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ABSTRACT

Because of receat advances 1in experimental
techniques, which improved the accuracies of thermsl
capture and scatteiing cross sections by an order of
magnitude, a more stringent approach in the evaluation
of the thermal constants is developed. Iu the present
approach, the following aspects ars introduced: (1) a
consistency betwveen thermal cross sections, coherent
and 1incoherent scattering 1lengths, and neutrcn
resonance parameters 1is achieved; (2) & consistency
between the 1isotopic and element cross sections is
sought; in addition, for each isotope, the requirement
that the partial cross sections add up to the total is
fulfilled; (3) wvhere possible, charged particle data
particularly derived from (d,p) reactions cn light and

. medium weight 1istopes are used in locating the
positions and strengths of bound 1levels. Such a
procedure is useful in the evaluvation of the shape of
the cross sections in the thermal region; and (4) the
Lane-Lynn theory of direct capture is called ypon to
calculate thermal cross sections and check for
consistencies for certain isotopes.

Extengive examples to illustrate these procedures

are presented.

*'nus work was performed under the auspices of the U.S.
Department of Energy.



I. INTRODUCTION
I would like to sCart this review by asking a question: Why
study and evaluate thermal neutrcn cross sections?
The answer to this is that the neutron has a "charma"™ and the
neutron interaction at thermal energies is fundamental and

important for several reasons:
l. Thermal cross sections are fundamental in testing high

energy Ehegfiel. Examples which n Le cited are the pion
exchange 1~ / and the quark mode e The pion exchange model
was called upon by Riska and Brown 1) o explain a 10X discrepancy
between the measured CIE s section of H and previous calculations
and by Had jimichael to calculate the radiative neutron-
deuteron capture cross section ()szo 4+ 50 pb). The quark model
was applied by Carlitz et 11.(3 to achieve consistency between
measured and calculated neutron-electron interaction scattering
length. The latter calculation gives an 1indication of the
structure and charge properties of the neutron.

2. Thermal cross sections are important ingredients in low
energy nuclear theory:

a. Accurate knowledge of the singlet and triplet
scattering lengths of B is basic for theoretical models dealing
with the (a,p) interaction.

b. Scattering lengths of the four nucleon.systems, a-H
and n-~“He, ,,can also shed 1light on the nucleon-nucleon

(4) Experimental yalues of the thermal neutron

interaction.
scattering lengths of and “He favor the Yukawa over the

exponential form factors.
ce. Spin dependent scattering lengths (and subsequently

incoherent scattering lengths) of light and medium gs:lght nuclides
can test the accuracy of shell model calculat:lons.(

3. Thermal total and partial capture cross sections provide
experimental tests of the validity of the Lane-Lynn theory -of
direct capture. Verification of this theory will be presented.
This will be followed by a discussion of the applicability and
limitations of the theory.

4. For 1light and medium weight nuclides, thermal cross
sections can compliment charged particle data in predicting spins

and (d,p) spectroscopic factors of final states.
5. Thermal cross sections can check the completeness of

resonance parameters ,and can be used to derive the poteantial
scattering radius R which 1s important in optical model

calculations.
6. Thermal cross sections are important in determining the

absolute neutron capture vY-ray intensities which in turn are used
as a tool in the identification of elements and impurities in

samples.
7. Improved knowledge of the thermal cross sections are

requirad for reactor cycle and burn-up calulations. This would
result in improved design of thermal reactors.

i,



8. Thermal cross sections '“7 nuedsgu %rsandards. Examples
are the capture cross sections of A, Co,””Mn, the scattering

3 4 5 4 d the fission cross sections
g:oggsgfcféggz.of H, C, 81, V, M, an e fiss s sec

II. PROCEDURE IN THE EVALUATION

We briefly outline in this section the various steps involved

in the evaluation of thermal cross sections.
1. The first step in.any evaluation is compilation of ihe

experimental ‘data. A complete and correct documented data base
must be available. The CSISRS Library can be used for that
purpose with a supplementation of the most recent data vwhich may

not be yet in the computerized files.
2. This is followed by a reduction of the data to a standard

form« The following steps are required:
a. The veported ggoss sectiﬁ;’ are normalized to the

standard cross sections Mn,>° . Au, (capture), . 81, ¥,
Ni (scattering), 25?5, 3sgl’u, 2520f (fission), and to éhe ;ost

recent recommend half lives and abundances.

