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1. Present needs for fast neutron induced reaction data

- From most recent applications of neutron nuclear data in nuclear
power studies for Fast Breeders and Hybrid or Tusion concepts 2s
well as in some other fields (biology, astrophysics) following
data needs can be abstracted /1,2/:

(i) excitation functions of reactions having cross sections
greater than -1 mbarn up to 20 eV at least (in future
up to 40 MeV /1/);

(ii) energy goectra of all products emitted in fast neutron

induced reactions including charged partidles and photons
explicitely;

(iii) anzular distributions of reaction oroducts having an aniso-
tropy exceeding 5 % /3/;:

(iv) data are necessary for light nuclei (biology, dosimetry),
medium mass nuclei (material research, fission products),
and heaviest nuclei (fuel cycles).

Usnally, soch data will not included in neutron nuclear data lib-
raries automatically because of either

- the lack of data (experimental and/or evaluated)

or |

- an insufficient format structure to represent them properly.

The first point will be discussed in gsection 2 briefly whereas in
sections 3, 4, and 5 the problems of a convenient structured format
for an adequate storage of all data is investigated,

This considerations concern the files MF = 3,4,5, and 6 mainly.
Hothing will be said on special files for resonances (I’ = 2) or
other one. ‘

2., Basic nuclear physics of fast neutron induced reactions

Studying nuclear reactions induced by fast neutrons with incidence
energies above 10 lleV, two main features can be observed:

(1) simultaneous appearance of many different reaction channels

with roughly equal probability including multi-particle
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- low level counting techniques

and other one influencing the accuracy of as well as cross sections
for the excitation of discrete levels and the contineous particle
(or 4 -quanta) emission spectra,

Nevertheless, some data exist for angle and/or energy dependences
of cross sections for the emission of neutrons, charged particles
and photons.

Following examples randomly choosen in reaction types, authors
and references should demonstrate an overall shortcoming:

- measurements of double differential emission spectra of neutrons
from neutron inelastic and nonelastic processes from 8 to 12 MeV
and around 14 ileV carried out at Dresden /8,9/, Vienna /10/,
Osaka /11/, Obninsk, Livermore and at other laboratories;

- measurements of protons and X-particles emitted from neutron
induced reactions at Livermore /12/;

- Y-ray emission spectra produced by neutron inelastic and nonelastic
processes at ORNL /13/;

- excitation functions for (n,t) and (n,BHe) reactions at Jiilich

- /14/;

- total gas production cross sections at Rockwell International

/15/ .

'”Basing on these experiments, the big amount of data missing have
to be calculated by theoretical models.

2.2. Theoretical methods

A nucleus highly excited by an incoming neutron can return to a
stable (or metastable) state by either an energy transfer carried
away by at least one fast particle or sharing the excitation energy
equally among all nucleons of the nucleus.

The first extrem fast way is known to proceed via direct mechanismsg
whereas the other, very contradictory way represents an (thermo-
dynamical) equilibration (relaxation) process in nuclear matter
resulting in the formation of a compound nucleus (CN), This process
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up to 80 % have to be added incoherently to the statistical
model predictions to obtaine correct results in neutron in-
elastic scattering /18/, in charged particle emission /19/,
and in the photon emission spectra too /20/.

(iii) Multi-particle reactions proceeds via direct processes only
in the low mass region mainly by multi-body breakup of meta-
stable (intermediate) states or the unlikely knock-out of
very complex particles (modes IV and V in fig. 1).

For example reactions like

zBe(n,En)iBe;iE — 2%
or ~ A
Zm,a)%® — 3

are not understood very well up to now in angular and energy
dependences of the reaction products. Further studies have
been completed /21/ or are in progress.

The adequate storage of these data complex in particle types, reac-
tion types, and functional dependences on the incidence energy E,
the emission energy L' and the angle O between both directions of
ingoing and outgoing particles too demands a convenient structured
format as close_as possible fitted to the physics behind the data.

3. On the convenience of ENDF/B-V for a computer-readable
storage of fast neutron cross section data

The format EZNDF/B originally designed to store more are less neu-
tron nuclear data for thermal reactors has been improved and re-
fined according to the developments in different applications of
nuclear data over the past two decades., Now, the version V is in
operation /3/. In the following a critical review should summarize
possibilities of this version versus necessities in representation
of fast neutron reaction cross sections reflecting the author's
experiences in formatting such data /22/.
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conclusion (ii) of 2.2, From this, it seems very doubtful to use

any MT (for example MT = 16) to represent direct reactions. Usually,
multi-particlé reactions can be treated to proceed sequentially in
the time scale,

3.1.3. Term "absorption cross section" (MT = 27)

In agreement with the definition in CINDA /24/ also in ENDF/B the
term "absorption cross section" is used for the quantity 6hT -<jns
including all partial cross sections except for elastic and inelas-
tic scattering.

