 
(n,2n) cross section. The only other 
measurements are those of Refs. 23 and 
31. These are 14-MeV measurements 
only, so they give no information as to 
the shape of the (n,2n) cross section. 

Furthermore, Ref. 23, as discussed 
above, is an early plate experiment. Ref
erence 31, a large scintillator experiment 
in which one of us (M.H.M.) participated, 
gives a value for the (n,2n) cross section 
that is larger than the r.onelastic cross 
section. Fortuitously, taking an average 
of Refs. 20 and 31 gives an (n,2n) cross 
section at 14 MeV (2.2 barno) that is in 
reasonable agreement with the systemat-
ics of other reactions in tantalum. But 
we still have to determine the shape of 
the (n,2n) excitation function over the 
remainder of the energy range from 
threshold to 20 MeV. In the first pass 
at producing a iantrlum e'-.Uuation, we 
assumed an (n,2n) cross section that rose 
rather slowly from the 7,69-MeV thresh
old value. However, some data recently 
appeared which, when combined with 
theory, showed that this slow rise in the 
(n,2n) cross section is probably not cor
rect. These new data were combined 
with theory and incorporated into the 
evaluation in the jllo'.ving manner. 

Howerton and Plechaty in 1968 pro
vided a formalism for calculating gamma-
ray production cross sections and energy 
distributions. This formalism implies 
that the production of gamma rays will 
fall off sharply just above the (n, 2n) 
threshold because the emission of a s e c 
ond neutron will compete strongly with 
the emission of gamma rays. The valid
ity of this feature of the formalism was 
strikingly confirmed in a recent measure-

39 ment made by an Oak Ridge group of 
the gamma-ray production from neutron 
bombardment of tantalum (these are the 
new data mentioned above). As predicted 
by Howerton and Plechaty, the gamma 
ray production curve (Fig, 18 of Ref. 39) 



snows a sharp drop for neutron energies 
Immediately above 8 MeV. Fur the rmore 
(and in line with present purposes) the 
magnitude of the drop in the gamma-ray 
production data can be used to deduce 
how fast the (n,2n) c ro s s section must be 

39 r i s ing . The Oak Ridge g a m m a - r a y data 
showed ra the r c lear ly that the slow (first 
pass) r i s e for the (n,2n) c r o s s section 
could not be cor rec t . 

In examining other heavy e lements to 
see what the shape of the (n,2n) c r o s s 
section looks like near threshold, we 
found that the only element for which a 
good (n,2n) shape has b i e n measured is 
nog 

U. Thus, as a a iea^s of improving 
the evaluation of the shape of the (n,2n) 
c ro s s dection, we used the measured 

no o 
shape of the (n,2n) c ro s s Bection for " ° u 
with proper adjustment of the absc i ssa to 
allow for the difference in threshold ener 
g ies . The ordinate was changed to match 
the 14-MeV c ross section value of 2 .2barns . 
When this modified (n, 2n) c ro s s section 
was used in a calculation and compared with 
the Oak Ridge gamma- ray d a t a , 3 9 good 
agreement was obtained. The gamma- ray 
calculation is summarized in the section on 
gamma-ray production. The modified (n,2n) 
data were inserted into the final tantalum 
evaluated data se t . When the various s y s 
tematic constraints on the (n,2n) c ro s s s e c 
tion a r e taken into account, the (n,2n) eva l 
uated c ross sections a re probably accurate 
to ±15% in t h e - blghborhoodof 14MeV, a l 
though the e r r o r s sure ly exieed this amount 
in s teeply-r is ing regions nea r threshold and 
at high energies (15 to 20 MeV). 

(n,3n) Reaction 
The only available measurement of the 

(n,3n) react ion in tantalum was made 

below threshold and of course gives a 
40 zero c ro s s section. The (n,3n) c r o s s 

section was deduced from sys temat ics , 
with (hopefully) judicious adjustment of 
the (n,2n) and (n.n'y) c r o s s sect ions to 
maintain the est imated nonelastic c ro s s 
sect ion. The uncertaint ies In the 
evaluated c ro s s sect ions a r e es t imated 
to be 60 to 80%, as the differences of 
poorly-determined quantit ies a r e in
volved. 