b. Corrections for reactor neutron spectrum and isotopic
impurities, if possible, are made. This can be achieved with the
aid of catalogues of strong <vy-ray intensities and rescnances,
provided that the authors reported the required information.

c. A correction due to the shape of the cross section is

made. This 1is possible if the locations of positive energy

resonances and bound levels are kanown.
3. Weighted averages of the normalized data are produced and

internal and external errors are calculated.
4. The last step requires consistency checks.
a. A consistency betwesn thermal capture cross sections,

coherent and incoherent scattering lengths, and neutron resonance

parameters is achieved.
b. A consistency between the isotopic and element cross

sections is sought; in addition, for each isotope, the requirement
that the partial cross sections add up to the total is fulfilled.
¢« The Lane-Lynn theory of direct capture is called upon
to calculate thermal cross sections and check for consistencies
between thermal capture cross sections and scattering lengths for

certain isotopes.
d. For light nuclides, one can utilize the principle of

charge symmetry to calculate, for example, scattering cross
sections. An eTffllent exanple is proxided by the analysis of

Hale and Dodder for the reaction p+°Re ©¥———F niT. These
authors predicted the singlet and triplet scattering lengths

a,=3.32 fm, a_=4.45 fa and consequently a=3.6 fm.
5. In the actinide region, one can achieve additionsal

consistency between o_, Ogs Oys Oy a,n,v by the least squares
Y a’ s
method.



stgge this method 1is adequately described by Leonard(n and
Lemmel 1 will forego its discussion.

IXIX. THEORETICAL CONSIDERATIONS

At this stage, it 1is :l.mportaht to review some of the
theoretical relations which will be used extensively in the

discussion.
A, Cohereant Scattering /mplitudes

The spin dependent scattering amplitudes a, and a_ associated
with s-wave resonances of sping I + 1/2 and I - 1/2 (where I is
the spin of a target nuclgus) can be written in terms of the

resonance parameters as

Xx.Tr
- 1" ni
s, '+ Z(E-E,)-1T, W

where the sumnmation is carried out over resonances with the same
The total coherent scattering amplitude is then the sum of

spin.
es weighted by their spin statistical factors

the partial amplitud

8; and g_, .
a= g a + g_a_

S - U @
+ 241 -  2I#1

The coherent scattering amplitude for each spin state Eq. (1) can
be separated into real and imaginary parts:

: *ir I(E'El) £TI.T
coh’n' +35-12 + 1 Z_j_i_j__n 3)
2
j 4(3--Ej)?+rj j 4(E—Ej)z+1'§

-ar+ia

i



where e, and & are the .real and  imaginary components,
It is iateresting to note that the imaginary part

respectively.
can be related to the abscrption cross, L by: -
ko
a 4
&4 T TEn 4

wvhere k is the wave number,
With the exception of fev nuclides, neutron resonances are

located far away from thermal energies. Under these conditions
and for Ej x j the coherent scattering amplitude takes the simple

forn
re

- a = R'-2.277x10% 3L, (5
By

Another important relation which is required in the analysis of
experimental data 1s the one between the free, a, and bound, b,

coherent scattering amplitudes

A + 1.0087
b--(———-A———-)a-i-'a.’bne (6)

where b,, is the neutron-electron interaction length. (9‘51:3 most

accurate value was determined recently by Koester et al.

b, - -(1.38 + o.oa)x 103 .

The coherent and spin-incoherent free scattering cross sections

caaz be described in terms of the coherent scattering amplitudes

by:

%.oh 4n (3+ a +g_ a_).z

gL (spin) = 4N g g_ (‘+ - 3_) 2 N n

For an element with several 1isotopes, an additional incoherent
scattering cross section arises due to differences in the coherent

scattering amplitudes of the various isotopes.

