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Nuclear DatA and Measyrement Series 

Reports in the Argonne National Laboratory Nuclear Data and. 
Measurement Series present results of studies in the field of 
microscopic nuclear data. The primary objective of the series is 
the diBae-ination of intormation in the comprehensive fora 
required for nuclear technol ogy applications. T h is Series is 
devoted to: a) measured microscopic nuclear parameters, b) 
experimenlal techniques and facilities employed in measurements. 
e) the analysis, corre l ation and i nterpretation of nuclear data, 
and d) the co.rpilation and evaluation of nuclear data. 
Contributions to this Series are reviewed to assure technical 
competence and, unless othenoise stated, t he conteots can be 
formally referenced. This Se["ies does not supplant fO["III<'Il 
jou["nal publication, but it does p["ovide the lIIO["e extensive 
i n fo[".ation ["equi["ed f o[" techno1oqical applications (e.g., 
tabulated nuaecical data) in a timely manner. 
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Abstract 

ANL/NDH- 151 

FAST- NEUTRONS INCIDENT ON HOLMIUM 

Alan B. SlIIith 

Differential neutron-scattering cross sections of elemental 

holllliwa (i.e., 165Ho ) ",re measured at forty or IDOre scattering 
angles, at = 0.5 MeV incident- energy intervals, frOlll = 4.5 ~ 10. 0 
HeV. These new results are collbined with neutron total and 
scattering cross sections previously I:eported in the literature 
to obtain as comprehensive an ezperilllental data base as possi bl e . 
This data is interpreted in the context of sphel:ical-optical, 
coupled-channels and 6ispersive models, wi th p",rticular attention 

to the collective excitation of the K . 7/2 ground-state 

I:otational band of 165Ho . The effect of the collective 
properties on the Dadel potentials ts discussed. COIIIparisons are 
_de with pl:evious .ooel. reported in t he literature and with the 
relevant portions of the ENDF/B- 6 evaluated nuclear data file. 
Generally, the latter eva l uation i8 8upported by the present 
wol:k. Suggestions for future charged-particle and neutron 
studies of hollliUlll are lllade. 

1 IntrOduction 

Elellental hoilliwa is strongly defor.ed and ..ano-isotopic 
with a cOlllpiex low- lying excited structure attributed to a number 
of rotational and vibrational collective bands [NOS]. The fil:8t 

of these is the ground-state K • 7/2- rotational band with the 
first two excited states at = 9 4. 7 and 209.8 keV. One would 
expect '" stl:ong coupl ing between the ground-s tate and these two 
excited states. There have been r esarkably few _asurelllents of 
neutron scattering frOlll hollDiUIII {e.g. [Hea-t71J, (Fas~69], [GT63], 
[Wag-t65]), and only one scattering distribution above 10 MeV 
(11.1 HeV, [FCR77]). Apparently, t here are no lIISas urelllentll of 

165HO (p,p) scattering. Holllliwa becomes ferromagnetic at l ow 
teliperatUl:es, and IItudiell of polarization effects on the neutron 
total Cr Oa8 sections of hOlmiUDl using polarized beama and aligned 
targets have been reported ([Wag:+65J, (Ta-65), [MRT66)). They 
de.anstr ated a 11_11 defor.ation effect on the total cross 
section. Wi th high spi ns, odd parity. IItrong collective effects 
and co.-plex looo- e nergy excitat i ons i ncluding IItrong 
compound-nucleus cont r ibu tions , model interpretatlons of 

165Ho (n,n) processes are tedious even with recently availabl e 
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calculational tools. 

The p~esent expe~i.ental wo~k was undertaken to fill some of 

the void in the knowledge of the 165HO neutron-scattering 
processes, and to provide quantitat ive models fo~ both baai c and 

applied purposes. 165HO is on the upper edge of the 
fission-yield laass c urve, with slllall the~ .. al-t1ssion yields. 

Howeve~, as the incident-neutron energy increases the 165Ho 
fission yields increase and becolae significant. Thus there is an 
applied inte~eBt in the neutron inte~actlon with ho llli~ from the 
points view of fast-reactor and fusion-energy systems and for the 
general understanding of the neutron interaction with 
highly-col lective nuclei in the fisaion-product region. 

2. Elperi!llental procedures and results 

The present measu~e.ents were .. ade uBlng the fast 
tillle-of-flight method long elllployed at this Laboratory, as 
described in refs. [CL55J and (5111+-92J, and refs. cited therein. 
The scattering sample was a 2 c. diamete~ and 2 011 long cylinde~ 
of h igh-pucity ho l.iUM (99+-\) placed = 12 011 frolll a pulsed 

D{d,n)JHe neutron soucce at a 00 ceaction angle. The 
incident-neut.ron ener<JY spread at the sAlllple varied f~olll = 300 
keV a t 4.5 MeV to = 100 keV at 10 MeV. The scatteced-neutron 
resolution was = 450 keY , and thus all the "elastic" - sca.ttering 
results of the present wo~k contained inelastic cont_inations 
from levels up to excitations of = 4 50 keY. These pecturbations 
were treated i n the interpretations as discussed below. All 
ecattering measurelllBnts were .. ade relative to the standard H(n,p) 
Cr08S 8ection [ CSLB3] and cocrected for angular-resolution, 
multiple-event and beam-attenuat i on effects using monte-carlo 
methods [ SlIi91 ]. 

