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I. INTRODUCTION --

.,-- A. larg·e amount o(nuclear re~Ction data is required for, different 
·_-.important applications, e;g., for recent plans of transmutation of long- · 

· iived radioactive wastes with a spallation source, medical and biomedi­
·cal needs, a~d research of cosmi~-ray effects on spac'eships a~d astroria­
jits[l]-[3]. Experiments to measure these data arecostly and a: limited 

-'number of facilities are available to make these nieasuremerits.There- . -
fore,reliable ~odels are req~ired tO prnvide necessary dat~[4l[6]. I~ 
so_me c~es, it is more convenient to have fast-computing semiempirical 
systematics_ fo~ various characteristics of nuclear reactions instead -of -· 

-their time~consuming calculation using riucle~r niodel code~. Due t~ a 
. k,~g~~tandi,ng work of m~ny h_i';'estigators, a. host of empirical formulae . 
· i~ n,ow available·for estimation of ine_lastic_[6H18], elastic [6, 7,- 17], 
and total [6,<7, 14, 17]cross sections; for double differential cross sec-, 

-~ tions [6, 7], [19h[23]; energy [23] ~arid aiigularJ20] 'distributions and,·,_ 
niu.ltiplicities of emittef particles [16;, 20] ;· for ·spallati_oncross sections 

· and excitation Junctions [6]-[12], [26].:[39], ~tc. The systematics [Bk ' 
[10], [13,14], [19]-[21), and [27, 28] .have recently been reviewed by 
Koning [6], an.d we wiUnot repeat"this 'here. Most·of the old system.at-

, I C ' '. • ," • ><, •' 

jcs available by !970 were analyzed in the monograpli [7]; the majority 
ofsystematics, proposed by 1985,-for mass yields, charge dispersions, 
energy ~d angulru: distrihuti~ns of fragments produc'1d in pA an<l'AA .. 
collisions at rel~tiyistic energies are presented in)the-review [39] by_· 
Hiifner; many useful_ ~y_§tematics ol inelastic~ elastic, ·and total ems;· · 
sections m~y beJourid'in the recent bookbyBarashenkov. [17]. Bdow 
we diSGUSS ·only th~ niost recent an.d some less known systematics that 
were n.ot reviewed in [6, -7, 39] b_ut -are by no ~eans worse; froh{ our. 

-point"of view.·· · · ·. -- .· ., · - ' · --> · 

.II.INELASTIC/ELASTIC, AND TOTAL-CROflSSECTIONS. 
':: :··. ,.~: ·_, •• ;' ,' '.·'\ ,'• > ,• - - - ,, '.' ·~_:.· , >-.~ 

I • Not . only for. different·_ application~-. btit al~o . for iiiany-theoreti~al 
~--· .. investigations;' it is necessary·to. estimat;, cross sections for r~a~tions 

induced by various 'projectiles; At high incident energies .T' where the) ' 
C6ulomb f~rces are ofno importance any longer, 'the inelastic c~oss sec-,­
tion <1in(T, A) of a hadron-nucleus interaction is ~impl/proportiona! t~: .• 

... . ' ·' ' ~ \ - '. . . '' 
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the geometric cross section of the t~get-nucleus and may be appro~i- , -~ 
mated as (17]: _ _ . . . .. . . 

O"in(T,A)~1rR2 =uo(T)A0
i~' (1) ··f· - . 

. where Rand.A are the radius and mass number of the target, ain -~ 

2/3; and u0(T) is a smooth function of only incid~!1t energy T. This 
approximation· is_ well justified only for a "black",- totally absorbing 
nucleus-with ~ sharp border. For· real nuclei, ain. anq uo(T)' are-more · 
complicated functions and correlat'ewith the energy dependence of.the:· 
total hadron-nu.clean interaction cross se~tion ui(hN)__. ·. · · · 
. For evaluation of o\~, many.authors have proposed. a variety of con­

cr~te formulae ba.fied on this relation (see; e.g., [6H18]): from the w~l~~ ... 
known siniple but crudeJoi-mula Uin ~ 49~9A213 mb, used by.many 
authors (~ee,,e.g., (8, 10]), to some very sophisticated systematics.with -· , -
mariy e~ergy-depei.ident. parameters providing "a de;cription of data.---
with'. an accuracy of~~yfew per cent.[17].: ·· . · · · · :·· ·. •; 

A simpl~ and useful systematics t6_ calculate uin • (in mb )_ for pA_ 
interactions in the· incident, energy. Tregion ·from-· 100 Me V ·to 1. Ge V · 
fo'r nucleifrom 12C t~ 238lJ_ has recently been propo~ed by Fotina et 
aL (16]: . . . -. . . . . _ . . . 