(n fp) Reaction 
The (n,p) c r o s s section is severa l 

o rde r s of magnitude sma l l e r than the 
c r o s s sect ions discussed above. Two 
measuremen t s of tantalum (n,p) c ro s s 

41 42 sectione exist , • spanning the energy 
range from 13 to 17.5 MeV. Reference 42 
was used together with an extrapolation 
of the c r o s s section down to the t h r e s 
hold energy of 0.24 MeV as the bas i s 
for the evaluation. The evaluated (n,p) 
data a r e est imated to be ace . ra te to 
±90%, which is probably adequate con
s ider ing the smal lness of the c ross 
sec t ions . 

(n,y) Reaction 
Many measuremen t s have been made 

42-fi9 
of the (n,v) c r o s s sect ion. The en
e rgy range for these measurements ex
tends from thermal energies up to 5 MeV. 
In the energy region below 300 eV, the 
resolved resonance p a r a m e t e r set men
tioned above [BNL-325, Suppl. 2, Vol. He, 
(1966)] was used to obtain the neutron 
capture c r o s s section. From 300 eV to 
5 MeV, the (n,v) c ro s s section was de te r 
mined from the measured data. Above 
5 MeV, the (n,?) c r o s s section is very 
smal l , and any reasonable extrapolation 
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procedure gives adequate values for 
this cross section. In the resolved 
resonance region, the errors are about 

±20%. In the unresolved resonance 
region and above, the errors are 
about ±25%. 

Neutron Angular Distributions 

ELASTIC SCATTERING 
ANGULAR DISTRIBUTIONS 

Experimental measurements of the 
angular distribution for elastic scattering 
of neutrons from tantalum have been 
made at a series of energies ranging from 
0.06 to 14.6 M e Y . 1 0 ' 2 1 " 2 3 ' 2 5 ' 27,28,70-80 
At neutron energies below 0.05 MeV, the 
elastic scattering was assumed to be i so 
tropic in the center-of-mass system. 
Between 0.05 MeV and 14.6 MeV, the 
elastic angular distributions were taken 
from experiment. Optical model calcu
lations were used to obtain elastic angu
lar distributions between 14.6 and 20 MeV. 
Elastic scattering angular distributions 
have average data point uncertainties of 
about ±15%, which are in addition to the 
normalization uncertainty of ±10% quoted 
above for the total elastic cross section. 

NONELASTIC SCATTERING 
ANGULAR DISTRIBUTIONS 

.27 The few available experimental data 
indicate that the angular distributions of 
the neutrons scattered from specific lev
els are essentially isotropic in the center-
of-mass system. Hence isotropic center-
of-mass angular distributions were used 

to determine the (n.n1?) excitations to 
specific levels . The (n,2n) and (n,3n) 
processes were assumed to be isotropic 
in the laboratory frame of reference. 

81 Experimentally, this approximation 
appears to be justified. For Incident neu
tron energies below 7 MeV, the continuum 
(n,n'7) neutrons were assumed to be iso
tropic in the laboratory frame of refer
ence. For incident neutron energies 
greater than 7 MeV, anisotropic angular 
distributions were assumed, since the 
neutrons from the (n.n'v) reaction at inci
dent neutron energies greater than 7 MeV 
show a distinct forward peaking of the 
nonequilibrium neutrons. Insufficient 
experimental data exist to provide for the 
energy-angular correlation of these neu
trons, and a correlation cannot be ob
tained as with a unique two-body breakup 
reaction, so an estimated average anisot-
ropy was used. 

The errors in the angular distributions 
for discrete-level scattering and for 
<n,2n) and (n,3n) processes are estimated 
to be about 10 to 15%. The errors in the 
high energy (n.n'v) continuum angular 
distributions may be as much as a factor 
of 10 for some neutrons at some angles. 

Neutron Energy Distributions 

The formalism that we used to opeclfy 
the nonelastic neutron spectra is de
scribed individually for each of these 

reactions. Although much of the follow
ing discussion is couched in terms of the 
evaporation model, the energy distributions 
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are presented exclusively as tables. 
Since not all distr ibutions can be r e p r e 
sented in the evaporation formalism, but 
all can be represented by tables , a tabu
la r representat ion p r e s e r v e s consistency. 
A minor but pertinent point ia the choos
ing of the low energy cut-off if nuclear 
t empera tures a r e presented. The tables 
make the intended use of the data explicit. 