The differential "elastic ~ -8catterin9 mea8ureaent8 were .. ade 
at 40 or IIIOre angles and at incident-neutron energy intervals of 
= 0.5 MeV froll = 4 .5 ~ 10 MeV, d iet ~ l buted over scatteCing angles 

between = 170 and 160° . The nocllalization uncertaintie8 in these 
measurements were estillated to be = 2 ... 3 \ and the statistical 
uncertainties varied frOIll = 2\ o~ less in reg ions of la~ge c r08S 
8ections to as lIuch as = 10\ <it the extceme minima of the 
distributions at back angles and higher energies. These 
experillentai results and thei~ uncertainties are Ulu8t~ated in 
Fig. 2-1. Compar180nS with the spar8e values previously reported 
in the literature are discu8sed in the following sections. 
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] Model represental' ions 

]_1. Data base 

The dlltll base used in t.he int.erpret.lIt.ions consisted of the 
t.ot./lll cross sections, t.he "eiastic"-SclIttering cross sections 
and, to a lesser ext.ent, t.he inelastic-scattering cross sections. 
The totlll CrOSs sections were obtained frO<ll the Hational Huclear 
Data Center [HHDC] as defined in the totlli-cross-sect.ion portion 
of the reference list . SOIa6 of these dat.a set.s involve ./II large 
nWllber of nu-ericlill vlllues. In those cases the data .... as 
energy- averllged over 50 keV intervals below 0.5 HeV, over 100 keV 
fro~ 0.5 t.o 5.0 HeV and over 200 keY at. higher energies in order 
to smooth fluctuat.ions and to reduce the number of data point.s t.o 
be handled in the subsequent interpret.at.ions. These 
energy-lilveraged total-cross sect.ions are illust.rated lind compared 
.... ith the EtroF/B- 6 [ENOF] values in Fig. ]-1-1. The definition is 
quit.e good, although there is 1I sOllewhllt. unusulll shape in the 
low-MeV region t.hat is not consistent. wit.h t.he energy dependence 
of t.he connon spherical optical model. 

The diffsrential "eillst.icft-scatt.ering data base was 
construct.ed froe; i) The present. ezperi.ent./lll result.s. il) Early 
Argonne mea8urerlent8 [Mea+-71]. Th18 reference cont.ains a lllrge 
number of distribut.ions. In order t.o reduce the number and 
BDOOth the data they were averaged over = 200 keV incident-energy 
intervals. And iii) the literature as defined in the 
different.ial-scat.t.ering portion of the reference list. It is not. 
a very det.ailed scat.t.ering data base. Furt.herlllQre, there are 
considerable questions as to ezperiment.al resolut.ion. All but. a 
few ot t.he lowest-enerqy dist.ribut.ions contain varying 
inelastic-scatt.ering contributions from the first few ezcit.ed 
levels. Only in the preaent. reaults is t.his inelast.ic-scattering 
perturbat.ion reasonably underst.ood. Some of t.he available 
ezperimental information htis been "correct.ed" for 
"compound-nucleus R scattering in an uncert.ain !IIanner [FCR77], lind 
direct inelastic scat.t.ering is increasingly lmportant wit.h 
enerqy. There is no elast.ic-scatt.ering Infor_tion above:: 11 
MeY, and only at the lowest. energies is the elastic-scat.tering 
cont.ribut.ion reasonably resolved frOlll t.he inelastic-scattering 
contributions. A few of t.he scattering dist.ributions reported in 
the lit.erat.ure were abandoned aa being t.oo fragmentary for DOdel 
interpret.ations and/or because of large inconsistencies with the 
body of the informat.ion. The flnal differential -scattering dat.a 
base is summari&ed in Fig. 3-1-2. 

Ezperi.ental inelastic-scattering results were given sOllie 
conslderation. Such inforlllation is confined t.o refa. (Fas+69) 
and [Mea .. 11). Ref. [Fas.69) cont.ains only In[or • ./IIt.10n resulting 
frolll the excit.at.ion of many levels in broad bands, generally 
starting with ezcitat.lons of = 0.9 HeV. The cont.ribut.ing levels 
are not. well defined or well known. Therefore, the results are 
not useful for t.est.ing models in the preaent. contezt. Ref. 
[Hea+71] does give SOllIe detailed ezperilllent.al Informat.ion 
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relevant to the excitation of the first two excited states of the 

K • 7/Z ground-state rotational band. These are the 91Z level 

at 94.7 keV and the lt/Z level at Z09.8 keV [NDS]. These values 
are useful for testing the vlllidity of the direct- reaction 
calculations. This experimental inelastic-scattering information 
is illustrllted in Fig. 3-1-3. Ref. (Heat71) also gives SOllIe 

information relevant to the broader resolution of levels at 
higher- energy excitalions, as discussed below. 

Throughout the above data base the experimental 
uncertainties stated by the various authors were accepted. 
However, it is evident that the authors often had quite different 
concepts of uncertainties. The above is not an excellent 
experimental data base, particularly in the context of a strong 
collective rotor with high spins and a nWllber of unresolved 
low- lying levels. 

3-Z. Spherical opti cal MOdel (SOH) 

Elemental hohliwa (t65HO ) is an odd nucleus with a 

negative- parity, high-spin, ground-state (7/Z-). At least 30 
levels lire known to exist at exc itations o f ~ 1.0 HeV, the spins 
and parities of which lI~e not lIi1 certain [HOS]. These levels 
are attributed to at least thirteen collective rotational and/or 
vibrational bands [NOS). All of the -odeling of the present work 
considered the effects of the first ZO of the discrete levels up 
to excitations of :: 0.7 HeV. The corresponding spins and 
parities were taken from ref. [NOS). Compound- nucleus 
contributions frOIll these disc rete levels were explicitly 
calculated using the Hauser- Feshbach statisti ca l for.ulation 
((HFSZ], [WoISt]), as lIIOdified for fluctuation and correlation 
efrects by Holdauer (MaI80]. The latter corrections were usually 
a_all due to the high spins and the large number of levels. The 
compound-nucleus contributions due to these discrete levels were 
co~bined in the calculations in a manner that was estimated to be 
consistent with the ellperilllental resolutions of the particular 
measurements. As noted lIbove, these e s ti_tes are uncertain in 
sOllIe of the cases. Compound-nucleus contributions froll levels 
above = 0.7 HeV were treated in a statistical Dlanner using the 
theory and parameters of Gilbert and Ca.eron [GC6 5 J. 

