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STATUS OF HIGH ENERGY KEUTROI{CROSS SECTIONS*

J. C. Browne and ~. k. Lisowski

Lrs Alai’fIOS$clentific Laboratory
LOS Alamos, New Pexico F7545, 4’.S.2.

This pager fs a review of th~ currert s:~:~s CC
neutron-induced reactions of intc’-(:ttc tl”lefuslcn
comwnity in the 10- to 50-~eV neutrorlene”cy
rmgem Although there has been siqnificar.t a:t!.-,~,
in this area since the 1977 E!;LSJ=r?siu- on I,eutron
Cross Sections from 10 to 40 !%t, tnis review c~~:.
ludes that there are many areas which reauire more
experimentation to obtain the requested accuracy.
[xa~les of various neutron data obtain~d since 1977
are presented and co-,~aredto determine the ehtent
of agreement. An attempt is made to determine what
the prospects are for satisfying the fusion ddta
needs defined by the LISDOEbased u?on progress to
date.

The nuclear datb needs of the fusicn-e~r~cy prcgrar hzve bP-
come more defined as a result of the technical progress in the
various fusion ccmcepts (i.e., Tokcmals, maanetic mirrors, !CF,
etc.). In particular, system studies of reactor designs have
provided direction for material selectlon and hence cross sGc-
tions of importance. !n addition, the c~nstruction of the
RTNS-11 and the advent of the FKIT facillty have providcu oreat
stimulus for providing nuclear data needs for radiation-damage
studies.

The pu~pese of this paper is to review the field of high
energy nwtron differential cross sections in the 10- to $0-YeV
energy range since the 1977 BNL symposium on this tcplc. The re-
view will not be comprehensive but will concentrate on progress
to dete on the specific requests of the U. S, Depart~nt of En-
ergy Fusion Program. TIE reader Is referred to a recent article

●Work supported b.ythe U. S. I)epartmf!ntof Energy
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by Hafght [1] which not only discusses many of the neutron cross
secttons covered In this paper but also lists previous revi~;.surl
neutron data for fusion.

The neutron data w~ll be discussed accoraing tclthe r~qti~sts
of the U. S. fus$on energy program as delineated by C. R. Head at
the IAEA Conference on Nuclear ~ata for Fusion Reactor Technclcgj
[2] held in Vienna In 1978 along with subsequent revisions !?! to
tkat request list. The data will be separa?~d icto the ne~cs of
the following areas:

Data for the Fusion Materials Development Proqra-;
;: Data for the !iextGeneration of D-T I?eactcrI%:+c”:;
3. Data for D-T Fusion Englneerlng Prctotype and

Demonstration Power Plant Desiyns.

It Is dlfftcul’.to cover e~ery reactior,for eacl,el~-~ritthat
Is of Interest. We will concentrate, instead, on providin~ an
overview whir? should allo~.tI,ErC?5CI- :: t~terrin~ the s:::L c~
tm field at this time.

a. Data for FF’IT

The main needs pe?tain to the s~i~l:ing desiav f~~ this
materip!s test facillty. ]P particular, total cross secticfi,
afigular-dependent elastic scattering, and total nonelastic crc:~
section data for Fe, O, Si, Cd, a~d C are presently required to
an accuracy of 10-15% with a longer term (195?) requirement of 5:.

There are several laboratories which have addressed these
needs. Both the llniversltyof California at P?;;! [4] and ORELA
~5] have recept~.vobtained total cross s~ction (oT) data In
the h% to 50-h!eVrange of the requ~red accuracy for all these
elements. In addition, a measurements have been made r~-

Tcently [6] at the WNR fac llty for carbcn and oxygen. Althouch
the quoted accu~acy fcr all these measurer’vnts is better tl,an5L’,
the agreement Is not always so good. Figure 1 shows the case for
Fewhere a significant discrepancy exists between the Davis and
ORELA data. As F19 2 shows, Including all the or data for
Fe clouds the plctwe even more. The only reasonable assessment
at this time Is th,~tthe short term requirement for 10-15% #ccur-
ficyhas been met, but additional work is necessary to s~tlsfy the
1onger term need for 5%.