However, the term "absorption" will be commonly used in the sense
of the sum over all cross sections in which a neutron is not in
the exit channel, This is quite equivalent to the disappearance
cross section (UT = 101). ‘

3e1.4. UT's = 6...9 for (n,2n)

These ILiT's are provided for to store cross sections for the exci-
tation of discrete levels in the first step of a (n,2n) reaction
(population of discrete levels by first chance neutron emission;
mode III in fig. 1). Is there a need to introduce these T s?
Keeping in mind that the excitation of these levels should also
be treated in inelastic scattering by MT's = 51...90!

3.1.5. UT = 16 for (n,2n)

T = 16 has been defined to represent the direct (n,2n) cross sec-
tion. According to that mentioned above in 3.1.2. the use of NT =
16 seems to be doubtful, '

Correctly, enhancements by direct mechanism transitions to discrete
levels in the final nucleus can be accounted for in MT's = 46,,.49,

So, the total (n,2n) cross section is defined as sum of MT = 16

and 1T's = 6,..,9 eXcluding contributions from (n,Zn)’processes.popu-
lating the lowest lying levels in the final nucleus (MT's = 46...
49). | ‘ | |
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1. Present neeés for fast neutron induced reaction data

~ From most recent applications of neutron nuclear data in nuclear
power studies for Fast Bresders and Hybrid or TFusion concepts as
well as in some other fields (biology,; astrophysics) following
data needs can be abstracted /1,2/:

(i) excitation functions of reactions having cross sections

greater than -1 mbarn up to 20 eV at least (in future
up to 40 MeV /1/);

(ii) energy goectira of all products emitted in fast neutron
induced reactions including charged partidles and photons
explicitely;

(1iii) angular distributions of reaction oroducts having an aniso-
tropy exceeding 5 % /3/;

(iv) data are necessary for light nuclei (biology, dosimetry),
medium mass nuclei (material research, fission products),
and heaviest nuclei (fuel cycles).

Usnally, such data will not included in neutron nuclear data lib-
raries automatically because of either

- the lack of data (experimental and/or evaluated)

or

- an insufficient format structure to represent them properly.

The first point will be discussed in section 2 briefly whereas in
sections 3, 4, and 5 the problems of a convenient structured format
for an adequate storage of all data is investigated.

This considerations concern the files lif = 3,4,5, and 6 mainly.
Nothing will be said on special files for resonances (I = 2) or
other one. '

2. Basic nuclear physics of fast neutron induced reactions

Studying nuclear reactions induced by fast neutrons with incidence
energies above 10 lleV, two main features can be observed:

(i) simultaneous appearance of many different reaction channels

with roughly equal probability including multi-particle
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emissions of neutrons, complex charged particles and
photons too;

(ii) remarkable contributions from reaction mechanisms not under-
standable in terms of equilibrium models usually applied to
describe particle emission from highly excited nuclei.

These phenomeha are under intense investigation during the past
two decades. However, the results obtained and the conclusions
drawn from are not unambiguous in all details by limitations in
experimental and theoretical methods.

2.1. Experimental methods

The experimental investigation of fast neutron induced reactions is
rendered most difficult by the absence of monochromatic neutron
sources of variable energy and by expensive and high sensitive tech-
niques of particle identification and spectroscopy.

Usually, neutrons of an energy higher than 10 leV will be produced
by accelerated deuterons hitting on a convenient target nucleus
using tandem accelerators, cyclotrons or 14-ileV-generators. At
higher deuteron incidence energies a contineous neutron background
1s produced by the deuteron breakup. Also spallation sources yields
broad (or white) neutron spectra.

Using these neutron sources a very advanced time-of-flight technique
has to be applied to perform neutron spectroscopy experiments /4/.
Analogous tremendeous techniques are required for carrying out
charged particle spectroscopy /5,6/.

Activation techniques and radiochemical methods can be successfully
applied to measure integral data (excitation functions) for fast
neutron induced production of neutrons and charged particles /7/.

By these, all measured data still may have serious systematical
errors due to

- problems in particle identifications
peak separation techniques
background subtraction

spectra uhfolding methods
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- low level counting techniques
and other one influencing the accuracy of as well as crossg sections
for the excitation of discrete levels and the contineous particle

(orly-quanta) emission sgpectra,

Nevertheless, some data exist for angle and/or energy dependences
of cross sections for the emission of neutrons, charged particles
and photons.