(n,n') REACTION 

The energy diagram for continuum 
(n,n'J react ions is shown in Fig. 1. Two 
energy ranges can be defined: 

E = E„ < 7.7 MeV n n 

and 

E„ = E " > 7.7 MeV n n 

where E is the incident neutron energy 
and 7,7 MeV is the (n,2n) threshold. In 
the E energy region, only (n,n') r e a c 

tions a r e possible (if n,p and n,gamma 
react ions a r e neglected), and the <n,n') 
neutrons form a typical "boil-off" s p e c 
t rum. Reference 28 gives "boil-off" 
t empera tu res for incident neutron ene r 
gies between 2.44 and 7 MeV. In general , 

on 1 / 9 
;he t empera tu re will scale a s U / ' , 
where U. is the excitation energy shown 
in Fig. 1. Th,s t empera tu re is a proper ty 
of the final s tate nucleus, s ince it c h a r a c 
t e r i zes the density of final s ta tes available 
for the inelast ic neutron emiss ion. If the 
mat r ix e lements for decays to these final 
s t a tes a r e roughly constant, then the 
decay probabi l i t ies , and hence the ' emper-
a ture of the neutron spec t rum, will be 
proportional to the density of final s ta tes . 
In c a s e s where the tempera ture is de ter -
mined by interpolation or extrapolation 
p rocedures , an i terat ive calculationa! 
scheme was used: An average neutron 
secondary energy was est imated, and the 
corresponding final-state t empera tu re 
from the U« value and the average neutron 
energy corresponding to this t empera ture 

£< 

h 

!»' 

A + t 

(n, n ' ) Reaction 

*r 

7.7 MeV \ETH(n, 2n) 

A - l 

Fig. 1. Available-energy diagram for the (n,n') reaction. 
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were calculated. !f this average neutron 
energy was different from the original 
es t imate , an i teration was ca r r i ed out to 
br ing these quantities into agreement . 

In the E incident neutron energy 
range, we assumed that for E 2 14 MeV, 
the inelastic neutron energy E' (see 
Fig. 1) will be large enough to leave the 
residual (A) nucleus below the (n,2n) 
threshold; otherwise the emission of a 
second neutron was assumed to occur . 
Thus, for E 2 14 MeV, the E' neutrons n n 
from the (n,n') react ion a r e all high en
ergy neutrons, with energies ranging 
from E down to E - 7.7 MeV. The n n 
spect ra l dhape for these high-energy 
ineiasi ic neutrons has been measured a t 
14 MeV,83 and the same shape is assumed 
to apply at 20 MeV. At 7 MeV, the ine las 
tic spect rum is the boil-off spect rum 
described above for the E region. At n 
incident energies of 9 and 11 ivfeV, the 
(n,n') spectrum is taken to be in te rmedi 
ate between the 7-MeV and M-MeV spec 
t r a . 

I H In addition to the (n,n') E and E in-n n 

elastic neutr jns from the <n,n') continuum, 
there a r e also (n,n'> neutrons from the 
six low-lying d iscre te levels described in 
the section on Part ial Nonelastic Cross 
Sections. For these reactions the second
ary neutron energies a r e determined by 
two-body kir ematics, using the assumption 
of isotropy in the center -of -maas system. 

(n,2n) RE \CTION 

Figure 2 shows the cascade sequence 
leading to the (n,2n) react ion. The first 
and second neutrons, E n and E n , follow 
boil-off spec t ra character ized by the 
t emce ra tu r e s T , and T„ and by the final-
state excitation energies V. and U. , , 
respect ively. In general , experiments 
measure a combined neutron energy spe> -
trum for all nonelastic neutrons. Howev r, 
the method of Lang and Le Couteur " < -n 
be used to unfold this spect rum and dt -
duce the t empera tu res T , and T„ that 
correspond to the neutron energies E n 

and E n . In tantalum, the (n,2n) neutron 
n 2 

energy sp ctrum has been measured at 

{ n , 2n) Reaction 

Allowed 
range < 
forE 

E r , 
\ ^ \ ^ 

E 

V 

U A 

ihlH^U 
7.7 

MeV 

A + l A A - l 

Fig. 2. Available-energy diagram for the (n,2n) reaction. 
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14 MeV. 2 9 , 8 4 In the present evaluation, 
values fo'- T . awi T_ at 14 MeV were 
taken from rtef. 29. At other neutron 
bombarding energies, the scaling laws 
T, <* U ^ 2 and T 2 « U ^ 2 were used to 
obtain the (n,2n) neutron spectra. As 
described in the previous section, an iter
ative calculation was used to make the 
assumed average neutron energies E n 

and E_„ agree with those calculated from 
the corresponding temperatures Tj and 

In carrying out detailed calculations of 
the (n,2n) cascade process (Fig. 2), it is 
necessary to treat the first neutron, E n . , 
and the second neutron, E n 2 , separately. 
Howevsr, in the final evaluated (n,2n) 
inelastic neutron spectrum, this separa
tion of first and second neutrons seems 
neither necessary nor justified by our 
physical knowledge of the situation. Accord
ingly, in the final evaluated data set the 
E n . and E n_ neutron spectra at each inci
dent energy were combined into a single 
(n,2n) inelastic neutron spectrum. We 
calculated an effective temperature T 
that gives the correct average neutron 
energy for the combined spectrum con
sistent with the upper limit cutoff on the 
spectrum (the upper limit is determined 
by the available energy). In Fig. 2, the 
residual excitation energy U._. was 
assigned to the production of gamma rays. 