Fnrelastfc scattering (oef,)lnthe?O- to bO-MeV
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range, only Ohio University has published any results [7]. Their
data are in the 20- to 26-MeV range for Fe, O, Si, and ra. The
quality of the data meets the 10-152 short term need. Rectrltly,
U. C. Devis has done some preliminary ~egmeasurements [4]
for carbvn at 40 MeV to develop a technique that can be used for
satisfying some of these data requirements.

For the total non-elastic cross section, Once, U. C.
@a~is developed a technique [4] for obtaining these data which is
schematically represented in Fiq. 3. Basically, the technictie
works if oT is well known, and If a significant fraction of
t+e elastic cross section is contained within tlii-forwarC SO1’C
englc of the detector. Then anon is determined fro~

a =0 T
- ,; ‘M

non el.

using an optical-model (OH) calculation, The result fcr cr,~r

is net extremely sersitiv~ to the choice of Gt;p~r~--tters. [)?,i?
have been obtained at 40 and 50 MeV for C, O, Fe, ant Ca which
-Cct t~e 10-15%’accuracy recu+re-crlt in some cases; LIE vst nr:-
able exception b~ing C at 40 P!eV. This techni~ue is CFT2!:S :’
being exter,dedt@ entrcjiesbelow 40 lteV,particularly if
reasonable optical-model parameters eyist.

b. Dosimetry Data

D@simetry cross sections are needed in the 1- to 50-Mt?Vrange
for a variety of materials to imprcve the accuracy of flux-
spectral measurements and for materia l-da-la~e-ratecalculatio~s.
It is unreasonable to discuss the current situation for all thir-
teen isotopes listed by the dSDOE for dosimetry use. !rst~ad, WE
shall cclncentrateon cob~lt since it appears tc,bE a r:st pl”:””-
istng rlaterial,

Cobalt has four reactions of lnter~:t tc dcsiretry, i.e.,
(n,p). (n,?n), (r~,3n),and (n,4n). For the ‘9Co(n,~) rcactioll,
0. L. Smith ofANL has obtained [8,9] data thal cover the 2.6- te
10-t4eVenergy range and whose accuracy (3-6%) is sufficient for
present needs. Near 14 MeV, there fs a pleth~ra of ddta, all of
whtch Is not consistent. Table I lists a v?riety of measurements
from 1960 to lr78 which vary over an urder of mtignitude. If one
Ignores the result of Jeronymo et al. [14], therlthe picture is
not quite so bad alt)ouoh still~n~ceptable, The most recent
measuremeilt of Fukudn et al. [10] agrees well with Vonach and
Runro, [12] Al Ian, [16~A~ar et al., [11] and Hassler ~t al,
[15] Above the 14- to 15-MeVfig_f6n, only the suspect ~at~of
Jeronyw et al. [14] exist. Clearly the:e is a need fc)rmore ac-
curate d~5,—

For the (n,2n) ~ross section, FreF,aut et al, [18] have data
from threshold to 15 MeV, whtch meet the a~u=cy rtqulrem~nts of
10-20%. From 16 C024 MeV, Veesc; et al. [19] also have reported
data that meet this #ccuracy. For~e7n,~n) reaction, only
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Veeser et al. [19] report any data. Their measurements extend
from th~t~esyold tg 24 MeV with an accuracy of 40% near the
threshold and 25% near 25 MeV, neither of ~,f-,ichmeet the request.
ed accuracy of 10-20%. There are no data reported for the (n,4n)
reaction.

It is clear that there is not sufficient date for cobalt to
meet these dosimetry needs. Techniques exist for obtaining the
(n,xn) data particularly near threshold where the breakup neu-
trons from the various source reactions do not cause a problem.
Such (n,xn) data near threshold are a great aid tcmodel calcula-
tions {n extending the re ion of interest abo’lewtlictidata cannot
be obtained easily. The ?9Co(n,p) reaction requires a mono-
energetic source, hence Its extension to higher erlergieswill re-
quire source characterization and unfolding.

The situation for the entire list of requested dosimetry
cross sections is not satisfactory. A very co~pre!lel,sivereviev,
of dosimetry data was reported in 1978 by A. B. Srith et al.
[20] The conclusions of that review were that only 15~c~ttie
prir.arydosimetry reactions were adequately kt70h’n with ?nrt+~r
35% known h’ithmarginal certainty. This h?s not chan$ed in the
intervening th’oyears. There are virtually no data above 25 VE’;,
and it w“,llbe diffic~lt to provide experimental dsta fcr all
re?:ti@ns in this energy region. I,uclear-rodel c~lculaticns v,ill
have to supply some of the needs. If accurate data are proviGed
at a few energies, calculations should be at,leto extre;clate
with sufficient accuracy. This will be considered more in the
Discussion section.