Following examples randomly choosen in reaction types, authors
and references should demonstrate an overall shortcoming:

- measurements of double differential emission spectra of neutrons
from neutron inelastic and nonelastic processes from 8 to 12 MeV
and around 14 ileV carried out at Dresden /8,9/, Vienna /10/,
Osaka /11/, Obninsk, Livermore and at other laboratories;

- measuremnents of protons and X-particles emitted from neutron
induced reactions at Livermore /12/;

--f-ray emigsion spectra produced by neutron inelastic and nonelastic
processes at ORNL /13/;

- exXcitation functions for (n,t) and (n,BHe) reactions at Jilich

- /14/;

- total gas production cross sections at Rockwell International

/15/.

”Basing on these experiments, the big amount of data missing have
to be calculated by theoretical models.

2.2. Theoretical methods

A nucleus highly excited by an incoming neutron can return to a
stable (or metastable) state by either an energy transfer carriegd
away oy at least one fast particle or sharing the excitation energy
equally among all nucleons of the nucleus.

The first extrem fast way is known to proceed via direct mechanisms
whereas the other, very contradictory way represents an (thermo-
dynamical) equilibration (relaxation) process in nuclear matter
resulting in the formation of a compound nucleus"(CN). This’process
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does not exclude high energy transfer by fast particles from pre-
equilibrium states too.

General problems of the applications of all reaction mechanism
models are due to the fact that any transition between two states
of the same nucleus or different nuclei is always influenced by
competing decay channels and modes. This implies the inclusion of
all levels energetically allowed and involved in the reaction to
ensure the proper normalization conditions as expressed in terms
of

- denominator of the Hauser-Fesghbach-formalism;

~ channel coupling in direct formalisms;

- reduced CN formation probability by pre-equilibrium emission of
particles and photons;

- competition by /!-ray cascades within an intermediate nucleus

and other one.

At present the state of art of nuclear reaction mechanism calcula-
tions yields a fairly well degree of confidence. From comparison-

of theoretical and experimental results following conclusions can

‘be drawn:

(i) The deexcitation of a highly excited nucleus dominantly
proceeds via the level continuum of at least the first inter-
mediate nucleus (modes I and II in fig. 1).

This has been proved especially by the success of the statis-
tical model (in the semi-empirical approaches too) in predic- .
tion of multi-particle reactions like (n,2n) /16/ or ¥-ray
production /17/.

Usually, contributions of reaction mechanisms not included
in the CW formation and decay formalism are in the order of
10 to 20 % in the excitation function.

(ii) Direct and/or pre-compound reactions are the dominant procésses
for excitation of lowest lying discrete and/or overlapping
levels (modes III and IV in fig. 1). Usually, these contri-
butions manifest in hardend energy spectra and/or forward-
peaked angular distributions (see fig. 2). So, contributions
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up to 80 % have to be added incoherently to the statistical
model predictions to obtaine correct results in neutron ine
elastic scattering /18/, in charged particle emission /19/,
and in the photon emission spectra too /20/.

(1iii) Multi-particle reactions proceeds via direct processes only
in the low mass region mainly by multi-body breakup of meta-
stable (intermediate) states or the unlikely knock-out of
very complex particles (modes IV and V in fig. 1).

FPor example reactions like

zBe (n, 2;;)213?E — 2
or ' .
1§C(n,n')1§Cx — 3

are not understood very well up to now in angular and energy
dependences of the reaction products. Further studies have
been completed /21/ or are in progress.

The adequate storage of these data complex in particle types, reac-
tion types, and functional dependences on the incidence energy E,
the emission energy L' and the angle © between both directions of
ingoing and outgoing particles too demands a convenient structured
format as close as possible fitted to the physics behind the data.

3. On the convenience of ENDF/B-V for a computer-readable
storage of fast neutron cross section data

The format IWDF/B originally designed to store more are less neu-
tron nuclear data for thermal reactors has been improved and re-
fined according to the developments in different applications of
nuclear data over the past two decades. Now, the version V is in
operation /3/. In the following a critical review should summarize
possibilities of this version versus necessities in representation
of fast neutron reaction cross sections reflecting the author's
experiences in formatting such data /22/.
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3¢1. Critique on the used terminology and reaction type
number (MT) ordering

3.1.1., Term "secondary"

The term "secondary" will be used in File (iF) 4 (secondary neu-
tron angular distributions) and T = 5 (secondary neutron energy
distributions).

Keeping in mind the appearance of multi-particle emission ("particle"
may be of other type than neutron only) at least a term "tertiary"
has to be introduced in principle.

But both, "secondary" and "tertiary" neutrons (or particles) may '
lead to confusion!

In the simple example of (n,2n) the first neutron is obviously a
"secondary" one and the second the "tertiary" consequently.