Throughout thiB work the real-potential was aSBu.ed to have 
the Woods-Sallon form. The 8urface-i_aginary-potential was 
assumed to have the derivative-Woods-Saxon form. When a 
volume- i~aginary-potenllal was considered it was taken to have 
the S&11>8 Woods-SlIXon shape and geo_tric par_eters as the relll 
potential [Hod94]. A real spin-orbit potential of the Thooaas 
foCll was used. For the spherical calculations the spin-orbit 
pllrameters were fixed to those of ref. [WG86], and for the 
coupled-channels calculations to those of ref. [You86]. These 
1Ilternate spin-orbit choices gave essentially the sa..>e results, 
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in the context of the present work. No spin-ap i n potenti~l waa 
considered as detailed investi9~tions of pol~riz~tion effects in 
hol .. i .... indic~te that it is very slllalll (FHM69]. 

The SOM was derived by chi-square fitting the above data 
base in two aequential steps, using the spherical optic~l-model 
code ABAREX [Mola2). The first step deter~ined the the potential 
geometric pararaeters by fitting each of the differential 
scattering distributions of the dat~ baae i lluatrated in 
Fig. 3-1 - 2. lniti~lly, six-p~ rameter fita (real - and 
imaginary-potential strengtha, radii and diffusenessea) ass .... 1ng 
on ly aurf~ce abaorption were .ade. Fro. these the ~verage value 
of the real diffuseneas (av ) was determined . av was then fixed 

to that average value and five-para.eter fita Made from which tbe 
~ver~ge re~l-potential radius (rv ) was deternined. Throughout 

this work the "reduced radius" is used where the full radiua 

Ri • r i · A1/3 and A is the target mass. The selection of rv ia 

8OIIIf!wbat uncertain aa tbe various values resulting frolll the 

fitting scattered due to the well - known vr2 ambiguity in the 
context of a less than conprehenaive a nd precise data base . Witb 
a v and rv filled, four par_eter fita were used to determine the 

imaginary-potential radius (rw). fOllowed by three parameter fita 

from whi c h the iMaginary-potential diffuseness (~w) W~8 filled. 

The scatter in the a w valuea waa rather l arge, in part due to the 

waw ambiguity. The variation of these geo .. etric parameters in 

the fitting of the data base did no t suggest an energy 
dependence, therefore the SOH geometric pararaeters we re aaaumed 
to be energy independent . 

The second sequential atep in the determination of the SOH 
par4Jlletera took. advantage of the feature of ASAREX that nakes 
possible the conc urr:ent fitting of differential and total c rOSR 
Rections over a wide energy range. In doing 80, it was assumed 
that the SOH gea.etric parllllM!tera were c onstant with energy and 
filled to the values deter .. ined in tbe above first fitting 
sequence. It was further assumed that the real- and 
lIaaginary- potential strengtha had a linear energy dependence. 
That is a reasonable phySical ass ..... ption as one would ellpect the 
real - potential strength to decrease with energy due to the effect 
o f the non-loca-Iity of the nuclear force in a- finite nuc leu8 
[PB62], and, conversely, that the imeginary Rtrength would 
increase with energy up to apprOlli.ete ly 20 MeV to a ccount for 
the opening of !DOre c hannels. In thia second fitting sequen ce 
the ellperimental data bese conaisted of the diffe.:ential 
Melestic" scettering distributions s hown in Fig. 3-1-2 and total 
eros. sections teken fro. the data base of Fig. 3-1-1. This 
composite data base, e xtending frolll 0.05'" 20 MeV, was then 
chi-square fitted as a single entity using the capabilitiea of 
ABAREX. Little of the differentiel experill8ntel data fully 
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resolves the elastic-scattering from inelastic-scattering 
components. Therefore ..ast of the calculations again combined 
elastic- and inelastiC-d.ifferential distributions to approxiaate 
the experimental reso luti ons to the extent they were di scernible. 
When dealing with both d.ifferential and. total c ross sections in 
the fi tting procedure, attention IIIUSt be given to the weighting 
of the two types of infor.ation. The lIIeasureJllents are quite 
different, with a different character of the uncertainties. If 
attention is not given to the weighting, one or the other type of 
information will d.OCIinate the results. In the present 
cOlllprehensive fitting a numbeE" of alteE"nate weightings were 
eaa-ined., i n addition to the experimental unceE"tai nties cited by 
the respective authors. Experience indicated that, for this 
particular data base. the best results were obtained by weighting 
the total-cross-section values by a factor of twenty more than 
the ind.ividual differential-scattering values. Fin.."lly, fOUE" 
paraJlleter fits using the combined d.ifterential and. total 
cross-sections were carried out to fix the real- and 
iaaginary-potential strengths and their line"r energy 
dependencies . The final resulting SOH -odel para-eters are given 
in Table 3-2-1. In thill Table, and in all potential-para.eter 
tablell in this WOE"k, the parllllleters are given to precisions that 
make it possible to accuE"ately E"eproduce the calculated. results. 
These precis ions do not necessarily imply uncertainties. 

The SOH par;,uaeteE"s of Table 3-2-1 gave a relllarkably good 
description o f the eJipe rilllental total cross sections frOll! a few 
keV to 20 HeV and above, as illustrated in Fig. 3-2-1. However, 
they lead to a So IItrength function :: 1 .5 ti_s as large as 

deduced from measurements and a Sl strength function:: 3.5 times 

as large as the experimental val~es [MOH81]. The SOH d.escription 
of the differential-licattering data is only qualitative at best . 
This ill not s~rprising as ..ast of the _allured distributionll 
contain large contributions fE"OCII the diE"ect inelastic excit",tion 
of the low-lying levelll that are simply inconllilltent with the SOH 
assu.ption of compound.-nucleus inelastic scattering alone. This 
matter is further d illculised. bel ow. 