(n,3n) REACTION 

The cascade sequence for the (n, 3n) 
reaction is shown in Fig. 3. The sys
tematica for the calculation of this 
reaction are similar to the (n, 2n) system-
atics described above. No measurements 

of the average neutron temperature exist 
for (n,3n> reactions in tantalum. However, 
if it is assumed that the temperature T of 
a specific nucleus is proportional to the 
square root of the available energy of that 
nucleus, the constants of proportionality 
Cx and C 2 (Tj = C j U ^ 2 , X, = C 2 ^ 2 ) f o r 
the first and second neutrins in the (n,2n) 
reaction turn out to be alnu st equal: C^ 
- 0.27 and C„ = 0.24. These constants 
should also apply for the first two neu
trons in the (n,3n) cascade. The constant 
C„ = 0.25 was assumed for the third neu
tron. Although we used the same con
stants, C t and C 2 , fo both (n,2n) and 
(n,3n) reactions, it is much harder to 
calculate the (n,2n) spectra than the cor
responding (n,3n) spectra, since the indi
vidual excitations UA and U A , for the 
(n,2n) reaction are on the average consid
erably larger than the individual excita
tions U., Uv. j , and U. 2 for the (n,3n) 
reaction. 

As in the case for (n,2n) reactions, the 
three separate (n,3n) neutron spectra cal
culated at each incident neutron energy 
were combined into a single final (n, 3n) 
neutron spectrum. An effective tempera
ture was chosen to preserve the correct 
average energy, using the proper high-
energy cutoff on the spectrum. The re
sidual excitation energy, U. _„, was 
assigned to gamma radiation (Fig. 3). 

In the (n,n'), (n,2n), and (n,3n) reac
tions, the available energy that is not 
taken away by final-state inelastic neu
trons was assigned to gamma radiation. 
Thus, energy is conserved in the evalua
tion, on the average, not only for neutron 
processes but also for combined neutron-
plus-gamma ray processes. This overall 
conservation of energy has a special 



Allowed 
range" 
forE. 

( n , 3n) Reactio,) 

U A - l 

7.7 
MeV 

X 
14.3 ' 
MeV 

Ad 
CTH (n, 3n) 

A+l A A - l A-2 

Fig. 3. Available-energy diagram for the (n,3n) react ion. 

significance, because the recent accurate 
39 gamma- ray production data can be used 

to check the accuracy of the associated 
neutron react ions . Even with the avai l 
able c r o s s check provided by the data of 
Ref. 39, the uncer ta int ies in the second
a r y energy distr ibutions at any specific 
secondary energy are very large, 
varying from 20 to 30% at bes t to o rde r s 

of magnitude at the wors,t. Measurements 
of secondary spec t ra generally have a low 
energy cutoff no lower than 500 keV. The 
nuclear t empera tu res derived from such 
experiments a r e determined only from the 
intermediate energy secondary neutrons, 
for example from 1.5 to 5 MeV, thereby 
excluding both the high and low energy 
port ions of the spec t rum. 

Gamma-Ray Production Cross Sections 

The f irst analysis of the 1 8 1 T a (n.X?) 
c ross section and photon spect ra was made 
about a y e a r a g o . Because of l imited experi
mental data, a good portion of those r e 
sul ts were extrapolated from tungsten. 

1 R l Recently, new experimental data on Ta 
have become available. This not only has 
given specific information on the isotope 
of interest , but also has allowed the tech
nique of analysis to be improved. 

The major component of the (n,Xy) 
181 reaction in Ta comes from continuum 

gammas.* A review of this theory will 
therefore be presented, along with a 

In the following discussion and in the 
evaluation, photons result ing from the 
(n,p) react ion a r e ignored because of the 
smal l c ro s s section for this react ion, the 
lack of experimental data, and the absence 
of an adequate theory to es t imate the con
tribution from the (n,p) reaction. 



discussion of the extensions made to 
analysis as a resul t of new data. Com
par isons of calculation to experiment will 
be shown. Finally, th? techniques for ob
taining all components of (he evaluated 
(n.X-y) c ross section and spec t ra over the 
various neutron energy ranges will be 
presented. 