Therefore, it should be preferred to denote MF = 4 as anzular dis-
tribution and YF = 5 as energy distribution of emitted particles
regpectively. leferent particles emitted in multi-particle reac-
tions can be differentiated by the termini "first", "second"...
and by the corregponding LT's to define the kind of varticle,

3.1.2., Direct and/or time-sequential reaction modes

According to points (i) and (iii) in 2.2. the reaction (n,2n)
proceeds mainly via a time-sequential decay of two intermediate
nuclei (mode I in fig, 1). Thig is unambiguously substantiated by
several successful estimates of (n,2n) excitation functions in ‘the
frame of the statistical model /23/.

This considerations may hold also true for other multi-particle
reactions according to point (iii) of 2.2.

Direct contributions should enhance transitions t6 discrete levels
in the final nucleus mainly (mode II in fig. 1) as pointed out in
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conclusion (ii) of 2,2, From this, it seems very doubtful to use

any LT (for éxample MT = 16) to represent direct reactions. Usually,
multi-particlé reactions can be treated to proceed sequentially in
the time scale.

3.1.3. Term "absorption cross section" (T = 27)

In agreement with the definition in CINDA /24/ also in ZNDF/B the
term "absorption cross section" is used for the quantity 6£T -<SnS
including all partial cross sections except for elastic and inelas-
tic scattering.

However, the term "absorption" will be commonly used in the sense
of the sum over all cross sections in which a neutron is not in
the exit channel, This is quite equivalent to the disappearance
cross section (T = 101). ‘

3.1040 MT'S = 6.-.9 for (n,2n)

These LT's are provided for to store cross sections for the exci-
tation of discrete levels in the first step of a (n,2n) reaction
(population of discrete levels by first chance neutron emission;
mode III in fig. 1). Is there a need to introduce these Tt s?
Keeping in mind that the excitation of these levels should also

be treated in inelastie scattering by MT's = 51...90!

3¢1.5. UT = 16 for (n,2n)

UT = 16 has been defined to represent the direct (n,2n) cross sec-
tion. According to that mentioned above in 3.1.2. the use of T =
16 seems to be doubtful, '

Correctly, enhancements by direct mechanism transitions to discrete
levels in the final nucleus can be accounted for in MT's = 46,,.49,

S0, the total (n,2n) cross section is defined as sum of MT = 16

and IT's = 6,..9 excluding contributions from (n,Zn)'prOCesses pPopu-
lating the lowest lying levels in the final nucleus (MT' g = 46,...
49). | | ‘ | |
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3.1.6, Further MT's for multi-particle emission to
discrete levels and level continua

The formatting rules for description of a single particle emission
as well as the cross sections for population of discrete and
continuous (overlapping) levels are well defined by following

LiT'g:
\
Table 1.
MT for
reaction
discrete levels level continuum total

(n,n) 2 - 2
(n,n') 514¢e90 91 4
(n,p) T700...717 718 103
(n,d) 7204..737 738 104
(n,t) T40...757 758 105
(n, He) 760...777 778 106
(n,«) 780...797 798 107
(n,f) - - 19

On the contrary, the definition of multi-particle reactions are
not so clear. Presently following MT's are recommended:

Table 2,

MT for first

WT for second particle

particle
reaction ' total remarks
discrete| level [discrete | level '
levels |(conti- levels conti-
| nuum nuum
(n,2n) 51-90 91 26, - 16 see
and 46-49 3.1.4.
6-9 and
’ 3.1.5.

cont'd on page
9




cont'd from page 3

(n, BHe‘)

$
(a,3p) | - 28
(n,nd) ! 51 - 32 §
(n,nt) % - 91 - 33 |
(n,nBHe)g 90 - 34 ?
(n,n ) % ‘ _ o5 |

A (n,nf) % - : 20 2

- (mapa) - | - 7T19?

| {=22) 700 - C 111 see 3.1.5,

. (m,pd) - 718 - g _ : |

, (n,pt) 717 : - § - E

% (n,pBHe) _ § _ ;

| (man) - ’ 390

. (n,ap) |720 | - § es 3-1-6i

‘ (n,2d4) | = 738 _ ; _ v ;

; (n,at) 1737 ¢ - 3

(n,dBHe)i - f

b (n,d ) -

- (a,tn) | _ g .

| (mtR) 740 - ; see 3.1.6.

L o(m28) - 753 - 5 o ,-

g (n,t7He) 1757 | _ :

EA(n,t<) _ %

{ (a,°den) _ : I
(n,ﬁﬂep) 760 _ _ % o 3.1.6i
(n,BHed) - 778 _ _ ,
(n,Het) 777 _ -
(n,2%He) _ i e

cont'd on page 10




- 10 -

cont'd from page 9

(n,an) ) - - , - 7992
(n,xp) | 780 - - - see 3.1.6}
(n,"(rd) - 798 - - - .