2
(] inc (1isotopic) = 6:2 Z -;- fn fn (‘- - 'n) (@ .
R -1 .



where £, and a;, are respectively the abundance and the scattering
amplituse of the n~th isotope.

In recent years, specialized techniques based on the wave
properties of the neutrom (interference, refraction, reflection,
and diffrsction) have been developed which resulted im highly
improved knowledge of the coherent scattering amplitudes of the
various isofopes and elements. These methods, as well as the
Christiansen filter msfhod, are described in the excellent review
article by Koester.u

These relations provide the link between the thermal neutron
cross sections and resonance parameters and can serve to check the
consistency of the resonance parameters. A knowledge of the
magnitude of the potential scattering radius R’ at low neutron

energies and its variation with mass number is required. This is
he resonance region supplemented by

derived from an analysis tn t
theoretical calculations, 1y The variation of the potential
Yiﬁ mass number and its comparison with optical

scattering radius
is showm in Fig. 1.

model calculations
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Fig. 1 A plot of the potential scattering radius with

mass number, A.



B. Relationship Between sdp and l‘:
resent a useful relationship betwesen the

reduced neutron width I'] and the (d,p) spectroscopic factor and
determine the nomaliz:l.“ng factor. In particular, the single
particle dimensionless bound reduced neutron width for s-wave
resonances is determined by a comparison of the experimental (d,p)

and (n,n) data.
The (d,p) spectroscopic factor can be defined as the 3square

of a ratio of dimensionless reduced neutron widths,

In this section, we op

. B

sdp

2
where en is expressed by:

(10)

and the reduced neutron width Ya for s-wave neutrons is defined as

. (11)
Tn 2kR

where k 1is the wave number and R is the nuclear radius.

and (11) into (9), and using an

Substituting Egs. (lt'i)/3 p
m, one gets

interaction radius R=1.35 A

. .
- 7.40¢107° /3 n__ (12)

o2
sp

Sdp

where r° is expregsed in eV units.
Nofe that 62 1s model depeniclng. For ‘example the use of

harmonic oscillafdr wave functions gives 02 =0.036. Ingtead
of relying upon model calculations, we apply qu (12) to the 12¢in

system to derive esp



.

Meadows and whalen(la) carried out a2 precise measurement of
the total cross section of natural carbon (98.892 120) in the
energy region 100-1500 key, Within the framework of single level
R-matrix analysis, the authors obtained ar excellent fit of the
total cross section throughout the whole energy region. The
derived reduced neutron width of the bound level at -2020 kev
is 12 = 540 kev for an interaction t?di3l of 4,80 fm. This bound
level! was studied by Darden et al. 1 by the (d,p) stripping
reaction, for which a spectroscopic factor Sy, = 1.1 is
Substituting these values in Eg. (12), one derives

obtained,
2
Bsp .= 0,175
and hence,
S, = 4.21x10% z1/3 ro . as)

dp

This relation 1s used extensively in converting the (d,p)
spectroscopic factors to reduced neutron widths,

C. The lane-~-Lynn Theory of Direct Capture

Before recalling the essential reiationships required in the
analysis of partial and Gtotal capture cross sections, it is
instructive to describe briefly the historical development of the
experimental investigations dealing with this exciting field.
Finally, (lgye first quantitative verification of the

Lane-Lynn theory is presented.

1. Historical Pespective

a. In 1958, Croshev and his collaborators(16)

observed a correspondence between y~ ray intensities and (d,p)
spectroscoric factors for final states characterized by 1,=1 for
the even-even target nuclides 2851,325, 40ca as well as odd

even isgtopes 23Nl, z7A1, and 31?. The suggestion was put
fort:h("6 that a direct capture mechanism plays an important role

in these nuclides.



b, Two years later, lane and Lynn(ls) formulated
within the framework of R-Matrix theory a detailed theory of
direct capture by ‘subdividing phase space ints internal and
external regions. The partial capture cross sections for El
transitions were explicitly calculated in terns of an algebraic
expression. The essential feature of the theory is the dependence
of the partial capture cross section on the (d,p) spectroscopic
strength and on the gamma-ray energye.