Total helium-production cross sections are also required to
complement the radiometric rneasuremen?s i“ r::aininq flu~ ....r.c--

tral Information. Require:l~nts arc fc~ ;.1,Fe, Cu,’Ti, !;i,k,
Znd Au in the O- to 40-Me!’ range, Since ther~ is an o~~rlap of
this request with that fcr material da-age cal:~laticrl:, tt,ls
discussion v’illbe cove~~d in Section l(c).

In addition, fission-fragment track record~rs are be,ng
developed for doslmetry et FtilT. fission crcs~ s~ctiens, Cf,
in the “14-to 40-MeV range are requested. There are very few
data po(nts for sf above 20 MeV, and the accuracy and e“crgj
resolution are not very good. This is an srea where d~ta could
be obtained easily for s~veral elements, such as “@U, a]zlh,
and ‘J7Np, relative to aJ’U at a variety of wn{te sources
(e.g., ORFIA, LLL, w~:q)or at a quasi-monoene~getic source such
as U. C. Davis. Unfortunately, the aJsU flsslon cross secticrl
itself Is not known so that a measurement relative to the (n,r)
cross section probably would b~ necessary to provide absolute
cross section values.

c. h!aterlal-Damage Calculations

Differential-angular cross sections for elastic scattering
and all nonelastic reactions for Fe, Ni, Cr, Al, Cu. W, Sn, Tl,

I

I



and V are needed &t a few neutron energies between 15 and 35 HeV
for material-damage experiments and calculations.

Elastic-scattering data exist for several of the requ?sted
elements In the ?nergy range from 15 to 26 Me\’. Howev~r, no data
exist abov~ 26 MeV. Ohio Universit has performed measurements

fon Al [7], Fe [7], NI r21], and S1 22] between 20 and 26 MeV.
Minkler rt al. [23] (IRK, Vienna) have measured elastic scat-
tering fi~at 15 MeV. GallOway et al. [24] (Edinburgh) have
r;adedifferent~al-elast~c measureme~s~or Cu and W. The
requested accuracy Is 10% for neutron energies below 25 MeV de-
creasing to40% at 35 MeV. The Ohio University measurements are
accurate td 5-10%; the results of Hlnkler have a 15% lmcertainty;
the Galloway results appear to be wtthin the 10% request.

The request for angular and energy distributions for all
emitted particles in nonelastic reactions is, of course, quite
comprehensive. Since it is not possible to discuss all pertinert
reactions, we shall concentrate on discussing neutron-inelastic
scattering and char -a particle srectra from neutrc~ reactions.

!For differential inelastic scattering, Corcalciuc et al.
(Studsvik) have reported results [24a] for *%e\n,n’)~o~16
to 22 l’!eV.Ohio University has obtained inelastic-scattering
data for ‘t*’ORi [21] at 24 MeV, for Si [22] at 20 a-td26
l!eV, and f~r lltSn [25] at 24 MeV. h’inkieret al. [2?] ~lPV,
Vienna) report new inelastic-scattering m~as~e~nts f’ .“ at 1S
MeV.

For (n, charged particle) measurements lnvol~ing a cleterrina-
tion of the energy spectra and angular distributions of enltted
particles, there have been several active groups, mcst nctak~:;
that of Haight and Grimes at Ll! . Their data cover energy and
anguler distributions for Al [2b], Fe [27], Ni [27], Cr [27], v
(28], Ti [26], Cu [27], ?cG !;b[2E] for ar incident-nelltref
energy near 15 MsV using a quadruple spectrometer. ! spectru-

of emitted pretc’”sfro- Ri for an angle of 90 degrees 1s sk,o~n In
Fig. 4. The data were taken ht seven ancle$ between ??” and
1.750. EBa-,PleS af angle-integrates ~-particle emission
spectra ‘or Cr, Fe, Iii,and Cu isotopes are shclwnin Fig, E,