(n,xt) | 797 - - : -

(n.aL3He) - - -

(n,2x) - - 108

Of course, only a few reactions are of real importance in the inci-
dence energy up to 20 lieV, But the second chance neutron emission
from (n,pn) and (n,xn) should not underestimated.

Pinally, for reactions resulting in third or higher order chance
particle emission (or multi-body breakup) following !T's can be used

Table 3.

reaction MT for total population
(n,n'2x) i 29 |
(n,n'3x) 23 ?
(n,n'd2«) 35 %
(n,n't2«) : 36 §
(n,2nf) ' 21 2
(n,2nx) 24 :
(n,2n2x) 30 §
(n,3n) 17 §
(n,3nx) 25 E
(n,3nf) 38 |
(n,4n) 37 §

i (m,3%) 109 :
(n,d2x) 114 i
(n,t2) 113 §

Obviously most of these iT's are introduced for storage of some
multi-body breakup reactions in light nuclei. For medium and heavy
mass nuclei and neutron incidence energies below 20 MeV these
reactions are of no importance except of (n,3n).
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The compilations in table 1 to 3 lead to the conclusion that

geveral reactions of minor interest are defined whereas some im- -
portant one (from the view-point of neutron data) are missed. So,
new or re-defined MT's for (n,pn), (n,%n) and transitions to dis-

crete levels in all corresponding final nuclei should be

prepared.

3e1.7. LT's for cumulative cross sections

A variety of different MT's are declared for storage of some cumu-—

lated data. The following table 4 summarizes the situation:

Table 4, »

Quantity MT ? sum rule /3/ remarks
total cross 1 % S MT=2,3 redundant /3/
section § _
nonelastic 3 | 5 ur=2...700 redundant /3/
cross section ; E
inelastic i 4 | = uT=51,..91 redundant /3/
cross section | é
total (n,2n) - | 5 u7=16,6...9 see 3.1.4., 3.1.5.
total fission | 18 | = HT=19,20,21,38 -
absorption 27 f Z liT=18,101 not required

j gee 3.1.3.
neutron dis- (101 | SuTr=102...114 see 3.1.3.
appearance % i
(n,p) 103 | = LT=700...718
(n,d) 104 | S NT=720...738 are used to in-
(n,t) §105 f = 1UT=740...758 clude (n,nZ)
(1, He) 1106 | = MT=T60...778 also /3/
(n,%) 107 g =, MT=780...798
target dis- 120 | (MT=3,MF=3) -~ -
integration { (MT=4,1F=13)
total p pro- 203 g -
duction
total 4 pro- 204 | - sum rules not

g -g defined in /3/

ductipn

cont'd on page 12




cont'd from page 11

total +t pro- 205 -

duction sum rules not

total “He 206 - defined in /3/

production

total o¢ 207 -

production

production of | 719 i -

exit p : redundant /3/;

production of | 739 | - . sum rules not

exit d defined in /3/;

production of }{ 759 - .xcluding charged

exit ¢ ] particle emission

production of | 779 - to discrete !

exit He § levels /3/ %

production of {799 - {

exit & _ {
: {

From this table, it follows that the definition of charged particle
production seems necessary and the introduction of as well as the

neutron production and emission cross sections according to CINDA
/247

ol "'6‘&

<{n production = n,n ni
S = nn' +25 +3'§ 3n tee
"'O/n,n' +rf ate Teeo
+6n,pn +5n,xn +oue
+:;C(nf

should 1mp:c'ove the consistency of these MT's and simplifies the
normalization procedures applied in MF = 5 (see 4.2.2.1.).
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3.2. Limitations of ENDF/B-V

Besides some inconsistencies discussed above the present version
V of ENDF/B has some further limitations. These may result from
an inappropriate extension of the format to include also multi-
particle emission cross sections and its restrictions to neutron
emission cross sections only. So, in version V following serious
limitations arise from

(1) | insufficient and/or inconsistend rules to represent multi-
neutron emission from (n,2n), (n,3n), (a,n'p), (n,pn),
(n,n'%), (n,xn) and other one.

(ii) The restriction to represent neutron emission spectra only
/25/ in contrast to recent demands for, charged particle
spectra (also pointed out on page 3.14 in /3/). This is
also in contrast to very fine possibilities to store yhray
emission spectra in MF = 13, 14, and 15.

(iii) The angular dependence of particle emission spectra is, in
principle, provided for in the format (MF = 6) but it is out
of operation at present. In the case of a reactivation a.
total change of rules is announced /3/.