• _- ~in =4fx~~
9_{1 +k(i+~1r--2)}--

Here. AM·is-the niassof th~ targ~t, ;nd .' . ' 

(2) 
l 

(
. ::1:' . 1 · '). · . - . · -. . ·{ . (T E )2 } 

z = a1T~~2 +aa 'ex -1+ L ; .-,, Z,r ~A,rxixp_ .·.· .. - 2 _ir .• ; 

- . - _i-~- e+~ •· ,· . <.,: -<-- :~ - ':l . . : ~ 
x = a4(T - a5); a( = 19,301; a2 = 0A61; _aa ~ 0.860 :-c- L033 x 

_10~5(AM-44.8?;" a4 -~ 0.0l;;a5 =890.0;_A~_-;;, L14lxe0-00.2527AM;·.- · 

·~E,r = 730.43_::::.0;296 xAM; w2 = 31158.4-:- 116.174 x AM·.· Due to the 
term Zir. which allows for ,the 1r:-:CUeson.pr_oduction effect,. this-formula · 
differs _advantageously from· other simple• syitell!-atics by_ the ability of : 
describing the me,asured bu~f"Ujn in the'i-egi~~~or"inddent energy' 
T_~ 600·:_ 700 MeV. Fig: 1-(tak~n from [1~]) shows·~ corriparis~n of 
O"in; evalu~~edwith (2) for severa_l nuclei; with the ~xpe_rimental data:. -_ ,. 

.. Expressibns of a power formlik:£(1 ). may ~e used alsofor evaluation . 
of total at(T, A) and elastic ae1(T,A) cross sections, but their accuracy;, -- '. . ' . -- -· . --~ . -· 
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especially for T ~· 100 MeVand light·nuclei, issignificantly worse-than 
for d_1~(~, A) (see [17]). : .. . · ,· . ,,. · · · 

··t~-- u e a 
I - . 0~ Pb . . . 

10 3 •, ; 0 - < 

Cu· 

/ 

·i ~1r-r--o~· ;;.;,:._~_;_;_:____ 
b .Al 

•c. 
_..!!!. 

i0 "0. 1000 2000 3000 · -· . . E., HeV. ' 

. . ' .·. .· - \' . . ·. ·.- . 
. 'Fig. L Theprotori~nucleus inelastic cross section for_U'. Pb, Cu, ;\I, c;and Be according · 

t~the'syst~rnatici(2)Tcigether with the ~xpe.rimentaidata (;eceiveclfr~m_D;. o.v. fotina [16)) . 

· Along with expressionflike ( 1) ~· it_ is pbssibl~ t~ use relati~~s ~f the 
following type: · , :" ' . • . . . - . -• ·. . . --

··· . ·. ·'. . . . :: ,. · .. \ .. \ ! ·. .. . . '· ' 
,.. <1(T, A)~ 1r[roA1

/
3 +_~(A)+ C(T) + · ·

1

·]

2
(1'.:..: V/Tc),: (3) 

. deriver from'~ series-expansion of'the ~ptical model,formul~e when 
. the ~hole en~rgy-dep.endence iscQntained in only one additive term. 
. C(T) (1

1
7]. An interesti~g universal systematics like this was st!_ggcstl'd. . . .. . - . ( ·- . 

· by I3arashenkov (17] · · ·.·• · · .· ,, · · · -

·a(T,A) '= 1rr5{A¼3 +-A¥3+ bAtA¥3J(A~
3 ~ At)+ 

+ d(l·- 2Z/{1) :.._ C(T)}2(1- V/Tc)- :· (·n 
. '"'\ 

'HereY is'the Coulomb barrier;Tc is the kinetic energy of the projectile 
in.the CM.frame; Ap a.ndA'.l' are mass numbers of proje~tilc and·targct,o' ·-. 
respec'tively. This _expression was successfully used [17]_to descr_ibc a;n; , 

, -~O"e/ (and at,:~ O-t =·ain+ae1)for nucleon~, pion:,'kaon-,:,mtinuclcon-, 
and nucleus-nucleus iri.tera~tions. For example; in -the-case of nuclc~m·0 

nucleus i~teractions>we have to.use Ap = 1; ro·= Ll fii1;b =L85; 
din:~ _·2.5, for uin, and de1 ~ 0.3.,.fQi.O"ef,--~The::~_n~rgy dependences of: · · · · i~J~~~~;::\~~;~~~;;?ir:1_r ·. · ·- --· · 

,1 n->•.;;:..n,._1,·'.; •-"-;,,-•;· . t_ --tf. \'.D\l\•~HI.' IV I~ ,.._a . . 
~.4:_... ' 
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. uf;;(T,A) = ur (T;A)-+u;(T,A); 
, I . . 

(6)' 

where· 
. , ur (T, A) = ·ut (t A)+ u3(T, A);·. 

·+ ';' . ,.,.· ... ,' '> ',. , ' . I: . I 

ui (T,A) = u4(A)(T/l60fexp((l60-T)/E); 
l ' I ', ,. • ... '. / ' ' 

·u4(A) = 220(A/12)°-6
; . 

. I ' ' I 

.. ,'Y = 2+ 36/A; .E == 160/'Y," if 160 ~ T ~ 400 Mey;··' 
··,':'/ = (2 + 36/A)/3;. E = 160/1 , , if _T < 16p MeV; 

·1 

\ 

'ui(T, A)'~ ~5(A)(O;fr 3.3(1 - ~xp(.c-(AT /1000)
2)))/4; 

, . :_ u:(T, A) = :.A312exp(~T /60);' ·, , . 