THE FIRST-PASS (n,X-y) 
EVALUATION 

In 1968, Howerton and P l e c h a t y 3 8 pub
lished a formalism for the calculation of 
(n,Xy) c ross sections and spec t ra above 
4-MeV incident neutron energy. This 
technique was based on the observation 
that the experimental spec t rum of con
tinuum gammas follows the s imple evap
oration model. From measured spectra, 
the R pa ramete r (s imilar to the inverse 
of a nuclear t empera tu re in the usual 
evaporation model) may be determined as 
a function of incident neutron energy. 
The multiplicity is uniquely defined in 
t e r m s of the R pa rame te r ; hence the 
(n,X-)>) c ross section may be obtained, and 
the problem is completely specified. 

Because data were only available at 4 
and 14 MeV, Ref. 38 assumed a l inear 
dependence o i S t m the incident neutron 
energy. However, in late 1971, all of the 
(n,X7) spect ra in the Lawrence Livermore 
Laboratory Experimental Neutron Cross 
Section Libra ry (ECSIL) were analyzed 
for R p a r a m e t e r s . Fr ' jm these resul ts , 
it became apparent that the behavior of 
the R paramete r was not l inear over the 
entire range of neutron energy. In the 
low energy region, where the (n,n'7> 
reaction is predominant, the behavior is 
essentially l inear . However, at high 
energies , e.g., 14 MeV, the experimental 

values lie above this l inear behavior, and 
at low energies , i .e., below the (n,n'-y) 
threshold, they lie below this l inear be 
havior. This may be seen in Fig. •%, 
where the experimental R p a r a m e t e r s 
for tungsten a r e given. 

In view of the above, a more r eason
able assumption is that the R pa rame te r 
i s an explicit function of the excitation 
energy in the residual nucleus, r a the r 
than a function of the incident neutron 
energy. The resu l t s of this assumption 
can be i l lustrated by considering tungsten 
(Fig. 4). If about 6 MeV (the binding en
ergy) is added to the two lowest neutron 
energy values Iwhich come mostly from 
the (n,T) reaction], and 7 MeV (the n,2n 
threshold energy) is subtracted from the 
14.8-MeV value [which comes mostly from 
the (n,2n) react ion] , then the energy scale 
essent ia l ly corresponds to excitation en
ergy in the res idual nucleus, and all val
ues of R(E ) fall c lose to a l inear behavior, 

n 
To obtain a functional relationship of 

the R p a r a m e t e r on excitation energy, a 
reaction must be chosen in which the ex
citation energy is uniquely known, i.e., a 
react ion which is predominant in the neu
t ron energy range of in teres t . For tung
sten, the neutron energy range 4 s E n 

£ 7.5 MeV (4 data points) was chosen. 
The excitation energy was calculated as 
U i (E ] l ) = E - E i, where E"n, is the ave r 
age energy of the inelast ically sca t te red 
neutron and where E , = 2T . = 0.475 E J / 2 . n ' n n 
This procedure gives two relat ions for 
the R pa ramete r , ei ther fitting the data 
equally well: 

R i [ U i ( E n ) ] = 5-2 t f l -

R.[U.(E n>] = 2.5 U " 1 / 2 . 

10 
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Fig. 4. R(E n) for tungsten obtained from the experimental data of KCSIL (references; 
64-1671, 69-1019, 70-1497), Experimental points are denoted by a cross . 

The weighted R parameter, R(E ), was 
then calculated as follows. For the aver
age energy of the two emergent neutrons 
from the (n,2n) reaction, the expression, 

was 2E„_ = 4 T 2 n = 0.95 <E„ - Es3}„_)1/2 
J2n 

used. 
n -" J 2n 

Neutron induced reaction cross 
sections were taken from the LLL evalu
ated cross section library. It was fur
ther assumed for the continuum gammas 
that 

• The (n,Y> reaction is predominant 
for E < 2 MeV. n 

• The (n.n'-y) reaction is predominant 
for 4 s E £ 7.5 MeV. n 

• No gammas occur from the (n,2n) 
reaction for E t h , s E s 9.5 MeV. 