.The limitatipns encountered presently may really arise from limita-
tions of widely d¢ss@minated processing codes /25/. However, to
ensure a progressive development for the future at least two aspects

have to be considered /26/

- the structure of data (format) should be choosen as close as pos-
sible to the physic's background

~ the data base build up should meet the needs of as a lot of po-
tential customers as possible.

Therefore, some necessary changes and extensions for future versions
of ZNDF/B should be substantiated in agreement with the nuclear
data community.
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4, Proposals for possible changes in the format ENDF/B

In this section some slight modifications of ENDF/B will be pro-
posed, But, we believe a more consistent data structure can be
achieved by those.

4.,1. Excitation functions for multi-particle reactions (IF = 3)

The excitation functions for first chance particle emission of

neutrons as well as of charged particles is accounted for by

uT's = 51...90, 91, 700...717, 718, T720...737, 738, 740...757,

758, 760...777, 778, 780...797, and 798. The emission of §'-rays

are dealt with correctly by the correspondimg liT's in IF = 13, .

/hereas the reaction channels emitting neutrons and charged partic-
les in the first step has been taken into account partially there
is no MT for reactions ejecting neutrons or charged particles in

a second emission step (see also 3.1.4. to 3.1.6.). Following the
possibilities of experimental and theoretical methods we feel the
necessity to define some quantities concerning the emission proba-
-bility of first,'second and higher‘order chance particles.

So, we recommend:

4.17.1. New definition of MT's = 16, 26, and 46...49

According to that pointed out in 3.,1.4. and 3.1.5. a more consistent
definition of MT's for (n,2n) cross sections seems necessary.

First of all MT's = 6...9 are obsolete because transitions to dig-
crete levels in the first residual nucleus is treated by iT's =
51.0090-

- Further, MT's = 46...49 containing transitions to isolated levels
in the second (final) residual nucleus can also include the popula-
tion of metastable states in the final nucleus hitherto accounted
for by KT = 26,

So, the contributions from transitions to level continuum can be
presented in MT = 16 only. A total (n,2n) cross section can be ob-
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tained summing MT = 16 and UT's 46...49.

4.1.2, New definition of MT's = 719, 739, 759, 779, 799

These MT's should be applied for the most important reactions of
type (n, charged particle n) corresgspondingly.

Such a definition implies that this MT's have to be accounted for
in accumulating of partial cross sections to yield the nonelastic
one (MT = 3). Up to now, these cross sections have been included
in MT's = 103...107 implicitely.

4.1.3. New definition of UT's = 4, 103...107.

In a simple extrapolation from neutron incidence energies below
multi-particle reaction thresholds the MT's = 4, 103, 104, 105,
106, and 107 should be defined to store the cross sections of first
chance emission of n, p, 4, t, 3He, and « respectively. This is in
accordance with theoretical calculations too.

.
,a' + Ch,Zn

9, 6, °, 1 ing all reactions having neu-
*Sn,cn t n,n'p ¥ Pn,ni e including ng

trons in the first step of an emission cascade.

That means for instance iT = 4 is now the sum of<3h

4e1.4. Definition of NT's = 201 and 202 and re-definition
of LT's = 203...207

As mentioned above in 3.1.6. the meaning of {T's = 203 to 207 is

not quite well documented in the format description /3/. So, we
propose a more consistent and rigorous treatment as follows:

IT's = 202, 203, 204, 205, 206, and 207 should contain the produc-
tion of n, p, 4, t, 3He, and oL respectively excluding transitions

to isolated levels in the final nucleus. But, because of the absence
of any NT to store such cross sections (see table 2) this is equi-
valent to the total production cross sections given by summing over
all processes including correct multiplicities,

For example we obtaipe for MT = 202 the neutron production cross
section according to CINDA /24/ and other charged particle produc-
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tion crogs sections for UT's = 203, ..., 207 correspondingly (see
3¢1e74)e T = 201 may be used to represent the neutron emission
cross section declared in 3.1.7. already. All of these [iT's are
necessary for a correct normalization of the particle emission
specira given in MF = 5,

4e1.5. New MT's for multi-particle reactions leading to
discrete levels in the final nuclei

|
From table 2 can be seen that there is no YT to store data for

particle transitions to isolated levels in the final nucleus
(mode II in fig. 1). The only exception are T = 26, and 46 to
49 fOI‘ (nyzn)o

For future planning some minor MT's like the 700-series should
be provided for.

4.2. Particle emigsion spectra in IF = §

4.2.17. On the preference of laws in I = 5

In accordance with the format description /3/ the use of more or
less simple distribution laws is recommended whereas a point-wisge
representation of the energy dependence should be avoided. This

is in contrast to the complexity of the emission spectra resulting
from the interference of different reaction mechanisms as pointed
out in 2,2, Therefore the preference of the law LF = 1 should be
legalized; In that cases an agsymmetry of an angular dependence of
an emission spectrum can not be neglected :F = 6 sﬁbuld be pre-
fered for an adequate representation of the data (see 4.3.).