( · us(A) = 220(A/12)0
:,
6+ 0.5A ; · 

· \ · Here, cross sectionsarein mb/and pion.in~id~~t en~rgy T, in MeV .. 
In Ref. [15],' 011eican also·find '.similar formulae ,providing reliable 

description ofdi~ fo~
1
incident p~ons'at higher energies(up to 300 GeV); · 

and for nucleon-foduced reactions in the. energy region from',...; 20 Me V' to 1 Te V. . •, , 1 • ., • . • • • • • • > •.. . ,' . · . . 

i ' 
'•. To our k11~wledge,' the· ~ost compl~t~ 'compilation 6f experime~tai 

· dat~ on.elastic, in~lastic, a~d tofal cross s~cti~nsfor nucleon~ and pi~n­
. induced i"eactions ·. at · energies higher than several Me V is· published . 

, ; in · a . tabulated· foriu ··in'· the recent ,hook ·by .. Barasherikov [17] ... Files 
I 

I 
I 

I 
I 

I 

·. with ~at~ for· nucleon-iriduc~d :reactions, prepared according ,to this: . 
compilation, are av~lable at present from NEAOECD: Jhe book [17] 

. contains a compilation (but' not so 'rich)· of, measured cross sections 
,· ,Jor reactic>iis induced by kaons; antinucleons,>,antideutrons, ~Ild imcle,i; 

as w~ll as manysystematics for these:cross sections: It.also contains a 
. I' . huge number ofiigure1\vith experiniental_and evaluated Ujn;,uer, and Ut . · 

for the.majority of nuclei; ;which may beconvenient for investigators for 
a prompt r~veal, of CJ'.OSS sections of ihterest. _Mqreov~r, Barashenkoy 
and: Polanski . have'. prepared . the code CROSEC' [18] which . provides ·:' . 

'Uin, U~/, and Ut for pion-, nucleon-! and nucleus-nucleus interactions for ' 
ta;gets ~ith the ~ha:rgenumber z,. > 3 at ,incident:energies from 14 

' MeV'up,to,lTeV.The liadron-nucleus._cross s~ction~ ~e obt~ned by 
, means of interpolation between estimated experimental data compiled . 
' in Ref; [171' while th~ nucleus.:11ucleus cross ~ections are calculated' 

\. 

I 
I 
! 

l 
I ·.,. 

/I 

·. ' / ' ' . - i ,· ,,' -, .• 

using ·a phenomenological formula with· coefficients fitted at energies' 
•above 'sev~rnl MeV/nucleons. Frnctions of .the CROSEG ~od~ can be ' 

.' , : used as subroutines e~ployed by other codes. Investigators int~rested 

j ·: ··-. in using __ the code.CRO~~~ ha. ve t~ contact Prof. V.S. B~rashen~ov: 
barashenkov@lcta30.Jmr.dubna.su, or Dr: A. Polan?k1: 

., . polanski@cy.jinr.dubna.su .' ... ". 
,.) . 

.,. 
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III. DOUBLE DIFFE~ENTIAL CROSS SECTIONS,;ENERGY .· 
AND ANGULAR SPECTRA, AND MEAN MULTIPLICITIES OF : 

. , ' , ' - ' ' .· . _.,' 

EMITTED PARTICLES 

SystematicsJo; do.~bJe differential cross section'.sd2u /dTdn, for sec~· 
ondary particles emitted (;om different nucl~ctr reactions arf of interest 
as input for sorrie preequilibrium ~ticlear models and;--w~i~h is more 

)mportant, as g~11erators fqr transport codes .widely usedin ~s~cntial 
'applica'.ti~ns. . .· ' •, ' •. I . • . . ' _I. ·; . . ' 

The.Kalb_ach;and earlier, Kalbach-Mannsyste:qiatics [19] for contin-. 
µum angul~r distribution ?f sec.91:1dc1ry n, p; a; t; 3He, arid 4He emitted 
in nucieon-, deuteron-, and alpha-particle-iridi1ced rea~tioiis at irici-

,, dent en~rgies up·'. to sev~ra1··hundred ·MeV have been ~btained. fro~u. 
the a~alysis of many set~ of ex~erimental·d~ta .. Th~se systematics arc•·· 
,well-kno1':n a~d ~.sed in su~h preequilibrium model c~des as ALICE- ' 
. °FJ40] and. GNASH[4i]; they:.have :recently beenreviewed by Koning [6]; 
therefore, we will'not discuss•themhere. : , . . . . 
' Pearlstein [20] has analyzed expe~iment~l data on neutroii cinissicm • · .. 