Measurements nf the ‘°Cr(n,a) and ‘%b(n,o) energy
and angular distributions have been performed by Vonach et al.
[z9J at 14 MeV using a multitelescope proportional-count~---
scintillatar system. A multi-angle reaction chamber h~c kcn
developtd at Geel [X)] tomecsure (noa) energy and dnyu]ar ris-

ti’lbutions at 5 angles. Ir?itialmeasurements [31] oflCr, Fu, and
Ni have been In the 5- to 10-MeV range but are capable of t,elna
extended to higher energies. Cookson and Iilse X] have dtv~lep-

\ed a proportional-counter-sclnt iltator at ttarwe 1, Initial meas-
urements are planned for Fe, Ni, and Cr near 15 Mev,

All of the Wove facilities IMW been developed for use at
neutron Pncrgies war 15 HeV Several labwatcwies have been
active above 15 MeV. A facility has been developed ?t U. C.
Davis [4] for neutr[n-lndured charged particle measurements in
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the 20- to 60-MeV region. The initial measurements have been for
the 12C(n,xa) reactfon at En = 40 MeV. Plans are to ext~nd
such measurements to other materials of interest.

Ohio University has constructed a quadruple spectrometer for
differential charged particle spectral measurements. Experiments
on 5’Ni(n,p) at 20 MeV and ‘2C(n,3a) to 25 MeV are plan-
ned. [33]

Total differential helium and hydrogen production cross sec-
tions are needed at a few points in the 15- to 35-MeV range to
allow unfolding of integral helium and hydrogen production data.
Virtually all the datz on these cross sections exist near 15 MeV
although there are plans to measure helium production cross sec-
tions at IRK (Vienna) for ‘3CU in the 12- to20-MeV range

1~]” ‘au1~~~e~,~o~~5 ~~Geel) a\soreportd~ta for4Fe(n,p), F~(n,cx) In the 12- to 17-MeV
region using activation methods. The measurements at 15 142Vhave
been performed by several laboratories using a vari~ty of tech-
niques. Table II compares the results abtai!ledby LLL [26-28] at
15 MeV for a series of elements usinq a quadruple spectrorretcr,
by Rockwell International [36] using the helium-accumulation
technique and by Qaim [37] (Julich) usin: act:vzticr fiEti,ccs.
The agreement in all cases is quite good. Table 111 compares rE-
sults for isotopes of CU and Ti In which both the actjv~tion
techniaue and the quadrllpole spectrometer were enployed. The
results of Qaim et al. [38] for 65CU agree well with the
results of Grlme~e~al. [26,27] (LLL) while the results of
Winkler [39] for ~u~cJ not agree well with the !.LLresults.
Tte liinkle~data have a small (2.5%) uncertainty compared to the
LLL results (17%). However, a comparison made byh’inkier in Ref.
39 of all the data to date indicates that the activation res~lts
tend to yield sraller b3Cu(n,a) cross sectio:lsthan the
direct alpha-particle measurements. The source of this
discrepancy is not known. PrblifTIifiaryresults [10] from Kyushti
Universltly for ●JCu(n,ca)using activation t~crirllques,
however, agree well with tli~LLL results.

The data needs for material-damage calculations nre being
addressed In a fairly compreh~nsive manner. There is a need for
data at a tew energies a:’ove’15MeV to check calculations, h?~-
c.er. Adequate techniques exist for grovidlng the required data.

8. Neutron Emission Spectra

The Spectra of neutrOnS as a functio~ of secondary angle and
energy art requ~red fLr sclccteo neutron energlrs in the 9- to
15-MeVra;ge for the elements listed inlable IV. The required
accuracy Is 10%.

This area has been adc!ressedwith significant experimental
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activity. Table IV indicates the fncident neutrGrlenergies for
which data have been obtained, and the laboratories at which the
experiments have been performed. F+Q. 6 shows the LASL results
for ‘Li and 7Li at an incident energy near 10 MeV. Fig. 7
shows the Preliminary TUNL results for emission spectra from a
variety of elements including angular spectra for Fe at an inci-
dent neutron energy @f 10MeV. lwasakl et al. [40] (Tohoku
University) have obtained neutron emiss’ii~ectra fnrAl at 12
scattering angles for an incident neutron energy near 15 MeV.
Morgan and Perey [41] have meas~red neutron-emission spectra at
ORELA for Al and Cu at incident energfes between 1 and 20 MeV.
Their technique yields data at one secondary angle near lX1°
(lab). Chalupka et al. [45] (IRK, Vi@nna) have com~letd rlEas-
urements or angle~nigrated secondary neutron spectra for ele-
ments listed fnTable IV. Some of these results k!ll be pre-
sented at th(s conference.