J-J . Cqypled-channels eode1 ICCM) 

Elelllental holmium (165HO ) is clearly a highly co llecti ve 
nucleus (NDS]. Extensive coulolllb-excitation, rad.ioactive-decay 
and particle-reaction studies indicate a wealth of collective 
structures which can be generally d.escr ibed in the context ot the 
unified co llective lIIOdel of Hottelso n and Nilsson ([MN59]. The 
first of these is the single- particle gE"ound- state rotational 

- 2 1 band 7/2 {K _7/2, (52]), (3 /2 , 712 )1. as given in ref. [ProS]. 
The next lIingle- partiCle rotational band IIhould be based. on the 

1/lt-(K_ 1/2, (411), (J/2 2 , 1 /21 ,] configuration and the first 
level of it is associated with the reported 429 keV level [NUS). 
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The next single-particLe rotational band is a 7/2*[404] 
configuration and its firat level 1a associated with lhe reported 
715 keY level. Pairing effects can influence the structure of 

collective nuclei [Pre62J. The reported l65Ho band &equence 
starting with the 361 keY level hila been attributed to the 
pairing of 7/2 particles leading to a single particle 

con[iguration of 3/2+{K .. 3/2, [411), (3/21 , 7/2 2 )} laSC641. In 

addition, a nuaber of the low- lying ellcitations of 165HO are 
attributed to at least three 'Y- vibrational bands and. to aeveral 
-ore particle-based bands [NUS}. In total, thirteen collective 
bands are cited in ref. [NDS] as contributing to hol_ium 
structure at excitationa below = 1.5 MeV. The energies of the 
levels within a given band can be estillated frOlll the f_iliar 
expression [Pre62] 

" '2T {J(J+l) + Jo.l/2 
6K,I/2a( - l) (J*1/2)}. (3-3- 1) 

This complexity of the low-energy hol .. ium excited structure is 
far beyond the resolution of relevant inelastic-neutron 
scattel:ing lIIeasureJllents. Therefore, the present interpretation 

of the collective aspects of the neutron interaction with 165Ho 

was confined to the three yrast levels of the 7 /2- ground-state 
rotational band. This aimplified calculational model then 

couples these first three levela (7/2 ground atate, 9/2 94.7 

keY first -excited level, and 11/2 209.8 keY second eXCited 
level) of thia ground-state rotational band assUJlling P2 and P4 
defor~tion paraJlleters for the silllple rotor. tnitially, it was 
assUJlled that P2 • 0.3 and P4 • -0.02. This ~2 value ia 

consistent with the results of coulOlllb-eKcitation studies 
([OE601, [F"HM69]), and other conaiderationa of the neutron 

interaction with l65Ho ([You86], [Wago.65], [F"H62), [AF"M65), 
"'hile the ~4 follows systeJllatics in this .. ass region. The 

effects of considering alternate choices of P2 and P 4 are 

conaidered below. With these assu-ptlona a colllprehensive 
coupled-channels lIIOdel - fitting procedure was carried out, 
inc luding the cOl1lpound-nucleus effects discussed in Section 3.2, 
above. All of the CCM calculation8 elllployed the coupled-channels 
method [Ta.65], i.plemented with the computer code ECIS96 
{Ray96]. The geometric parameters were deter.ined fro .. the 
differential distributions in the sa..e .annel' as described above 
for the SOH. They were very close to the parameters of ref. 
[You861 ",hich have been used over a wider energy scope. 
Therefore, the geometries of ref. [You86] were adopted for the 
sub&equent 2-paroweter fitting deter.ining potential strengths. 
The resulting final Bet of CCM paraaeters ia given in 
Table 3-3-1. They give a very good description of the total 
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cross sections to at least 20 MeV, as illustrated in Fig. 3-3-1. 
The differences between calculate~ and measured values are 
generally well within the experimental uncertainties alone. The 
ditferenth.l ~el.,stic" scattering experi_ental results are also 
reasonably described as shown in Fig. 3-1-2. At low energies, 
where the reported me"surelllents are said to resolve the elastic 
scattering frOlll inelastic scattering, the agreement between 
ca lculation and ~eaBurement is reasonably good, despite the t"ct 
that the measurements are approxilllately thirty years old. For 
incident energies of ,. 1.0'" loS MeV the resolution of the 
measurellents is not clear. Therefore, Fig. 3- 1-2 shows severlll 
ca l c ulated curves for each of these questionable energies, 
corresponding to calcul<l,ted elastic, elastic + first inelastic 
and elastic + first an~ eecond inelastic groups. It appears that 
the 0.93 MeV distribution is essentially due to eIa,stic 
scattering, while the 1.2 MeV distribution includes the elastic 
and first inelastic groups. There are uncertainties associated 
with 1.41 MeV group that are not resolved. The distributions 
from = 4. 5 ... 10 Mev come from the present measurements and their 
resolution functions are reasonably known. On the whole the 
agreBDIent between _asured and calculated differential 
distributions in this region is quite good with only some 
relatively minor discrepancies near 120 ~eg. at = 7 ... 8 HeV. The 
agreement for the 11 HeV distribution [FCR77] is also reasonably 
good except at very back angles. As noted elsewhere herein, the 
reported experi_nt.al 11 HeV distribution has been ~correctedw 

for compound- nucleus contributions. Those corrections are not 
well specified and, certainly, the inelastic cont .. ination of the 
measure_nts at this energy is prilllarily due to direct- reaction 
processes. Whether or not these were considered in the 
"corrections~ is not known to the author . Therefore, at 11 HeV, 
Fig. 3- 1-2 shows ca.parisons wi.th the calculated elastic 
scattering, elastic t first inelastic scattering and 
elastic. first and second inelastic scattering groups. The 
results suggest that the corrected ",easurements IDOst closely 
approach the elastic. first inelastic distributions. The CCM 
potential leads to strength functions that are in qualitative 
agreement with those deduced 
froll'l experiment [HOH81], the calculated So is ,. 3o, larger than 

the experimental value and 5 1 value " 20' larger. 