P}s capture theory of Lane-Lynn wmotivated
experimental:lstl( to search for_a correlation between
reduced y-ray strengths, I./E., and stripping strengths,
(2J,+1) sdp vhere Jgz is the s"pi.tlT of the final state
populated by the y -ray. For a quaatitative study of the
cotrespon&-gge betveen (n,y) and (d,p) data, Hughes, Kennett, and
Prestwich introduced the correlation coefficient:

§( v) (:1 -3) . Qe
[ ‘r) §(si'_)]/z

where I‘ and § are the average values and the summgtion is csa ried
out over i=n final states. For the reaction (n,v) éﬂ: a
;orr:lﬁégn Sicc;.elfficient p=0.84 for e:ligl':lt f:l.nalf statehl w:
ound., ar s we arrie out for the
igotopes, (L9-21 Ba, ﬁ% :5'22 Ce, lzsmi(czz which revealed in some
nuclides high correlation coefficients approaching gyity.

d. A significant development was the 2/Cl (n,Y) 38gy
investigations of Spits and Akkermans ) who reported at the
Budapest Conference that the correlation coefficient was
substantially improved when an E_instead of an E_ energy
dependenq’e wag considerxg Other tfuclides in the sahe mass
region and the Ca isotopes, exhibited the

same trends.

25 Since such -dep Pilg;: not yet
m’:derst:om‘l,(2 Kopecky, Lane, and Spits pointed out that this
behavior is predicted by the Lane-Lyar theory and arises because
of the energy dependence of the ta?iz} dipole matrix element.

f. The observation that Thigh correlation
coefficients were reported for those nuclides whose potential
', differ significantly from the interaction

gcattering ra }3 RY,
radius R=1.35A indicated the presence of a (R-R') ters in the

direct capture cross section.
g The previous observation wmotivated Hnghabghab(zn

to carry out the calculations in ?5% framework of ti‘}% Lanf-kynn
theog and its ver:lfifs”on for Xe as well as Ba, Sa,
Si was presented.



2. The Direct Capture Cross Section for El
Transitions. In this subsection, we present the expression for
the ( f ect capture cross section as derived by lane and

Lynn H N

' o 2({Z 2Je 41 1- .
ol 06 (4)3, (2Js+1)

in 2 7 6(2ip4-1) N —p' R (15)
. x [ (” +l.) 52 y’&H-?g;l- 3)’ + (AL 1+, )y (g%)l]. R

The reader 1s referred to the original article(u) for the
nomenclature. In most cases, it can be shown that Bgr which is
related to the neutxon capture cross section, is very small and as
a result could be ignorad in the relationship. For nonzers -spinm
target nuclides (I#0), s-wave capture results in channel spins
1+1/2 and 1-1/2. For equal capture in these components (i.e., A/
is the same for the two channel spins) the above expressiom can be
simplified to the following form:

Y
R £ Ygt

23,41
whera o f(ha.rd sphere) 's 0.062 ( )
Y 5(21 1) dp y

(18)

R-a +2
%ye (potential) = % g (hard sphere)l 1 + = Yt 3]

2 2 2
¥ = R szT/‘H

and a_. is the coherent scattering amplitude.
The variable p takes into account the multiplicity duoe to the

incident-neutron channel spin., For I, = 0, p= }. Bowever, for a
target nucleus with nonzero spin, Iz

=1 forJf-Itt 3/2

W=2 forJ =I % 1/2

It is interesting to note that the second term within the
brackets of Eq. (16) represents the resonance channel contribution
and it has a large effect in those nuclides where R is much

=10~



different from B; 1i.e., in the ncighborhood of A=35 and 138 (Fig.
1). .
We emphasize that Eq. .(16) holds under the following

conditions:
a. even-even nuclides,

b. for nuclides with I}0 and a, is the same for

I41/2 and 1-1/2,
c. if a_ is not the same for +1/2 and I-1/2, Eq.