A simple hand calculat ion 0 0 was then 

made, the results of which are shown in 
Fig. 5. The agreement with experiment 
is relatively good, and the calculations 
clearly show the trend of R ( E ) with 

n 
incident neutron energy. 

In developing the first sot of (n.Xy) 
cross sections and spectra for Ta, the 
tungsten results were extrapolated, since 
no experimental data were then available 

181 
for Ta. The functional behavior for 
the R parameter was taken as R.[U.(E )] _ i I i n 
= 5.2 U . Figure 6 compares the calcu
lated results with subsequent experimen-

39 
tal data. The agreement, although prob
ably fortuitous, is relatively good except 
just above thresholds, where the simple 
calculational technique wt.s inadequate. 

- 1 1 -
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With H(E n) known, the (n.X?) cross sec-
UOTI -was caVc\i\a1ed by the Hwer 'on and 

38 
Plechaty formalism. 

RECENT DEVELOPMENTS 

In 1072, Percy and coworkers at ORNL 
performed an (n,Xv) experiment on 
181 *?0 

Ta , in one of the most comprehen
sive measurements carried out to date. 
Gamma-ray spectra (b/sler MeV) above 
1-McV photon energy were measured at 
two angles and at incident neutron ener
gies between 0.007 and 20 MeV. These 
spectra v/erc analyzed for R parameters 
over the entire Incident neutron energy 
range. Some typical results are shown 
in Figs. 7 through 10. This analysis 
yielded the following observations 

• Tlie evaporation model adequately 
describes the spectrum over the 
entire incident neutron energy 
range, even when the only compo
nent present is (n.-y). 

• Whrn both the (n,7> and the (n,n'>) 
reactions are present (1 s E 
s 4 MeV), each appears to have i'.s 
own evaporation spectrum, yielding 
two distinct Fi parameters at each 
neutron energy. Thus, the R pa
rameter is reaction-dependent a; a 
specific neutron energy. 

These results allowed us for the first 
time to obtain R,(U), utilizing two reac
tions ((n,7) arid (n.n'?)! br^ween the exci
tation energies 1 s U * 10 MeV. Fig
ure 11 shows the results of taking the 
average energy of the (n,n') neutrons 
from the inelastic continuum neutron 
spectra In the LLL evaluated nuclear 
data library. The figure also shows that 
when the excitation energy for the two 

reactions is the same, the R,(U) are 
equal, indicating essontiaYly no depend
ence on the specific residual nucleus. 
Furthermore, at high excitation energies, 
R.(U) appears to approach a constant 
value. 

This new information allowed us to 
87 

extend the Howerton and Plechaty for
malism, as follows: 

• The photons from each individual 
reaction are assumed to follow an 
evaporation spectrum, with the R 
parameter taken from the excita
tion function dependence.. Hence, 
(n.Xy) cross sections can be calcu
lated for each, reaction by the Hovi-
erton and Plechaty formalism," 
and then summed to obtain the total 
continuum (n.Xy) cross section. 

• The combined s p e c t r i n of photons 
is also assumed to follow an evapo
ration spectrum. R(E ) for the 
combined spectrum is defined such 
that we preserve the (n,X-y) cross 
section, '.he average photon energy, 
and the total available photon 
energy. 

We applied this extended formalism to 
R t(U) (Fig. 11) and to the reaction cross 
sections and average secondary neutron 
energies (LLL evaluated nuclear cross 
secti.-n library). These calculations 

181 were then compared with Perey's Ta 
39 experimental resuli . As the experi-

39 ment only included photons above 1 MeV, 
just the continuum component of the (n,n') 
cross section was used, and if any reac
tion at a given neutron energy yielded 
an excitation energy less than 1 MeV, 
it was assumed to make no contribution 
to the (n.X?) calculation. In addition, the 
fraction of photons below 1 MeV in the 

-13-
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Fig. 8. 181, Ta(n,X7) spec t ra for neutron energies 1 s E a 2 MeV. Data a r e at 125 de
grees and a r e taken from Ref. 39. 

evaporation spect rum did not enter the c a l 
culation. The resul t s of the comparison 
a r e shown in Figs. 12 and 13. The la rge 
increase in R(E ) just above the various 
reaction thresholds is brought about by 

R.(U) increasing with decreasing excita
tion energy (Fig. 11). For the (n,X7> 
c ross section, the agreement between 
calculation and experiment is about 20% 
or bet ter at all energies , except at 2 MeV 

-15-
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181 Fig. 9. ° Ta(n,X-f) spec t ra for neutron energies 9.06 s E s 9.93 MeV. Data a r e at 
125 degrees and a r e taken from Ref. 39. 