·. from' a target bo~b~rded by,318-, 590-, ~nd 800~M~ V protons and ob- . 
tained. a set , of, phenomenological-syste~~tic:s ·with· .24 • 1;aram.~tf'rs f ~r 

/ '( ' . .·-,,,.- - ' ) • ,- 1 ' . • 

double diff_erenti_al cr:;oss sections 4:u(p, xn) /dTdO,, angiilar distribu-
. tion du(p; xn)/dn; .and angle:energy ip.tegrated u(p, .Tn) ·cross sections.' 
. These systematics ar~ used in the preequilibrilim model code ALICE~·, 
F .[40] and)lave also _been_ reviewed by Koning [6]. A coi1iprehensivt' 
comparison ·~f the results' of Pearlstein's calculation~ with experimen­
tal data ~nd 'predictions.of ~any nucle~r:modcls may be found- iu the 

· · rece~t revie~ .[4]. · .· .. · · ·. ' . ·. ' · · · 
. 'More recent systematks fot d2;(p; xn)/dTdO with fewer paraineti:•rs 
has been. suggested by Ishibashi ct al: [21] for incident protoi1s of 25 
MeV to 800 M~V and nudei-targets in 'a•widc range of. mass-n~1~1ber·.' 

.· ' ·' ', ' '. ' ' .. 

,\' 
I 
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The authors of Ref. (21] {ised a moving sou~ce model with three com~ 
'ponents cori:esporiding to the intranuclear-cascade, preequilibriuril; a~d 
evaporation processes in the incident protoµ energy regionJrom 600 to 
800 Me V, and a new double movirig source, that .is called "Watt moving 
s~ui·~e" model, ~t energies below 400 Me V for the cascade compo~ent 
to fit the experi~ental data. Ishibashi ,et al. (21] found a set of p"aram- .. 
eters for e~ch analyzed inci1ent energy and target allowing to describe 
well double differential ( and integrated) cross sections of secondary 
neutrons. These systematics were ·reviewed by Koning [6] and f~rther 

, . I . . · , ' I , 
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developed by Fotina et al. (16] Jor description of secondary protons .as 
:well. . . · .·. • , . . '. , . . • - , > .·· . ··. . . , ·.. . . .. . . , , , 

In addition, F9tiria et aL (16] obtained smooth dependences ·of all . 
, p11rameters ori in~ide~f energy and target mass ~urriber; which pe~mits·: 
. one to use these system'atics for any ·nuclei 'from C to U a~d incident en- · 
erg~es from:~ 100 MeV to J _Gev wid10ut additional fhti~g .. M?~over, , 
Fotina et al. [16] preparecltw9 fortran codes MSM and MSPN according 

;·.'·· 
·,· 

.,, , ' \, ' , . . . , , , . , . 
to these systematics for calculation of double differential cross sections; 
energy and: angi{lar ', spectra, angle-energy integrated yi~lds, and mean 
multiplicities for secondary neutrons and prptons: The code MSM pro­
vides al~o .calculation of·total pA: inelastic cross section 'ain from th~ 
'formul11 (2) and some more useful ·output. An example of comparison/ 
of proton spectra·. from . p '+. 27 Al and. p. + 208Pb ·reactions· at. ,energies, 
90 MeViand 740.MeV calculated with.Fotiniet. al. .··systematics [16]. 
with .the experimentalidata is ·give~ i~ Fig; 2. :on~ can see:a good. 
agreement.·~ , . · . , .· ' , . . J • . . . . . · . 

. Fotina et< al:···• ,systematics [16].·w~re .~uccessfully rised by.the au~ , 
thors ~ generat~rs for the. \Vell-known Mo~te Carlo transport code ' 

. MCNP (together \with:,the ~ode SOURqE ·which generat~s ,the input, 
for MCNP) which allo,vs _one to calcul,ate neutron and. proton transi-. 
tion in s~mples of~rbitrai:y shap'es,with constituent substance (for, de~· 
tails, see (16]). The MSM and MSPN codes are avajlable upon request 1 · 

from Dr: . O.V. Fotina: 'fotina@pS;.Inr~~pi.msu.su·;o; foti:ria@p6- · 
lnr.npi:msu.su . · · " \ ·· ·, 
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Fig. 2. Comparison of Fotina et al. systematics [16] with experimental data for double-
·; • -, •, T • • • • ,,: • •• ,,• > • t : ' > S ' • ,:•, •• 0 

differential proton' spectra from 'p + 27 Al'(Hg. a), To = 90 MeV) and p + 208Pb (fig. b ), 

To= 740 MeV) intera~tio~s (re~~ived from.Dr. O.V. Foti~a [161). '. . · -
• - ' : ... , • ,• • • .' -\ '': • ' ' ' .( ' • • ... ' '·; 1 ~ ', • ; 

, · .. , Gorb~tkov/Kryuchkov,· and· Strig~nov ,[22], recognized .experts in' 
.. systemati~s and tra~spC>rt calcufatio11s, c~~sider Sy~h~v's e~ ,aL [23l ~p­

proximations to be .the best by 1992, universal systematics· for._double 
., . /. ·, • I , • , , i , : , · , ,, '- ,. • . t ; , •• '. • ~ , , 

qiffei"ential cross sections of secondary hadrons emitted from hadron-• 
nucle~sinternctions at inddent~energies from ':"' 20 MeV up to'h~Il~ 
drecis ~f GeV. The'se. systemati~s were·used in transp~rt calculation~: 
and ~re realized as several fortran codes~ D2N2 .f~r calcul~ti~n ~f 
d2a.(p:xn)/dTdO of f~st.h~~on;; D2Nl ·for integrated da(p, :i;n)/dT.; 
EVAP for.cakulation of evaporation of slo\v particles; NECS.for calcu- · 