The accuracies obtained in the rezsuremnts disc’Jssed z::.E
all meet the 10% accuracy requirement except for tho$e of !wes:: i
Et al. who quote a 7-17% uncertainty in their data.——

b. Helium and Hydrogen Production

tielium and hydrogen production cross sections are requ~sted
in the 9- to 15-MeV ran?e for the same elements listed ir,Tskle
IV. As mentioned In Section l(c), most of data exist near 15 He’i’
where a considerable variety of techniques have been used. Meas-
urements at 15 146Von Al, hi, Cu, Fe, and Cr were discussed in
Section l!c). Data far the remaining elements In Table IVwill
be discussed below.

For carbon, Farrar and Kneff [46] (Rockwell International)
report data at 15 MeV using the h~llu= accumulation method. They
plan similar measurements on 6*7LI, ‘OtllR, Pb, and
St. Ohio Unive~slty has obtained preliminary data [47] fcr
laC(n,~) at 9 KeV. LLL plans both helium,and hyd~ogen
production cross section measurements at 15 MsV on 7Li, ‘LB,
and S1 using their quadnmole spectrcmtcr [LIS].

The measurements made or planned at 15 t4eVappear to address
the needs adequately. However there is clearly a need for more
data at a fewenergfes below 15 bie’/.

c. Breedi~g Reactions in 7Li

Data on the ‘Li(n,n’t) reaction are required fcr incident-
neutron energies between 11 and 14 MeV. The requ~sted accuracy
Is 5% although 10% would be valuable, Data have been obtalnud
bym~asurement of :~itlum accumulation by Brownet al. ra!J],
Osborn and Wilson [50], and Wyman ond Thorpe [S~~direct
measurement was performed by Rosen IIINIStewart [5?] in which the
triton tracks were ubserved In photographic emulsions. In addi-
tion, this cross section was extracted from nr[’’~-cvlrm+sslon
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spectral measure~~nts. A1l cf these data ere compared ir,Fig.
8. It was stated in Haight’s review article [1] on fusion data
that the 7Li(n,n’t) cross section is uncertain to 25% which is
consistent h’ithFig. 8. A measurement of this cross section by
B counting the tritium produced is being conducted at Harwell
by Uttlev and Swinhoe [53]. A collaborative measurement
is also being planaed by Julich and Geel in this energy region[54].

3. DATA FOR D-T ENGINEERING PROT!ITYPESA!4DDEMONSTRATION
P@\o!ERPLANT DESIGNS

a. Neutron Emission Spectra

Similar to the request of 2(a) above, neutrGn spectrc es .3
function of secondary angle and ener,~ are required for sel~cted
eneroies between 9 and 15 MeV. The elements reau~ste: ?,relisted
in Table Y, along with the laboratories which have m?de recent
measurements. The data from h!oroanet al. [55] at ORELA for Nb
and Ti span the entire incident neut=n~neray range of interest
but are for a single s~coridary angle. The data from IRK [45]
(Vienna) are angle-integrated spectra at 14 MeV incident-neutron
energy. The ~pst complete data are those from LfiSLfor ‘Ee a?s
“b for incident-neutron en~rgies of 10 and 14 P!eV, The data
of Tuhoku University for Nb at 15.4 MeV incident-neutron energy
cover 12 angles from 25° to 1550. The accuracy of all these
measurements is better than the requested 10% except for the
Tohoku measurements which vary fro- 7% to 17%,

b. Secondary Gamma Production Cross SCctio~s

This req’lestis for ,
I!(YI

dpta fro- the ineiastic
threshcld to 15 h!eVfor lB, and Ti with a 10:;
accuracy. Tne most com:l~te results dre the data of tflorqanEt
al. [55] for Ti (Fig. ?) ~hich covpp the entire ra~ : of int~est
~th an accuracy of a few percent or better. Fcr %t,,Nellis
et al. [57] have o~;ained (n,xy) data for incident-neutron
~e~ies b~tween 0,5 and 5 NeV and at 14 MeV. Haouat et fl. [5s]
measured (n,xy) cross sections from 7 to 10 MeV for ‘1~
Bezotosnyi et al. [59] have measured secondary gama prcti~ctirn
at 14 MeV =T56th ‘OB and llE.