Whi le the measured discrete inelastic-scatt.ering excitation 
o f the ground- state rotational band is approximately thirty years 
old [Hea.71J it does give so_e support to the CCH model. As 
illustrated in Fig. 3- 1-3, t.he CCH reasonably describes the 
excitation of the two yrast excited states of this band. The 
ltOdel somewhat under- predicts the excitation of the 94.8 keV 
level at lower energies. This may be a consequence of an 
under-prediction of the compound- nucleus (CH) contribution due to 
competition frOlll the continuo. inelastic scatte ring. At higher 
energies where the excitation cross section of this level is 
prilllarily due to direct inelastic scatte ring (e.g., ~ 1.0 HeV) 
the agreement between measurelJlent and ca l c ulation is quite good. 
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The crOlJ1J lJect ionlJ for the inelalJtic e .. ci ttltion of the 209.8 
level of the ground- sttlte rottltional band are very well described 
by the CCH (lJee Fig. 3-1- 3). In the excitation of both the first 
two e .. cited levels of this band, it is c lear that the direct 
retlctions of the CCH are a priaary contribution as the energy 
increaselJ. 

The inelastic- scattering calculations can be extended to 
highe r excitetions using collpound- nuc leus contributio n s and 
colllptired with the lIIeasured results of ref. [Mea~71]. Such 
comparisons are difficult as the experilllental values consist of 
cOllple .. composites of d isc,,-ete-sctltte,,-ing contributions. Just 
what reported levels cont ribute to .. hich observed inelastic 
excitation is not always clesr. However, given all these 
uncerteinties, the coaparisons are encouraging, as illustrated in 
Fig . 3-3-2. All the calculated resu lts above the excitation of 
the first t .. o levels, shown in this figure, are due entirely to 
CN contributions. 

3_4. D i spers lye coup I ed-channe Is l!IOde) (eCMp] 

It is well known that there is a dispersion relationship 
linking real and imaginary potentials and reflecting causelity 
((SatS3), [Llp66], [Pas67], [Fes!)8]). This relationship can be 
expressed in the for. 

' j+. J (E') 
J(E)HF • W 01 dE', 

-. E - E' 
(3- 4- 1) 

whece J HF is the local- equivalent Hartree- Fock potential, J.., i6 

the strength of the illlllginary potential (in volume- integral-per 
nucleon) and "P" denotes the principle value o f the integral. 
This integral can be broken into surface, AJs ' and volw.e, AJ vo ' 

cOlllponents 

' j UJ{E') 
a _ S dE' 

• -. E - E' 
(3- 4-2) 

'jUJ (E ' ) • vo dE'. • -. E - E' 
(J - 4-3 ) 

Then Jv{E) .. JeH{E) ~ t. Js(E) and Jeff(E) '" JHF{E) ~ tr.Jvo(E) . 

where Js(E) an~ Jvo{E) ace sur face an~ volu.e i~a9inary-potential 

strengths, respectively. J HF and tr.Jvo are apPl:oxi_tely linear 

functions of ener9Y in the energy range of the present 
consi~eretions . Combined, they detenline Jeff but the two 

components can not be ezperll1entally ~letinguished. In the 
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present work J IfF approaches Jeff as 4Jvo is small below 20 MeV. 

Thus , the effect of £q. 3- 4- 1 is to add a surface c a.ponent to 
the real Woods-SaKon potential consisting of some fraction of J s • 

The lllagnitude of this contribution was evaluated fra- the CCM 
potential (Table 3- 3- 1) using the methods of Lawson et al. 
[LGS87]. In doing so it was assumed that the imaginary potential 
was entirely a surface effect up to 25 HeV and then this s urface 
component fell linearly to ~ero at 60 MeV. Conc urrently J vo was 

a s sumed to linearly increase from zero at 2S MeV to 60 MeV where 
it took the J s 25 HeV value and then remained energy independent 

on to higher energies. The imaginary potential was assumed zero 
at the Fer.i Energy (EFI and to have a quadratic energy 

dependence to zero energy. In addition, the entire iaaaginary 
potential was taken to be sy~etric about EF [JLM77]. The EF was 

taken to be - 7.116 HeV as deter.ined from the I114SS tables 
[TuI901. With these assumptions, the calculated fraction of the 
surface imaginary potential to be added to the real potential was 
essentially a linear function of the energy, falling from 
approximately unity at zero energy to = 0.1 at 20 MeV. 

With the addition of the above surface dispersion 
contribution to the Woods-Saxon real potential the fitting 
procedure of the COM was repeated. The potential geometries were 
taken to be the same as for the CCM eltcept for the real radius, 
rv. The chi- square fitting to each of the differential 

distributions deter.ined the. real- and i_ginary- potential 
strengths and the real radius . The latter should differ from 
that of the CCM as a surface component has been added to the real 
potential. The resulting CCMD potential parameters are given in 
T"-ble 3 - 4- 1. They lead to total cross sec tions very si.ilar to 
those obtained with CCM and shown in Fig. 3- 3-1. The differences 
between the two calculations and the ellpect.ental values are 
generally less than the ellperi_ntal uncertainties aione. The 
differential scattering calculated with the CCHO is compared with 
the measured values in Fig. 3- 4- 1. The compacieons are nearly 
identical to those obtained with the COM and shown in Fig. 3- 1-2. 
A carefui study of the two figures _y suggest that the results 
obtained with the CCMD are very slightly preferable. Inelastic 
eXCitation of the first two members of the ground- state 
rotational band as c;!llculated with the CCMD is nearly identical 
to that obtained with the COM ;!Ind illustr;!lted in Fig. 3- 1- 3. 