(16) 1s still applicable for transitions to final states with
Jg=1£3/2; otherwise, Eq. (16) needs modifications requiring the
Pllz and pgso components of sdp as well as spin statistical

factors. -

» Verification of the Lane-Lynn Theory. The
experimental test of the Lane-Lynn theory of direct capture of
slow s— e neutrons (u provided by the reaction Xe
(n,7). 137% Three facts 20 presented signatures that direct

capture plays a donminant role in the reaction mechanisa of this
isotope. 'l‘hese are: (1) nearby s-wave neutrem resonances are
not o in 3613 (2) the neutron capture cross section 1is
small, and (3) the correlation coefficient between y-ray 1"3
(d,p) strengths {5 maximized to a value of 0.984 for an B *

dependence of the partial capture cross sections.
On the left-hand side of Fig. 2 is demonstrated the

variation of the correlation coefficient with the power, n, of the
gamma-ray energy. On the right-hand side is represented the

M o M
E1 TRANSITIONS & % S@GRA RS
1.0 2 ?3' S¢=8g
A ELTEE
%3 s8c8s
(14 40255
o8 .
06
016 17 26088
’ 050 3; 24504
0.12 21958
as}- 0.40 17 9365
0.72 7 18415
o2} 068 17 9862
5 1.96 37 6010
(4} 4 77
o (20e1)Sgp S° 137xe e? tkev)

Fig. 2 Study of the variation of the correlation coefficient with
the reduction factor n for the reaction 136xe(n 1) Xe. Note
that p apprecaches unity for n=1.2 which is a signature for direct
capture. The right-hand side of the figure shows the ms’sured
primary El transitions populating the low lying states of



pertinent El transitions feeding finsl st t:;’: with large (4d,p)
are normalized to

strengths., The relative y-ray_ intensities'?
absolute values by two methods ) which yield results accurate to
within 10X. These are displayed in the second columan of Table
1. The final states, their spins, and spectroscopic strengths are
shown in columns 3, &, 5, respectively. The partial capture cross
sections are calculated with the aid of Eq. (16) based the
paraneters of Table 1 and an interaction radius of 1.35 al/3 gy,
The last column gives the experimental partial capture cross
sections obtained by o .= I £° vhere o_ =260+20ab. As sghowm,
thdordtical and experinental values is

the agrrement between o
resarkable. Additional impressive examples are presented in

Seciion V.
Table 1
. ) 1361. (n,7) 131X¢
E (kev) 11‘(1) B (kaV) | 3, ‘z’k+1)’¢p L (ub) % (ab)
. : Theo Exp.
3424.55 | 39.323.9 | 601 32 1.96 104 102
3039.37 | 12.7:1.7 | 986 /2 0.68 30.6 33.3
2183.88 | 10.2:0.9 21841 32 0.72 23.9 26.5
2088.93 | 4.5:0.5 |1936 1/, 0.40 12.7 1.7
1829.44 | 1.320.1 | 2106 LY 73 0.12 2.3 3.4
1535.08 | 5.7:0.6 | 2490 375 0.60 14.1 14.8
1515.91 | 0.85t.09 | 3609 1/, 0.16 3.5 2.2
sty 74.55 4.64 192.1 [193.9

IV. APPLICATIONS

interesting . and

In this section, we present several
and principles

remarkable examples fllustrating the ideas
developed in the pvevious sections,

A. Capture Cross Section and Absolute y-ray Intensities of
B; (n,Y) r3C. '
The pertinent El transitions fn the reaction l2¢ (n,Y) 13¢

are the ground state transition 8172 Py /2 and tha transition
feeding the second excited state s3> P3/3+ With the aid of

-12-



the (d,p) spectroscopic factors measured by Darden et al.(;;) (aDd
optical model parameters) and an interaction radius 1.35al (3.09 .

fm), the ﬁrtul capture cross sections are calculated by
Hughabghab( 1) for the first time and are presented in Fig. 3. A
total capture cross section of 3.39 ﬁ ’): then obtained, which is
in good agreement with a recommend 8) value of 3.440.3 mb and
with the most recent accurate value 2 3.53:0.07 mb.