• ,· f . ', . • ( , ' • f • • : , • •, • • ' ' ·1, _' ' , • , • ' • ' ' ~ , ' • , ' ' , , ,,. • , • , 

lation of nucleon-nucleus quasielastic and nucleon-nudeon elastic cross: 
sectibns. Urifortunat,ely, forrhulae of th~s~ ,systematics are too curri7 
bersome to be sh~wn here, . and the. full set of all parameters is not. at . 
·our dispo~al; the~efor~,, interested users ·have to contact ,directly the' -
~uthors of Ref. (23]. , :, . ', .- ., .. ~: ·. ·. , ... ·. . < , 

. . ,-, ',-_~. i , . • . ·", . \ ',\ ' ' ' ,· ' ·• ' ' : : 

To perform reliable calculation ofn, p, 1r, K, and, tnuisport through· 
., ., the matt~r [24], Gorbatkov-et al. [22] h,ave recently d~rived ~ ne'\V; more 
\ precis~ than thoJe ofSychev et al .. [23] systematics for. doubie diffe~en- , 

tial ,cross section~ of hadrons. pr~cluced. in inelasti~. hA int~raction~ at 
en~rgies from N 10 Me V to ~ 10 TeV.. . ' . , . . 

r': 
' 

•, I 
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·An. example of ccimparison · of Gorbatkov' et al .. systematics [22] of . 
. JJ-d/dTdn for.proton-inducedne1~tron production on Al ~d Pb at 585 
Me V with the Syche~ ~t. al. [23] one and with experi~ental _data is 
shown in Fig: 3 (~dapted from Ref. [22])'. ' · 

. . . .' ' • ' 'd. 
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Fig. 3. D_ouble differential cross sections of neutron production from interactions of 585 

MeV pro~mis with Al a~dPb: s·o~d li~es, show Gorb~tko/ et 'a.L ~y~te~ati~s [2~]; dashed ••·. 

. •'lines. ~re calculated with Sych~v' et· al.· ~ystematlcs [23]; points indicate experimentai data .. · 
. l ,. , .. ·. . . . . . ' •:. . , . . . • 

This 'figure is adapted from Gorbatkov et .al. [22]. , 

. \ 

, ' , " , I' , . .' , 

, . ; ' ,, , ·.' , \ ,' '·· ., ; '.• ·; \; ' - ,' • , ',-,. • , , .. :- : I .• . 

One c'.an ·see· that for these reactions; Gorbatkov et al. systemat-
. ics [22)',descrihe exp~rimental databetter ,than· thoseoLSychev et 
. al'. [23]. The systematics of Gorbatk~v et ai. we;/ incorporated i~ 
· the, _code. system SADC0-2 [22], · ~s~d to · p~o\l'id_e high--enei-gy • p~rtide ·. 
transport' calculations by a group method with the ,new Monte Carlo 
Jast·code MOSKITi [24]i,Unf~itunately,the wh~le set ~f formulae ~d 

\,,. ".., ' .~: ' ·" ,•·· ·'' . . .. , ,' '' ~ ' . ' . --.; \ '· ' 

parameters of Gorbatkov, et al..: systematics is no~ given in Ref. [22], · 
and we again sliggest intere~ted u~ers to co11ta~t the ~uthors .. 

' • - I ', • • ' 

IV. SPALLATION CROSS SECTIONS AND EXCITATION. 
< , ·,: FUNCTIONS .. \- ·· . 

. . 

. , Reliable. systeniatics for integ~al cross sections of produttion. of dif­
'fereht isotopes or for excitation-functions are of .,special importarice [25] 

:_ for s~ch applications as:• optimization of isotope pro~ucti~h; design _and: 
· .. 'operation of high-ene.rgy· acceleratorii; accelerator.:based waste' tr~ns-· 
. mutation; accelerator-bas~d· energy_amplifi~~tion; astrophysits; -cosmic . 

• ·'.• ' >< ') ' l •- '• \ ,·,-, 'j ':_, ,: , ·: • ' 
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. ray physics; and,·l~t.but not·l~ast, for understanding theories-ofstro~g,­
nuclear inter~ctiohs and for. tests of n:"4clea:1: reaction ·models. (for. ~ore 
details see, e.g.; [1, 2]). ·· · · · ' 
. The first universal formulafor spallation reaction cross sections was · 
suggested by Rtidstam [8] 'and'laterjmproved by m~ny author~, notably'. 
'by Silberberg-and Tsao [9]. These five-parameter systematics are ,\.ell 
known, 'widely used, and ,often.,r~viewed (see~ e;g.,. [6, 7, ··10, 39]). The·.· 

. s:ilberberg and Tsao formula is extensively used in applications. que to,, 
among ·others, its re4ization in the code SPALL published by Rotitti' 
and Sandberg [IO]. In subsequent years Sflherberg and Tsao p~rformed 
a number of changes·and refinements of their systemati~s [11],· extended . 