4.,2,2. Normalization of particle emission spectra

4.2.2.1. Neutron emission spectra

In ENDF/B the neutron emission spectrum at any incidence energy
has to be composed of separate contributions from different reac-
tion channels like (n,n'), (n,2n) etc. Every component is a norma-
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lized to unity probability distribution (or function) which has to
be renormalized by using corresponding excitation function cross
sections in MP = 3 and multiplicities if necessary.

But, there is no real justification for such a decomposition of
neutron emission spectra from following aspects:

(i) in experiments a differentiation between neutrons from (n,n'),
(n,2n), (n,pn), (n,np) or other, i.e. first or second chance
neutrons, is impossible, Only the emission cross sections can
be measured.

(ii) in qualified models including multi-particle reactions too
usually the population of states in any intermediate or final
nucleus by particle emission can be calculated. That means
computer codes are able to predict first, second and higher
order chance neutron (particle) emission cross sections and
specfra respectively which have to accumulated to compare
with experiments.

(iii) usually neutron spectra will be treated in the frame of
scattering matrices for inelastic scattering ESine

From this point of view the use of cumulative emission spectra

instead of summing up components from different neutron

emitting reactions is a straight forward extension of treat-
ment of neutron energy degradation by nonelastic processes.

l(E-+E').

These arguments lead to the proposal to introduce a total neutron
emission spectrum normalized by MT = 201 rather than using spectra
produced by different reactions. No multiplicity is then necessary
to reproduce the correct differential cross sections.

In some cases it may be of interest to calculate also first chance
neutron spectra. This can be realized using MT = 4 according to
4.1.3, '

4.2.2,2, Extension to charged particle spectra

In consistency with the possibilities provided for the s -ray spectra
(MF = 13 and 15) and most recent demands the ENDF/B should also able
to represent charged particle emission spectra. Analogous to neutron




- 18 =

gpectra all lIT's are now available using the re-defined series
203 to 207.

If the most important first chance charged particle spectra are of
interest iIT's = 103 to 107 may be used.

4,3. Angular dependence of particle emission spectra in MF = 6

4s was pointed out in 2.2, already non-equilibrium processes results
in asymmetric (normally forward peaked) angular distributions.
Clearly, for the excitation of discrete levels this can be represen-
ted in File 4 using the MT's for the corresponding reactions. But
there is no possibility to store the angular-energy dependent data
(double differential cross sections) for particle emission going to
the level continuum in the final nucleus. It is quite evident from
several experiments /3,27,28/ that these transitions also exhibits

a strong angular asymmetry.

In fig. 2 clearly can be seen that at any neutron incidence energy
above 3 eV roughly anbulaf dependences of the neutron emission
cross section has to be considered /29/. Thls can also expected for
charged particle spectra /30/.

Therefore, a re-activation of IIf = 6 should confirmed here adopting
energy dependent Legendre polynomial's expansion coefficients pPro-
posed in /3/ already.

5. Summary and conclusions

Summarizing the proposals for new or changed MT's made in section
4 the following possibilities for representation of most important
neutron data are available:
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Table 5, _
| MT meaning in sum rule
MF = 3 MF=4£MF=5 IF = 6
!
2 GH,H(E) n,n ("")O) : - - -
4 GESt(E) - Espectrum E'-0 depen~ ZIMT=91,16,17,28,
:of first dence 32,33,34,20,
3neutrons; 37
énot manda- (see 4.1.3.)
ftory
i
i »
51 : : : P - -
. Gn,r.l'i()?‘_’E:‘;.) Gn,n'( ,:E »0)
90 . E %
91 ﬁg°g?( ) - {spectrum not man- - i
'of inelas- |datory
*tlc e U
‘trons' not
i 'émandatory
46 : assumed :
: 2,01, () isotropica - - -
49 . ;
16 n on(E) § - . spectrum of assumed (see 4.1,1.) ;
; -second neu- isotropic
: E 'trons from
% ' :(n,2n), not
{mandatory
26 Bgnd(E) - éspectrum ofl assumed ZE@=16,17,37,719{
:second neu- isotropic 739,759,779,
i trons; not 799
fmandatory
| :
! 19 @L’f(E) - ;prompt assumed
gflSSlon isotropic
! | spectrum

cont'd on page 20

R I I .
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e e et e A i A FRN S B B 3 s bl 4 D 4 Mt