4. Some physical CQmments 

The SOH gives a good description of the observed total c ross 
sections. It can not desc cibe the observed differential 
scattering ;!IS the large collective component is not inherent in 
the model. However, the Simple SOM may be useful for such things 
as neutron capture calculations or as a s tarting point for DWBA 
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calculations. The SOH parameters setforth in Table 3-2-1 are 
unusual and physical ly unattractive. The real potential radius 
is significantly (= 3\) less than predicted by syste.ati cs 
([Srlli.g7A), [Chi+90]). The real-potential diffuseness (av ) is 

unusually slllali. The real-potential strength falls with energy, 
but only very slowly, at a rate less than one would expect frolll 
non-locality effects alone [PB62], and is generally = l5i Slllaller 
than indicated by SOH systematics ((SlIIi97AJ, (Chi.90). The 
h.aginary potential decreaseli with energy, contrary to what one 
would expect as IDQre channel s open with lncreasing energy. The 
imaginary radius is reasonable but the imaginary diffuseness is 
unusually large. Thus the present SOM !!lay be a viable tool for 
some pragllati c purposes, but it is not particularly &ttractive 
froll the point of view of physical understanding. The unusual 
SOH para.aeters probably reflect the Clpplication of a SOH to a 
highly colle ctive target. Other SOM's for hollli .... found in the 
literature have some of the sa.e s hortcomings. 

The eeM par_eters (Table 3-3-1) are very liill11ar to those 
o f ref. (You86), explicitly so for real- and iaaginary-potential 
geometries. The energy dependence of the real potential iii 
sogewhat larger than that of ref . (Youa6), and the su rface 
absorption is less in the present case. However, the present CCM 
does not include a volume absorption as doel the potentil.l of 
ref. IYoua6], as disouliled below. 

The CCHO par_eters are a reasonable extension of the CCM 
model. The real-potential Itrength (Jv ) is somewhat Slllaller than 

that of the eeM, as one would expect as it does not include the 
disperSive surface contribution to the real potential. Indeed, 
the difference is approxi.ately the tr.J

s 
of Eq. 3-4-3, as it 

should be. The rv of the CCHO is somewhat sllaller than that of 

the eCM, as it too shou ld be, since a liurface real potential has 
been added to the potential. In other word., the CCM and CO'ID 
!POdel. are quite consistent, and both give good descriptions of 
the data base. 

The present interpretations assUllled ~2 <'l1\d ~ .. deforillations 

as described in Section 3-3. Alternate choices were investigated 
extendlng fra- P2 • 0.2'" 0.4. and ~ .. c -0.02 or 0.0. Repeating 

the CCM fitting, wi th consequent adjustment of lIOdel parameters, 
no particular i~provement in the total-cross aection description 
was realized. Concurrently , there was no notable improvement in 
the description of the differential-scattering distributions. 
Various choices of ~2 did not generally improve the description 

of the inelastic excitation of the ground-state rotational band 
ahown in Fig. 3-1-3. The differences between ca lculation and 
lIIeasure-ent illustrated in that fiqure (priallrily for the 94.8 
keV level) are largely due to co .. pound-nucleus effects. The 
experimental data does not appear sufficient to better define the 
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It was noted that the diffe["ential 

dist["ibutlons a["e velC"y sensitive to the choices of P2 and /14 at 

large scatteE"lnq an91es, e.9. at = 17S .... 180 deq. Heut["on 
measurements in that anqular range are di ffi cult and require 
speciel techniques. As II result they are very seldOlll made, and 

there is no such information available for 16SHO • lnterestinqly, 
The same large- angle scattering information is, unlike the common 
angula[" distributions, sensitive to the neutron polarization 
[SlIIi80]. Theoretical considerations, such as the 
core-polarization !IOdel [MBA7S]. can give guidance as to 
defo["mations app li cable to neutron, proton and eIectro-lIIaqnetic 
effects, particularly for nuclei near shell closures. Holmi~ is 
not near a shell closure. and essentially nothing is 
e.perimentally known about proton interactions with hol.ium. 

It is well known ([Lan62]. [GSS8]) that proton and neutron 
potential strengths are related through the e.pression 

(4-1 ) 

where J i are potential strengths expressed as voluae integrals 

per nucleon. ? is the asymmetry (N - Zl/A, "in may be v or w for 
real or imaginary potentials and {i is a constant equal to = 0.5 

f or the real potential and to = 1.5 for the imaginary potential 
[Smi97]. The "t" is used for protons and the " - " Cor neutrons. 

The present CCM IC"esults lead to a J~ . 490.4 - 3.927-£ for 

holmium. This ezpression is • 5' larger at 'IIaro anerqy than 
values reported from the interaction of neutrons and protons with 
simI larly deCormed IIIOlybdenum nuclei (Smi97]. but the difference 
decreases with energy and at 20 MeV the holmium and II>Olybdenum 
results are essentially identical. The relationship of Eq. 4- 1 
is very useful in constructing unified neutron and proton nuclear 
potentials. However. for that approach to be effective one must 
have good proton potentlals. UnfolC"tunately, the ezpe["imental 
data for developing the. is generaily lost in the mists of time. 
In the particuli!lr case of hol.iu_, the author could find no 
proton scattering or associated potentials of any kind in the 
literature. The information specialists at the KNDC reached a 
similar conclusion , and there are no holmium proton potentials 
listed in the compilation of ref. [PP76]. It is unfortunate, and 
particulat'ly so in the present contezt, that (p,p) scattering 
studies have been 80 spat'se and poorly documented. A wea lth of 
informati on is either not available or lost. 