'it to thedescription of heavy-io~ reactions as well [12], and now a n~,,· 
,' . ' ' • ' • ' . ·, \ • J 

recent code version YIELD of these systema_tics is available (citation 
:; .. under' Michel et al. [25]): ·· . , 

1 
. . • • . • ··< . 

1 Fig: 4 (taken.'fromMichel etal. [25]) shows, as an example,·the ratios. 
of pi-oton~induced sppalation c~oss sec:tionlc.akulated underSilberberg _­

. anc( Tsao syst~matics. ~ersu~ Michel et. al. /experimental data [25] for 
proton energies of 800 MeV arid 2600 Me V ~ . · . •··... · · .• . .. _· 

Op. ~ari see that most ()fthe
1

individual r'.1tios a_~e ,vi thin a factc>r of ' 
2 from unity and only seldomly there are reactions for ,vhich the ri1tios·, . 

- go up to a facto/of 10. · , ·· · · · · · • · · · · 

Th~ five._parameter Rudstam· 'formula was ext~nsively used to aiia~ · 
' lyze also. data o~ high-energy photospallatio·n; and, 1~ei-. sets of paran/; ' 
· eters for these' reactions'.-were,'6btained · (see, e.g.,· [26f and rcfC'rC'~lcC's 

therein). '. . ·.·• > . • · • -, , · · .- .· . ·•• , , · " 1

, · .. •· ' '.. 

\ Further, s'ome authors de~elop~d similar· but sipiplc; fornnilaC' for; 
·· spaliation cross sections.· So, Gupta et al. [27] proposed a four-pitra{w,ter 
systematics, while Foshin~_ ~t al'. [2_8] derived a simpler.:_ oi1e.''threc;: 
parameter formula. . . ·,' · · · · ., 

. 1 _Recently,· se~eral investigator~ obtained simil~r sin1plc_ but uni~~rsal 
systematics for spallatiori cross sections· which may he· appli~d to ck-

. scribe both proton- 'and nucleus-:-nucleus\nte;ractrons [29, 30] (se·ealsd 
' •• "< • • ., • " • - .... ,: t . . ✓ ~ 

,th~ new Silberberg and .TsaoJormulae [12] cited ·above). . '·, _;. · 
.. • .So, the Siimmerer etaL.parametrizatio'n [29] is verysin;ple, docs n"ot . 

pretend to describe such processes as nniltifragmenfation, iritcnncdiatC'~ · 
'niass'frag~ents .and•fission .products·ahd was>de~elriped,,vith. an _Clll~ . 

, .. •• . . ' . . • ' • .. ' . ~ f - • , 

/,' 
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phasis on heavy targets ( or projectiles) nuclei; therefore,· it should be 
· applied, to fragments. from targets ( or projectiles) with masses larger· 

' . ' , • I 

. than approximately A=40. 
' ' '. . \ .. ' 

10· 1 

'· '·~ 
·soOMeV 

f
l . ~~ ., f>,fe' x• 

.... . .~ L;,~ l~ .... 1 
f , ·. ,· ·i f 

l,,,' ,·,, , , ' , , , , . I 

·, 

.,_ 

J .. 2600 MeV 
1-, 

,Jki~$~ 
' i _._ 

' 0 

10:,'' ~~~:::::::::::;::=J 

> ·'., • ' ' ' •,: ··-. ,' • ' ,, 

Fig .. 4. Ratios oftheor~tical cross s~ctio~s. calcuiated by the s~~i~mpirical for~ulae of 
' ·,. I _: ' . '/ ·, •. ·_,· :: ' ', ' : ,, ,' '<;_ I,'_ ,r '. 

Silberberg and.Tsao [11, 12) and experimental.cross sections.from the workby Michel et al:. 
;,,, ' • ' , < • \, ) 

[25] as a function of the relative ~ass difference between targ~t and product for 800 _and 2600 
• j ' • • I • • j '; \' • ' ' ' , '•, 

MeV:' Differe~t target~ 'are ~hown with different symbols, as indicated. The figure is'. taken 
< • _,,' '. ' • •, \ ''' •' 1 • \, , , , , , •• ' I 

from Michel et al. [25f . . f . 

An exa~ple of pr'edictiori of Siimmerer ,, et'- al. · parametri~aticm [29] • 
for charge· distributions of residual nuclei with- the mass humber A == 
,72' from prnt'on7induced reactionf 6h 96R~, 96~o~ ·~d 96Zr at incident 
ene~gy of 1.8 Gev isshqwn in Fig. 5 (taken from'Re[ [29]) .. on:e can 

. se·e that the· agr~ement i; quite good. . . . , ;'. '> . . . 
- \ '. : > ' • ·, ·; ' ' ' ~. '... ' ' ' '. - ' • ' 

.. · On .the contrai;y, new.·.systematics presented in •iit ·series of recent · 
papers by Webber, et al.: [30] .~e~e developed with_ the •aim to d~scribe 