•where it i s 80%. These calculations have THE SECOND-PASS (n.Xr) 
shown that this technique of analysis i s 
adequate for obtaining continuum (n, X*y! 
c ro s s sections and spect ra . 

EVALUATION 

In this section, we desc r ibe the tech
nique for obtaining a final evaluated set 

- 1 6 -



Fig. 10. 1 8 1 Ta(n,X?) spectra for neutron energies 15.08 £ E s 19.97 MeV. Data are 
at 125 degrees and are taken from Ref. 39. 
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Fig. 11. Ri(U) for Ta as obtained from experimental resu l t s 

ol Ref. 39. The — o— denotes pure (n.n 1) and the 
— x — denotes pure (n,?). The uncertainty in R. (U) is 
at leas t 10%. i 
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Fig. 12. R (E n ) for 1 8 1 T a . Experimental points from Ref. 39 denoted by—o—. The 
uncertainty in R(E ) is at l eas t 10%. The dashed curve is the calculation. 

of (n.X-y) c ro s s sections over the neutron 
energy range 10" 1 J s E s 20 MeV. The 
total gamma- ray production is considered 
to be composed of d i scre te and continuum 
components, as shown in Table 1. 

Table 1. Component and energy desc r ip 
tion used to descr ibe evaluated 
(n,X7) production for 1 8 1 T a . 

n.Xy 
component 

Energy range 
(MeV) 

Total 
Discrete 
Continuum 

10" 1 1 to 0.035 
0.035 to 20 
0.035 to 20 

Total (n.Xy) Production ( IP" 1 1 

=: E £ 0.035 MeV) n 
The only reaction producing gamma 

rays in this energy region is (n,y). The 
d iscre te and continuum components of the 
spectrum and the multiplicity at thermal 
energy have been measured. Th, s total 
spect rum is used in the form of a no rmal 
ized probability distribution. The mult i 
plicity as a function of neutron energy, 

M(E ), is tr ken as n 

M ( E n ) = ( M 0 ) ( f ^ l ) , 

- 1 9 > 
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pE.i(n,n'continuum) r E , ( n , 2 n ) u t h l E t h (n,3n) 

8 12 
Neutron energy — MeV 

16 20 

1 ft 1 FLg. 13. * Ta(n,X7) c r o s s section above 1-MeV photon energy. Solid curve and 
points a r e experimental .$* The dashed curve is the calculation. 

where ( ^ is the (a,y) Q value (6.07 MeV) 
and Mf. is the measured multiplicity at 
the rmal (2.61). Note that this mult ipl ic
ity add pho'on energy distribution con
se rve energy. 

At thermal energies , both the (n,Xy) 
c r o s s section and the photon spec t rum 

are probably known to be t te r than ±10%. 
In any specific resonance, specific d i s 
c re te gammas can be strongly enhanced, 
and hence the e r r o r s can be quite la rge . 
Calculating the pa rame te r R(E ) from the 
thermal spect rum, a value of about 1.1 
was obtained. This i s to be compared to 
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the calculation of 1.0 at 0.035 MeV and the 
experimental value of 0.91 at 0.035 MeV. 
Hence, at the upper end of this energy 
region, the (n.X?) c ross section and spec 
t r a a r e probably accura te to ±20%. 

Discrete Component (0.035 
s E n i 20 ffleV) 

In the evaluated neutron c ro s s sections 
181 for Ta, the inelastic scat ter ing c ro s s 

section is composed of components fror.i 
6 d i sc re te l ines (0.144,'' 0.030, 0.49, 
0.62, 0.72, and 0.925 MeV) and a contin
uum. The two loweBt lying levels a r e 
handled as d iscre te (n,X7) components, 
and the higher level excitations a r e 
placed in the (n,X7> continuum. Specifi
cally, we assume that the 0.144-MeV line 
yields a 0.15-MeV gamma and that the 
0.30-MeV line yields two 0.15-MeV g a m 
m a s . Hence, o„ Y ~ < E „ = ° - 1 5 MeV) 
= o n n i (0 .14 MeV) + 2 a n n , (0 .30 MeV) for 
the d i sc re te components. 

The only experimental data on 
gamma- ray angular distr ibutions in 
tantalum a r e the recen t data of Pe rey 

39 and coworkers . These data mdi-

The general formalism for calculating 
g a m m a - r a y energy spect ra was descr ibed 
above. Gamma Rays a re present for 
tantalum from (n,7), (n.n 1?), (n,2n7), and 

^Doublets which could not be experi 
mentally separated. 