It 1s generally believed that, as the energy of the incident 
pat'ticle increases the absorption term of the potential slowly 
chi!lOges from a surface to a volume effect ([Hod71], [BG69]). The 
energy of such a transition is of sa..e debate. For ex_pIe, in 

the case of 165HO the model of reC. [You86] introduces a 
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volWlle-absorption terlD in the potential at 8.l MeV, and it 
increases with ene.::gy. A volu.e-absor-ption Woods-Saxon te'::l1 was 
i.ntroduced in both SOt'! and Co( .adels and the above-described 
fitting repeated. These endeavors did not yield any clear 
evidence that volu.-e absorption was a factor at the energies of 
the present WOE:k. That conClusion IDight change with a better 
data base, and alJllOst certainly would change if one goes to 
much-higher energies. It should be clearly understood that all 
of the present -adel considerations a.::e strictly applicable only 
to energies of less than 20 MeV. 

• The pE:esent CCH potential i~lies an effective .. ass, III , 

that can be COllpared with the values i .. plied by the non-locality 
of the nuclear force as discussed, for eIaaple, in refs. [BLH54}, 
[BE:u+56}, [PB62], [Bet56] and [WWG60 ] . These concepts have been 
further stud ied by Brown et al. ([BGC63], [BOS79]) using a 
dyna...ic theory of vibrations. It is shown in refs. [80579j, 
(MN811 and [8au+82] that the nonlocality leads to the ezpression 

• • 
• z 0.64 (4-2) 

• where ft lll " is the nucleon lDass, "III " the effective nucleon lIIass, E 

the energy in MeV, and 6~o : 41/Al/l. Concurrently, 

• • • • 1 ( 4- l) 

where VL is the local .::eal potential. Well away fro. EF Eq. 4 -2 

leads to 

nuclear 

• • values of z 0.68 whiCh is reasonably • 
matte.:: esU_tes (GPT68). The CCH and 
• 

consistent with 

Eq. 4-l clearly 

• lead to r atiOS of ~ 0.63. This is slightly s llalie.:: than one • 
would perhaps like, and _y suggest that the linea.:: energy 
dependence of the CCM real potential is slightly too large. At 
the same time the zero end point of the CO( is z 125 MeV whi ch is 
smaller than esti .. ated frOll! global analysis [Bau>82], again 
suggesting a too stE:Ong enerqy dependence of the CCM real 
potential. The situation is not improved with the CCHO model as 
sOlDetimes found in other stud ies (S.i97A). 

The present CCM potential bears a strong silllilari ty to the 
coupled-channel potential of Young [You86) . Indeed the 
geoaletries are explicitly identical. The o nly _jar dlffe.::ence 
is the OIIIission of volu.-e abeor-ption in the present work. As 
noted above, it doubtlessly would be necessary at higher 
ene.::glee. At the lower energies of the present work the the 
potential of .::ef. (Yo u86] agrees very well with the CCH. The 
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only notable difference is a slightly weaker energy dependence of 
the real potential than following from the present work. In soae 
conteate that _y be an advantage (see Eq. 4-3). The potential 
of IYou86) was the ballis of the £KDF/8-6 evaluation described 
below and the comparisone given there illustrate the close 
a'lreement of the resultll obtained with the two lI>Odels. A CCH 
potential was developed from some holmium neutron-scatte ring and 
total croes section _aaure.ents in ref. [Fas+69). It is not as 
well defined as that of the present wo rk or that of ref. IYou86], 
but it is qualitatively consistent with both. 

The p.:esent work can be used to test lIajor portions of the 
ENDF/B- 6 (MAT-6725) hol.ium evaluated file [YAS8]. That file was 
asseabled without the benefit of the new eaperimental information 
presented herein, and without the recently available 
calculational tools (RlIy96]. Despite these facts , the !IIajor 
portione of the file that can be tested with the present work 
appear to be very 'load. For example, in Fi'l. 4- 1 eVllluated total 
and elastic-eCllttering cross sections as given by EKDF/B-6 and 
the present CO'! .adel are ca.pared . The a'lrea.ent is excellent 
from a few keV to 20 HeV. Any very minor differences are well 
within the uncertainties in the underlying experiment.al 
measurements alone. This agreellient eatends to the differential 
elastic-scattering dist.ributions, as illust.rated in Fig. 4-2. 
Certainly, t.here are few, if any, applications that. would be 
sensitive to t.he very s_ll differences in elastic scattering 
illustrated in Fig. 4-2. COlIIparisons of inelastiC sCllttering are 
not quite as good as il lustrated in Fig. 4- 3, but the differences 
would probably have little effect on the lar'le _jority of 
applications. Fig. 4-3 suggests t.hat the present CCH lI>Odel leads 
t.o somewhat larger cOlllpound-nucleus contributions to discret.e 
inelastic scattering in the few-MeV region than incorporated i n 
the EKDF/B-6 evaluation, and even the present CN cont~ibution to 
to the excitation of the fi~st-e.cited level .ay be boo small at. 
low energies. As is clear fro. the above discussion, there is no 
experillental evidence to resolve this quest ton and it will be 
ext.remely difficult to do so given the complex excited struct.ure 

of 165HO . All in all, the present work very much supports the 
ENDf/B-6 evaluation. 