Reta e

4948

3834 a2°
3¢ Jv2°

3008 2*

J

Erlml (23+1)8 :t,,m 1% o) [mb
THEORY EXP THEDRY

41946 22 &7.3 §247392 228

12€0 Qe 27 214284 LN

3»

Fig. 3 Comparison between theoretical and measured partial

capture cross sectig:s as well as gamma-ray intensities for the

reaction (n,7)

Included also in Fig., 3 are the neasured(33)and calculated
values of the two gamma-ray intensities. As iundicated, the
agreement between the two sets is indeed surprisingly remarkable
in view of the fact that the spectroscopic factors are known to an
accuracy of 10-15Z. The other surprise which emerged from this
study ig_the fact that the wuse of an interaction radius of
1.35 AV 3 for a nucleus as light as 12C described well the data.
It is emphasized here that the same relationship for the
interaction radius was used in the calculations of the radiative

capture of neutrons by Xe.

13-



The Capture Cross Section of 13¢ and the (d,p) Spectroscopic
Factors

This nuclide provides us with an interesting example of
interference phenomena between hard sphers and potentiasl
capture. As will be demonstrated shortly, a precise knowledge of
the coberent scattering amplitude for channel spin IH1/2 1is
ince the spin of the target nucleus is 1/2, s-wave
capture by 12¢ results in spins of 1 and 0. The P1/ ground state
aund the second excited p state at 6589 keV both have spins and
parity O' and therefore can be reached only by electric dipole
radiation from capturing state 1. Therefore, the coherent
scattering amplitude a, as well as the (4,p) spectroscopic factors
must be known to a high degres of accuracy. At the start, let us
check the consistency of the bound Incoherent scattering
(d,p) spectroscopic factors for s-wave

auplitude, by~ b__ with (tg-lb
states. Glattli ‘et al. enployed the method of pseudomagnetisa
for measuring the spin dependent scattering anplitudes of slow
p-utronsg fgt various isotopes. A value of b ~b_=~1.210.2 fa was
obtained. ) Elployinisthc Christiansen filter method, Xoester

et al. obtained for sb=6.19+0.09 fm. Combining these two
measurenents, one obtains:

a, = 5.4710.09 fm

required.

a_= 6.5940.36 Im

Table 2

Spectroscopic Information of l4¢
I
E_(Me v 2 o
:( V) zn(xe) J L sdp o T (keV) sdp
(a) (b) (c) (c)
o ot |1 ]2.61 2.09] 0.067
6.09 | -2.083 1" {0 }o0.87,0.78] 0.20 [0.79) .78
6.589 ot j1 0.20
6.903 -1.275 o jo }1.03 0.2 ]0.949 0.9

{(a) Ref. 37 (b) ref. 36 (c) Present analysis

It 4s interesting to point out herse that Normana(>)
calculated within the framework of the shell model an inccoherent
scattering lergth b,~b_=-0.95 fa for a value of t=6.19 fa. This
is in good agreement with a measured value of -1.240.2 fm. Using

=14~



this latter value, the 1n£or-ation(36) that the reduced neutron
width of the state at 6.903 MaV is 1.2 times larger than that at
6.094 Mev, the contribution of positive energy resonances, and Eq.
(5), one obtains reduced neutron widths 0.791 and (;..949 keV,
respectively, for the 6.0944 and 6.903 MeV states of 1%C. These
values correspond to spectroscopic factors Eq. (13) 0.78 and 0.9%, .
=sspectively, and are included in Table 2. Note that the
spectroscopic factor for the first excited state derived in this
annlyzs’ is in excellent agreement with the value extracted by.
Datta ) for the case where distort Stve Born calculations
using optical model paramseters of Watson 39) are applied. Because
of this fait, a value of S;,=2.09 instead of 2.61 for the ground
state of 1%C 1s chosen in the calculation of the partial capture
cross section feeding the ground state., The theoretical vtlgﬁ
for the ground state transition is found to be o ,=1.19i5°cq
mb. The large errors on this value are a refleczfon of t':ge
uncertainty 1ian a,(1.65%)! We eaphasize that such large
uncertainties in t calculated values are in ggner’ unusual,
They are the exceptions rather than the rule. The C nucleus
represents a unique case of strong destructive interferance
between potential and hard sphere capture Eq.(16). This arises
because of the comparatively large value of the y-ray enelgy
populating the ground state and the large negative differeunce
between R and a,, 1i.e., R-a,=-2.30 fa. Because of this
interesting situation, the variation of ¢ o with a, is
investigated and the results are described in Fig! 4, Of interest
is the parabolically rapid change of ¢ 0 with a,. A nininus value
occurs at about 5.2 fu and at 6.0 fm uzo takes a value of 9 mb.