:he Continuum Component (0.03 5 
>V s E n a 20 MeV) 

B C . . Th- calculation described in the 
previous section was modified by 
assuming that an excitation energy of 
l ess than 0.1 MeV for any react ion 
made no contribution to the calcula-

ms tion. Additionally, the calculated 
is photon spec t ra were extended down 
.1 to essent ia l ly ze ro energy. No attempt 

was made to normal ize the calculated 
r c ross sections to the data of Ref. 39, 

since this would cause a violation of 
conservation of energy unless the 
corresponding spect ra were also 
adjusted. Adjusting the spec t ra would 

ie spoil the agreement between evaluated 
and experimental spec t ra . 

i- The evaluated (n,X7) c r o s s sections 
a r e est imated to be accura te to about 
±25% except nea r 2 MeV, where the 
e r r o r s can be as la rge as ±50%. 

cate that gamma- ray production is 
essential ly isotropic. Hence isotropy 
was assumed for all gamma-producing 
reac t ions . 

(n,3n7) react ions . In the (n,7) reaction, 
the gamma ray spectra l shape has been 

88 measured at thermal neutron energies . 
This same spec t ra l shape was assumed to 
apply at all neutron energies s 35 keV. 
Energy conservation was maintained by 
increasing the multiplicity. 

Gamma-Ray Production Angular Distributions 

Gamma-Ray Energy Distributions 
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In the (n,n'7) reaction, the two lowest 
levels were considered to produce a sin
gle 0.15-MeV gamma ray with appropri
ate cross sections (see the Discrete 
Component discussion). Gamma rays 
from the uoper four of the six discrete 
states were lumped together with the con
tinuum gammas from the (n.n 1), (n,2n) 
and (n,3n) reactions. 

The manner in which continuum gamma 
rays were handled is best discussed in 
the framework of Figs. 1 through 3. In 
Fig. 1, the (n,n'7) reaction in the E 
region was always assumed to occur. 
Thus, the E' neutron had the average 
energy given by the evaporation spectrum 
appropriate to the excitation energy U» 
for that bombarding energy E (using the 
iteration procedure described on p. 6). 
The (n.n'v) reaction in the E region re -
c lired special handling (see pp. 6 and7),but 
again an average neutron energy E' cor
responding to the incident energy E was 
determined. Thus, for a given incident 
energy, E , a total final-state energy 
(denoted as E in the figure) was avail
able for the gamma-ray spectrum. Sim
ilarly, for the (n,2n) reaction (Fig. 2) and 
the (n,3n) reaction (Fig. 3), average neu
tron energies E n , E n - , and E n „ were 
determined, and a single final-state total 
energy E appears for each incident 
energy E n # 

In calculating the gamma-ray energy 
spectrum for each bombarding energy E , 
the contribution to E of each reaction 

V 
was appropriately summed to maintain 
the proper cross sections. Then the 
resultant Ey (an overall average of the 
contributing spectra) was used together 
with thp experimentally-determined tem

perature (see p. 8) to calculate a gamma-
ray spectrum that had the proper average 
gamma-ray energy and maximum gamma-
ray energy &y_. The advantage of this 
procedure is that, on the average, the con
servation of both neutron energy and 
gamma-ray energy is maintained in the 
calculation. 

It is apparent from Figs. 1 through 3 
that reactions can occur in which the 
emitted neutron energies are all very 
small, and hence the resultant gamma-
ray energies are large—larger than the 
limit, Ey , specified in the above calcu
lation. However, as a practical matter, 
the cross sections for these reactions are 
so small that these high energy gamma 
rays have not been observed experimen
tally. If the calculated gamma-ray spec
tra were extended to the Incident energy 
E instead of just to Ey_ (a procedure 
which would violate energy conservation), 
the average gamma-ray energy in the 
calculated spectrum would be increased 
by no more than 5%. Since gamma-ray 
temperatures are not known to an 
accuracy of 5%, the procedure that we 
described above (which uses the cutoff 
Ey ) not only conserves energy, but it 
gives an energy spectrum whose calcula-
tional uncertainties are well within the 
limits set by the experimental uncer
tainties. 

As with neutron spectra, the photon 
spectra have varying degrees of uncer
tainty, depending upon the emergent pho
ton energy. The overall error in the 
spectrum is estimated to be about 30%, 
with much larger errors at high and low 
photon energies. 
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