5. Concluding remarks 

The experimental aspects of this work provided detiJiled 
knowled'le of ·elastic· neutron ecattering frDIII elemental hollliUIII 
from = 4 ... 10 HeV, a region where there was very litt.le prior 
experimental infor.ation. This new work, together with SOllIe old 
low- enerqy measurements lit this laborat.ory forllls the body of the 
knowledge of the fast -neutron scattering frOIll holmium. There is 
only a handful of other experi_ntal results . The data base 
constructed frDIII the available experimental information was used 
to develop sphericiJl-opt1cal (SOH), coupled-channels (CCH) and 
dispersive-coupled-channels (CCHO) lIOdels. These lIIOdels are 
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strictly applicable only up to 20 MeV. The epherical-optical 
model gave a good representation of the total cross sections but 
failed to appropriately deec ribe the partial c ross sectiona of 

the strongly deformed 165HO . The CCM, giving consideration to 
the K " 7/2- ground- state rotational band, was far IIIOre 
successful in describing the various facets of the neutron 
interaction and is a good tool for future basiC and applied 
c alculations. Consider3tion of dispersive etfects lead to the 
CCHO disperaive coupled-channels model. It desc ribed the neutron 
interaction with hol.iu. to approxiaately the same accuracy as 
the si.pler coupled-channels .adel . There was no strong 
advant3ge to the added complexity of the dispersive 
interpretation. These measure.ents and interpretll.tiona provide 
useful tools for future basic and/or applied work. The results 
also very such support the ENDF/B-6 evaluation of holmiu. . 

Even with the present work, the knowledge of the neutron and 

proton interaction with 165Ho reINins reaarkably poor. Before 
there can be substantive ieprovement in the knowledge and 
interpretation of the neutron interaction it is essential that:-

i) There be sOllIe careful 165Ho (p,p) experimental studies frolB 
the coulolllb barrier to at least 30 MeV. There appears to 
presently be no information of this type. 

it) IHgh-resolution neutron scattering measurements should be 
made up to incident neutron energies of several MeV. What 
results are available are approximately 30 year. old and do not 
significantly e.tend above::: 1.0 MeV . COnte.parary experi.antal 
techniques should considerably illprove the understanding of the 
discrete inelastic-scattering process. 

iii) Experisental understanding of total c r oss sections of 165HO 
is reasonably good up to = 15 MeV . At higher energies the 
knowledge becoaes fragllentary. Total neutron c ross sections 
should be .easured with ca~e across a wide energy range 
stretching up to at leaat 50 MeV. 

iv) There should be a few _asured scattered-neutron angular 
distribution8 at incident ene~gies from = 12 ... 30 MeV with well 
specified scattered-neutron resolutions. At pre8ent there is no 
information of thls type . It i8 a common problem in fast-neutron 
phySiCS. 
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Table 3-2-1. SOH ..odel paraJIetera, energies in HeV, di_eneiona, 

in fermia, strengths in volume-integrals-nucleon (J i ) in MeV- Fm3 , 

and potential depths in HeV. 

Real potential 

Oepth V .. 45.467 - 0.045'£ 
Strength J v = 349.6 - 0.349·£ 

rv • 1.199 

8
v 

• 0.553 

l.aginary potential 

Depth W • 6.214 - 0.161·£ 
Strength J w .. 77 . 76 - 2.016'£ 

rw • 1.266 

'w • 0.815 

Spin-orbit potential [WG86] 

Oepth Veo '" 
z 1.103 'so 

'so .. 0.560 

6.143 - 0.015'£ 
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Table 3-3-1. CCH .ode1 para.eters, energies in HeV, dimensions, 

in termis, strengths in volu.s-integrals-nucleon IJ i ) in MeV_Fm3 , 

and potential depths in MeV. 

Real potential 

Depth V = 46.211 - O.370'E 
Strength J v ~ 444.4 - 3.558'E 

rv .. 1.260 

"v • 0.630 

Imaginary potential 

Depth W ~ 3.134 • 0.301'E 
Strength J w .. 22.40 + 2.151 ' E 

rw .. 1.260 

aw .. 0.480 

Spin- orbit potential (You86] 

Depth v 
~ 

roa 0 1.26 

"oa 
0 0.63 

Detor.ations 

li2 " 0.30 

li4 .. -0. 02 

• 6.0 



Table 3-4 - 1. eCHO .adel parameters, energies in HeV, dimensions, 

in fermis, strengths in volume-integrals-nucleon (J i ) in MeV- FmJ , 

and potential depths in MeV. 

Real potential 

Depth V • 46.525 - 0.506'£ 
Strength J

v 
~ 426.4 - 4.638'£ 

rv • 1.239 

"v • 0.630 

Imaginary potential 

Depth W • 3.920 + 0.197·E 
Strength J w • 28.10 ~ 1.412 ' £ 

rw • 1.260 

"v • 0.480 

Spin-orbit potential (You86) 

Depth v.o 
'" 1.26 '.0 

"so " 0.63 

Defor.atlons 

~2 • 0.30 

~4 • - 0.02 

" 6.0 
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Fig_ 3-1-3. Comparison of ~easured and calculated neutron 
inelastic-scattering ellcitatlon cr08S sections of the first two 

elicited levels of the K = 7/2- ground-stat.e rotational band of 

165Ho . ~+~ symbols denote the experimental results of ref. 
[Hea.71]. IIpproxilulte excitation energies (95 and 210 keY) are 
numerically noted in the respective panels of the figure. Curves 
denote the results of calculations u8ing the COM .adel where RCNR 
is the COIIIpound-nucleu8 co.panent, "DIRM the direct-reaction 
contribution and "TOT" the sum of the e N and DIR contributions. 
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Fig. 4-2. COlllpllrbons of ENDF/B-6 {YABS] and the present CCH 
differential e lastic _cattering_ The ai_pIe curves indicate 
EHDF/B- 6 results and c urves with circu lar symbols the results 
obtained witb the present CCH .odel. Incident neutron enec9iea 
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