- - |
- é
é neutron z
©  sgpectra :
=y : -
733 on,dn(E) : from reac- inot manda- (see 4.1.2,)
. ) .
759 {6, (E) tioms (n,Zn)}\ tory ;
: i
;  not manda- ! ;
' r' ; *
{799 Jnfxn(E) i § %
17 Bn(E) | spectrum of E ssumed - :
; | i - {isotropic
37 n 4n(“) } ? third neu iso P
' } trons;spec~
: : trum of forth
. neutrons
, rod % : ~
2o E4m) | % - - S um=2,202
202 (5 y(E) ! neutron i21-0 depen~ | Z 1T=4,26,17,
f . emission | dence 37, «19
i ; spectrum 3 (see 4.1.4.);

e e o et i it v

'

In table 5 the sign - means that an use in the corresponding'MF
is of no physics background.

Analogous to this table IT's for storage of neutron induced proton

data are compiled in table 6.
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Table 6,
— f
MT meaning in sum rule
MP = 3 IF = 4 MFPF = § MF = 6
700 :
. G - - -
. n,pl(u,E') één,pi(E,E",O)
LoTT !
; 718 r~':>'§°g";(E) ; - proton £'-0 depen- -
' ? §
g ' E spectrum |dence
; § of (n,p)
' | reaction .
G { - - -
719 On,pn(E) : -
103 G;“(E) f - spectrum |[E'-0 depen- ZMT=111,112,
of first |dence , 718,719
! protons; ) (see 4.1.3.)
| not manda-
§ tory
- { i
111 iwn’zp(E) f - proton spec- -
; : trum for
¥
: second pro-
tone E'-0
112 G B _ | dependencé _
n,PoL( ) ; -
; !
i
28 bn,np(E) ' - § proton spec- % -
{ trum of ;
\ ; (n,np) i
203 Ggmd (E) - ! proton | Zur=103, 28,
é emission 111
§ spectrum | (see 4.1.4.)
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Such tables can be constructed for other charged particle produ-
cing reactions (4, t, 3He,d.).

Cumulative cross sections may be really redundant. Nevertheless,
gome of them having non-trivial sum rules should included in a
data file to ensure a quick (or off-line) retrieval of most im-
portant cross sections for common applications by several (maive)
customers., In table 7 these ilT's are compiled. All MT's are appli-
cable in IiF = 3 only.

Table 7.

B T e e R R
i

Quantity 5 MT 5 sum rule

o {2 MT=2,3
Gox [ Z1iT=4,18,46...49,
* : 51+ ..90,700...799

total fission ! | %\ MT=19,20,21, 38
cross section f

neutron dis- o EZMT=102...107,
appearance § § 700...717,
: ? 720...737,

740...757,

760...777,

780...797

The proposed formatting rules including new [IT's and normalization
conditions have been tested in the process of coding neutron nuc-
lear data for Silicon /22/. These data are part of the SOKRATOR
library (MAT 2015) available now in 3INDF/B format. From the experien-
ces collected in this work the possible and necessary improvements

in the ENDF/B format has been abstracted and presented in this

paper.

Some proposals are made to overcome difficulties in a proper repre-
sentation of experimental and theoretical data of fast neutron indu-
ced reactions. These recommended changes have to be proved very
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carsfully against violations of several boundary conditions defined
by format checking (CHICXR, FIZCON) or processing codes (RECIHT
and other) which are widely distributed now.

They have 2lso be compared with gome new developments in data
structures by the Livermore transmittal format for ZyDL-82 /31/.
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Figure captions

Fig, 1 '

Schema of multi-particle reactions proceeding via the emission of
particles in a time-sequential decay (modes I, II, and III) or a
direct mechanism (modes IV and V).

The neutron emission from (n,n') and (n,2n) is shown assuming
following typical averaged parameters:

neutron incident energy: 3 = 15 eV

neutron binding energy: B = T ileV

excitation energy for level

continuum: U® = 3 MeV

mass number: A = 100

level density parameter: a = A/8/MevV™]

level density formula: y (U) ~ exp(27al')

level density at US: § (%) = 10/MeV
Fig, 2

The asymmetry defined by the difference of O and 90'degree's cross
sections for neutron emission from (n,Xn) reactions in dependence
on neutron incidence energy I and the excitation energy U (Ua E-E')
in the residual nucleus.

Experiments carried out by Lovchikova /27/ at 5.2 eV, Hermsdorf

/8/ at 14.6 lleV, and Marcinkowski /23/ at 25.6 MeV give clear evi-
dence for an important asymmetry exceeding the 5 percent limit in
nearly the whole emission energy range E' at any incidence energy.

The same holds true also for x-particles from (n,Xsd) reactions as hac
been demonstrated by Fischer et al. /3C/.
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