:interact~ons of-light nuclei ·(with-light,t~igets) ·with Z =4-:-- 28.and. 
A= 7 -60 for energies ~ 200· MeV /nucleon~ and claiinfor an.ac~u~acy 

' • \ f ' i' ',\ ; (. : _ ... ;' ,: ' \ J • • • I . . '- I \) ;, .I • '. ,'' . '·,,, . i·, ','. i!; 

, I 
,·. 12 

\ I 

f 

,t. '.:~) 
. ~.~.:fi .. ·, 
. r_r 

'.), 

,',1 

. ,/ .· 

,I, 

, 
' t ," 

"of .10 % or ,better". These new semiempirical systematics wer~ fitted 
in a form of ~ product of three essentially independent terms' [30], 

. first d~scribing the elemental cross·, sections; second, the'isotopic cross 
sections; .and the .. third ·term describing the en~~gy 'dep~ndence'.' In 
addition to these b~ic ter~s in the expression for cros~ sections; ther~ 
are specializ.ed terrris for neutron and' proton stripping. r~actions and 
a· special treatment of cross section foi production of ·"difficult;, : Be 

' ' . . ' . ' . i '• 

isotopes. The complete details ~f these systematics, including fables .. 
and. plots of cross ~ections are available "in limited quantities" on a PC., 
compatible.diskette by ~riting the authors'[y0): ·. . . ., , .. 

\ 

.:a 
~ 

8: 
0 
I.. 

,U 

28,, ··• · 30 . '. 32 34 . . 36 · , 

'Fragment .ch~rge Nun1ber. z 
Fig; 5. Cross sectioii.s for A= 72 isobars from ,re~ction ~r' L8 GeV 'pro~cins with 9~Ru, 

, 96 Mo", and 96Zr. The symbols •are exp~rimental, data a~d the curves are from Siimmere; et 
·_. . . ,, .. ' . . ,,. ." ' \ ... ' . ; . ' ·.. . . ·,\ ' 

al. emperical _description wit~ the memory effed parametrize~ acc,ording to Eq; (13) from ·,. 

Ref. [29). The figure is taken from Siimmerer et al. [29). • . ' . 
; ,•,: , ·. , -·.•. . ' . · . 

Be~ides·the need·for spallation arid fragmentation.cross secWms at .. ; 

:iJ:': .· i~t~rmediate and high_energies °":i1e~y eyalua~~dri~h:the.syst~mati~s 
;\l; . ci_ted ~hove, a lot of simpler excitation functions; Ii½~ (11,n'), (n,n':Y), 
.:)t , • ,(n;2n),: (n,3ri); (n,p),.(n,t), (n,a), /11,,).etc. · at lower energi~s are re.::. -t~. 1

•• quired for _sol~ing· safety· and technical problems 'of ·fusion 'and ther- ' · 
·1r -~ ::\ I 

., ' 
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monuclear reactors, as. well as for ~ther i~portant applications and 
science (1]-(3]. To fill the gap of data needed and to extend'the ~vailable 
La:rge Evaluated D~t~ Files and Libraries. (see, e.g'., [1]-(3]); a variety of· 
systematics·weredeveloped by many authors for (n,2n) (see [31, 37,;38] 

. and.references therein), (n,p):[31, 32, 35, 36]; (n,t) [33, 35, 36]; (n,o:), 
(34]-[36], (n,Charge-Particle) [31}-[36Hhat are used along with ·calcu~ 
lations in the framework of different models of nuclear .reactions: 

As an ~x~ple,' below we s~ow only very 'simple but. quite reliable 
· systematics for incident energie~ less than ,20 Me v· and• mass numbers 
of t~rgcls between. 30 and,210 which have recently been obtained by 
Badikov,et:a1. [31] for'a(n,p) ,and a(n,3n): (in mb) by fitting experi.:, 
mental d~ta with Forrest and Lu:Fink formulae (~ee'refereiices in [31]): 

• • • ../ .· . i -,' • • ; . . . • •.· . '\... • . . • •• · •• ,• 

a(n,p) .= 5.2093(A113 + l}~exp(.:'...23:486s'...:: 85.044s2.+ 0.25406A 112): 

a(~: 2n) ':-= .1f015(A11.3 + 1)2(1 ~· 3.9777:e;p( ~24-.116s)):, ~. . (7) 
' ' ~ - ., ; " . . ··, , ! ' ., ' ' 

Here A and s are the m~ss· numb.er and asymmetry paramete·r of the 
, '. .', , ,. , ,• . .' I \' : .• I ' ' -. •-. . ,• ; • ·• ,, f 

. target micleus.' . ·· '' :· .. ·· .· . . ·. ·· .. ·. ·. . , .· 
.· Other ii'sef~lsyst~niatics for:excitation functions may be \found in. 