DISCUSS1ON

It is clear from the preceding sections and from the number
of contributed papers to this session that there has been ccmsi-
derpble activity In certpln areas of data needs for t!w IO- to
50-MeV region. It Is interesting to compare what has actllally
been measured in the interim since the 1977 BNL S,wnposiumon this



toptc wfth the recommendations of the klorklng Group on Differen-
tial Data at that meeting. Their report was divided ~nto two
parts: (i) transmutation and specific damage cross sections;
(ii) dosimetry cross sections.

For charged Partfcle production, one of the main reconnnenda-
tions was for measurements at selected enerpies between 15 and 50
NFV fcr selected isotopes to check nuclear model calculations.
Above 15 MeV, the only differential data published are those of
Paulsen et al. [35] for th~ ‘bFe(n,a) reaction using activa-
tion tecfii~e. However, there are measurements planned [33] a:
Ohio University for ‘alii(n,p)near 2(IMeV and 12C(n,3a) up
to 25 KeV. Alzo, a collaborative measurement is planned [54] for
the+‘sCu(n,a)sOCo reaction in the 12- to 2@-MeV region by
Geel and IRK (Vienna) using th~ activation technique.

Although there are not many new data above 15 Me!’at this
c:int, there have been significant developments in experimental
techniques. These include an (n, charced particle) farflity at
U. C. Davis [4], a new multitelescope proportional counter - CSI
scintillator system at IRK (Vienna) [29], a multi-angle reac?ion
chamber (charged-particle telescopes) at CBNH Geel [33], a pro-
portional counter - CSI scintillator syste- at HarwEll [2?], and
new quadruple spectrometers at Ohio University [33] and LLL
[4g]. Such developments will stimulate new m.sasure=ents above 15
HeV. Indeed, U. C. Davis has already reported some preliminary
‘2C(n,xci)data for En= 39 NeV. SUCII devel~pments will
stimulate new measurements above 15 MeV. The report alsc recoin.
mended feasibility studies into the use of white sources for (n,
charged particle) measurements since there is a possibility rf
obtaining data ~lverthe entire energy range. There has been
some development at ORELA in this direction ~ith no data t@
date. Feas+bllit.y studies are planned for U’;;by N. Kirg of LA5L
[601.

‘For total cross sectioas, the Marking Group reco~ended that
measurements be performed over the entire 15- to 50-MeV range.
As has been seen, this is one area that has received consider~blc
attention. The total cross section measurements at U. C. Davis,
ORELA, MNR, andNBS all provide valuable data with which calcula-
tions can be compared for all elements of Interest to the fusion
program. However, the ability to provide 1% statistical data
does not guarantee equal systematic errors as can be seen In the
comparison of ~ data forFe in fig. 2. It is important to
have several laboratori~s provide data that agree towlthln stat-
istical errors so that the model calculations are useful. These
d-~screpanclesshould disappear aS the expe~imentalists learn more
about how to do such m~asurements in this ●nergy range.

Most of the data for ●lastic scattering come from th~ (!hio
University group for the energy range between 20 and26HeV. U.
C. Davis is considering elastic-scattering meas:~flementsin the
30- to 50-MeV range but have only preliminary data for carbcn at
40MeV. It maybe diffi-ult to obtain a significant set of data



above 30 t4eV since the number of facilities capable of doing the
measurements are small. The use of calcul~:ions will have tc b[-
extensive and char~ed-particle scattering data should be very
useful in this regard.

For the elements of interest, data fo~’(n,xn) reactions above
20 MeV are limited. ‘irect rricasurerrlentsare possible but require
care in understanding of the breakup neutron spectrurlabove 30
MeV. There are no new measurements plal]nedat the present time.
Data from (p, xn) reactions could be valuable for comparison h’ith
model calculations.

Data in ths 9- to 15-!fleYrange is becoming more plentiful as
\’arious laboratories have begun to publish neutron-emission spec-
tra, (n, charged particle) data, tritium-breeding data, el?stic
and in~lastic-scattering cross sections. There should not be ary
difficulty in meetino th~ tleedsof the fusion program as V:?S
pointed out by the Workin$ Group in 1977. In 1980, the picture
looks even better.