[31]~(38] _and references th~rei~. · . · .. ·· . :· · .. 
·. It should ·be stressed that. several fortran. codes written according· i. 

to some systematics for neutron~inducei excitation fm~_ctions are avail- , . 
able at present from the OECD NEA Data Bank (42, 43]. So, there 

.· are Chinese codes: NX-'l (IAEA0918/q1) for cakulatio,n of (n,p) and.· 
(n,a) excitation funct!ons for 23 ~ A-~,·197 and Tn <. 20 MeV (3~]; 
NX-2 (IAEA0919 ;d1 ffoi '(n,d) ~rid (n, 3He) for the same· energies and : 
targets . .[36];· an"4 tlie ·code SC2N3N'(IAE_A0917/02) [37] for (n,3n) 

and. (n,~n) cross se~tfons in 'the incident. energy region upto 25 ly1eV 
and .target~ in_;the ;region 23, ~- A,~ .238. There is ab;~ BNL. code 

· THRES2 (J'.'JES~O0504/01) ••by•· Pearlst~in (38] intended. for cakulation 
of 19 channels of neutron-induced reaction cross section's from O to 20 

. . . •·, ' 3 . 4 . . . . •.· . . •.·3 •. 4 •. 
•· MeV, namely: 2n, 3n, p, d,t,. He; He, np, nd, nt, n He, n He, pn, 2p, 
•. p4He, 4Hen, ~Hep, dn, and fission spectrum average~. . , . . , • • '. . 

· At the end of this se~ti~n ~~ would like_'t~ ~e{er to a g~neraI_°reinark 
by Michel et al..(25] about the quality of predictability of semiempirical 
systemati~s: "Sem.ienipiric~l form:ulas will ,be quite successful if binding··.. · 
energie~ are)he.crucial paramete;s domi~ating'theproduction of.the. 

! .• '-, .· • , - ,, .. 't ... ,, -.. < ,,-. '-, • .-" -·. ' -
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·resi~ual nuciides, i:e., for nil.slide~ fai from stabHity.·· In th/ valley of 
stability,: the·individual prop~rties:ofthe residual nuclei; sucp. as.level 
densities arid individual excited states, determine the final phase of the 
r~a2tions. Thus, the· av,eraging approach· of _all semiempirical formulas . 

1
-. 

willbe inadequate." . ' ·I .. 
. / 

'V.SUMMARY' 
) 

' Now, that we,have c~me.to the end, ~urreaders may a~k us: .What 
. ·.are. the b·~st systematics from' hundreds available or from a dozen cited -1 

~hove? . There is no ~. unique answer to .this question.' .·It' depends 
on. our c

1

on.cr~te··task. In many:cases,'·for.quick estimations .. it,may 
1

• be enough to ~~e sin1ple system'atic~ PY Fotina et aL. [16] to estimate 
·inelastic· cross sections . or 'double·. differential spectra, the SilberbC'rg · 

, · and Tsao[il, 12] ones recentlyre.alized as th.e_code versions YIELD to··• 
, e~timate spallation· ~ross·sections, or_ev~n•such simple formula'='. as .F) .. 

1 

to evaluate excitation functions. · ' 1 . . · •· ·._ .. ·. , . ' • . . 
' ' , • • l.' ' . ·: 

On the contrary, to analyze "delicate" ~haracteristics; calculations ·' 
using more.complicated systematics like the pr<>posed i_n Rd;:[17. 22:. 

. 23, 30],' or . even. in the fra~ework · of ~<>phisticated ,models of nudC'ar. 
. . reactions may he necessary'. - . . , 1 

• .• • • , •. \ •. . '. ·,, 
' ' ' • ' _! •.. '. ,,, • . • ' . ", .' 

From our standpoint,·. th,e intercoinparisonsorganized sysf.C'Illcltically 
iduring .the last year~ 'by:NEA OECD (see, e.g.; [4]) arC' wry usC'ful 
for authors of models and systeinati~s serviiig a~. a g1.1ichinc:·(' • fo; . fur­
the; developipent: These exercises are quite usefoJalso for users·:,i:s 
their results, help interested/ parties to._choo~e'tlie most a1;propriat(', 

. :inodels, systematic~·.~~.' ~6des ·. f6r; their concrete: t;1sks'. We' . ktrongl~- . 
!re,co~mend our colleagues to 'u'se' i_n their wo~k thC'S(' reports/ ~lS. wdl 
. as oth~r .. valuable·· NEA OECD.· information .[42] .. availabk .. by E-1i1ai1·· 

. (send a mail to nearobot@riea.fr, ·p~t HELf> in the lll~~S~l!);C' )~ l/ .. 
FTP (ftp to ftp.ne~.fr, login as a:nonym·ous);. by t.elnct (tdnC't. to· . 
nos.nea.fr;-·login as_ neadb then· enter guest); or by .WWW· (opeii· 

URL http://www.nea:fr/): .\ _ · . _ . . . ·. ··.· , . . . . __ . . · 
We also address our readers to the Computer Prngram -Ahsfracts 

(se~, e:g.; [43])issued periodically by N:EA' OECD which rnntai11s a.· 
short desc'ription of the codes of nuclear moci'elsand sfsteniatks avail-

- ' • • . ' . ' . ' . • ' • • ~ ' - '. f • • 

able from the ,OECD'NEA Data_Bank'collection: · 
\ . 
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