In the area of dosimetry cross sections, the Working Group on
Differential Cross Sections defined an appropriate program neces-
sary to provide these needs in a shcrt ti~e scale. The recor-~~”-
dations included formation of a study aroup of measurers - use”s -
evaluators/?heorists to define 10 to 15 critical reaction types.
The request list now includes 30 reaction ty@es for 13 elements.
The review of Smith et al. [20] stated that such a list is t~o
long and probably re~n~nt in certain areas. We would agree
with this assessment. It will be difficult to obtain adeouate
experimental data for all the reactions over the 1- to 50-MeV
range. Initially it would be better to specify fewer cases which
have the possibility of achieving satisfactory accuracies by both
experimentation and calc~lation, Ancther recommendation of the
Working Group regarding dosimetry cross sections was that
secondary reference standerds were to be determined to 3%
accuracy relative to I+(n,m)for use in these dosimetry meas-
urements. It is not clear that this point has received aclequ?te
attention. Measurements above ?0 MeV are difficult beCallSethe
characterization of the source is vital in understanding the
activation results. The region above 20 MeV has received ver.v
little effort in the past 3 years, and no measurements are
planned, Below Xl MeV, there is activity because the meas-
urements are uasier to perform and the neutr@n sources easier to
use, Althwgh more data are required, this lower ener~y region
shoulc be addressed adequately in the future. In pa lcular,
m~asurements at Geel in collaboration with IRK (\’ierlna)shoi;ldbe
valuable. Measurements byQaim et al. in Julich should also
provide important data.

——

CONCLUSIOti5

Ilaight.concluded his review of this subject in 1977 witn the



observation that the picture for the future was bricjhteven
tho’~ghthere were very few data be~ause of the arsenal of new
experimental techniques. Three years later, it is easy to remark
that the pictu~e is even brighter. There are even more tech-
niques, and there are more l~boratories contributing to the
field. The data in the 9- to 15-MeV range appear to be of ~’ery
high quality. Although the data above 15 lfleVare still limited,
there are new programs planned or in prcgress to address many of
the areas.

The main recommendation of the 1977 Rorking Group on
differential data was that the bulk of the data required for
applications should come from model calculations ver-,licdby some
experimental data. Good theoretical tools for such calculations
are Certainly available to provide evalu:ted data sets for rrlii!lJ’

of the fusion data needs. This is evidenced by the eleven
contributed talks on this subject later in the conference. !t
would be very appropriate for the theorist/evaluator cowwri:y to
provide more guidance to the experimentalist now thdt rcre
experimental programs are underway. Rather than obtaining tztz
for every request, it ~:ouldbe better to first make the best
calculations possible to determine which cross secticns are
sensitive and require the most emphasis in a particular prcble~.

We would like to thank all the laboratories wh~ graciotisly
sent us information regarding their current and future programs
on this subject. The assistance provided by P. Young ant E.
Arthur was also greatly appreciated
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TABLE 1

--r14 14eV‘Jro(n,n) Cross Secttons Kg:..

Measurement Reference En(Me V) Cross Section{mh)

Fukuda et al.——

~,lvar et al— —*

LebkCv Ski eL al.——

Vonech a~d Munro

Jerrr,y!loet al,——

Hassler et al,—.

Allan

Prelss and Fir,k

10

1 “1

12

13

14

16

17

15 53.1 : 4.5

14 72 + 22

1: ~~ “6..

14.8 53 + 1:



I .~bctr.ltory Technique “1f. Y t? ti 1 v NtJ Ti

—.. — -—— - ..— —.— —— -

LLLa lpcctromter 121 t :’5 43,7 97 t Ifi 1/+3 14+3 (d)

Rcckwt*l 1 tnt .IJ Helium 1<”’+ 7 4Flt3 98 + (I l!j+z 17+5 3833
Ac( umu1~t ion -

Julichc fictivation 16+?

dRef. 26, 27, 28

bRef. 3f

cRef. 37

d150topiC Data for ●’*” Ti in Rc:f. 26
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1.11 a Spcctrcmetrr !}6 + 10 ]3.5 T 2.1, q4 + ]g ?h + 6

JII I icht’ Act ivdtiorl 17. / + 4..!

IRF, Virnn-J’ Activdtiull .1[1.7 + 1.-

111. Inst. Tech.tl Activation 326

Kyu’hu Univ.e Activation 50.4 ~ 5.7

aRer. ?6, 27

bRef. ~

cRef. 39

dR2f. 61

eRef. Ml
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TABLE IV

List of Ele-onts fi’rwhich Neutron Emission Spectra are request-
ed in the 9- to 15-!leVregion for the next generation of n-T re-
actor designs a’~na with laboratories performing recent re~sure-
ments.

— —— . .- .—

Al T~hoku IJniv.a 15.6
OREL:,b 1 - 20

7~f ~L:~c 19, 14

10 B

Cr IR!:,Viennaf ?fl1~

I’b TutiLe 1(1,12

Si

U IRK, Vi~nnaf 14

0

N

gRef, 40
bRef, 41
Wet, 42
dRef, 43
@~ef. 44
fRef. 45



List of Elements for which Meutron Einissi~>nSpectra are requejt-
ed in tklc9- to 15’1!eV range f-r !1-1fusiorlencin~ering prototype
and demonstration power plant designs. Included are t+e !ahora-
tories performing recent measurefi!ent.s.

— — -.— ..— .——

Sn

v

F

IRK, Vienrlll

LASLe

10, 14

14

1 - VJ

15.6

1 - 23

14

14

14

10, 14

aRef, 56

bRef. 45

‘Ref. 55

‘Ref, 40

‘Ref. 42



FIGURE CAPTIO!::
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.

1. A comparison of total cross-section results for Fe obtained
at U. C. Davis (Brady - Ref. 4) and at ORELA in 157$’ (LE!rsLr
- Ref. 5). The CL?CLAresults are plotted in 5-point averaoes.

?. A corfl!’ewisc~of tctal cress :~ction results for Fe obtaineo
a: U. C. Davis (Ref. 4),at ORELA in 1979 (Ret.5), at
Karls, uhe (Cierjacks - Ref. [2), ar,ta: C2[LA in 1572 lPet”eY
- Ref. 62), All ORELA results are plotted as 5-pOint
averages; the Karlsruhe data dre ~lctted as 15-pQ’lntaverGg&s.

?. A Sr’ ‘tic repre’,tintation of the eyperiment?l Arrangement
,!: C. PF.IS (Ref. 4) to obtain non-ele$”,ic
t ion data.

4. Protb,l-emissicn cross sectiorlat !(jbfor P;iob’,:ll-teaby
Grimes et Q. (Ref. 27) at LLL usi(lg~ q~a~rupole
Spcct!-o=:tt!”.

5, Angle-inteqrat~” elpha-part icle-ernissior c-::s st:ti:rs
(n,x~) forCr, Fe, Iii, and Cu isotopes clt.jlrieobyGrlnts
et al, (Ref, 27). The data are averacjeair,tc 501?Ic’ikir,:;
~e~olid lire is a Iiauser- Fes5Lach calculation; the dashed
line represents alpk,as emitteu fro~, the first Cwnpclund
nucleus,

6. Neutron emission spectra for bLi and 7Li ~t 2 angles fcr
10-MeV incident neutrons c:::inec as L~t: (~ef. 4?),

7. Prelirina’-y neutron-emission spectr~ oktair,ec at TUNL (Ref.
44) for Fe, Ni , Cc, and Ph at 17-’$:’;incidcrt-~t:jtren e“e’-ry
and 1?2 angle of 12S” (left plot); neutron erissicn soect,l”:
for Fe at 5 angles for an incident-n::;trcnent~k,,cf 1: h’t\’
(right plot.)

B. Cross-section data for the ‘Li(n,n’at) reaction. Tritium
aCCUmulatiC~ results are Ref. 49 solid circles, Ref. CO sclid
square, Ref. 51 solid inverted triangles, The open circles
are from photographic emulsions (Ref. 5?), The remaining
data are deciucedfrom neutron-emission spectra, This fig~:r[
1s from Haiqbt (Ref. 1),

9. Integrated yield of secondary gamfiarays with Ey ~ CI*?
McV as a function cf fncidt?nt-neutron Pnergy for Ti, The
solid line is the ENDF/B-IV evaluati~n,
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