L v R LE L]
o Bctayitee 1
L ] of s
s
er ’
&
4 T
2 -
o 2 T 1 o) 1
LX) 4.8 5.2 38 0
o, [1m) .

Fig. & Variation of‘thc partial capture cross section populating
the ground state of “"C with the scattering length, a..

=15~



Couparison of the present calt-ghuonc can be made with fke
very recent measurement of Lone vho determined the C
absolute gamma~ray intensities feeding the ground state and the
second excited state at 6.589 MeV. These are (84.0+2.3)X and
{8.540.5)2, respectively. __In addition, the ratio of the capture

czoss sections of 13¢ and 12(: was found to be:

13
o (°°C)
Y = 0.338 + 0.010 .

cY(lzc)

Mopting a capture cross section(32) 3.53+0.07 wb for lzc,
one obtains ¢_ (1°C) =1.3740.04 nb and a partial capture cross
section 1.15:0.04 b for the ground state transition. This value
is in excellent agraement with the theoretical value 1.19 =bl}

Since the spectroscopic factor for the 6.589 MeV state of l4¢
is not yet determined, we apply Eq. (14) to obtain S,.=0.05810.004

for this state. It will be of interest to uzggfc tgic valve. A
sunmary of the present results and measurement is presented in

Table 3.
. Table 3
Comparison of Theoretical and Heastirfd Partial
Capture Cross Section for ““C
ko, ¢ S’)' b
) I ‘GT m UY m
E, (kev) IT(Z) E (ke) | J° | L ]S dp .
8174 84.0:2.3 | © ot | 1 ]2.00'®] 1.10 |1.1520.4
1586 | 8.5+0.5 6589 ot | 1 |o.0582 0.12¢ .01
o.m
(v

(a) Ref. 37. Value corresponding to a Watson Potential
(b) Present Results
(c) Ref. 33

~16~



C. The Coherent Scattering Jmplitudes of B, 10,113 4nd the
Capture Cross Section of 11y

Because of interest by solid state physicists in the coherent
and 1incoherent "ibtﬁu“' amplitudes of natural boron ind its
stable isotopes, »3i8, we present in some detail an evaiuation
of these quantities and consequently apply the Lane-Lynn th@ry to
obtain a bﬁter estimate of the capture cross section of « In
addition, B provides an interesting 2xample of illustrating the
requirement of modifying Eq. (16) in order to take into account
the unequal contributions of the two channel zpins of the initial
state. At ff.flt, let us consider the coherent scattering
aupzitgde of « Two discrepant values, one by Koester ﬁ
21.¢%0) (146.6640.02 fa) and the other by Craven and Sabine(%
(b-6.1:};0d )tn) are at preiill available. Recourse to the knowm
positive 2) ‘and negative energy s-wave neutron resonances
indicates that the resonance parameters, combined with a porential
scattering radius of R =4,98 fa, are in agreement with b=6.60
fa. The former value js in excellent agreement with a potential
scattering rﬂizv.sl of R =R(1+R )=4.95 fm derived from the data of
White et al. Furthermore, the resonance parameters provide
information on the free spin-dependent scattering lengths:

a, = 5.27 fu
a = 7.53 fm

which yield an incoherent scattering amplitude a -a_=-2.26 fm and
hence an incoherent scattering cross section of 0.150 b. We note
here that, since the spin dependent scattering lengths have not
yet been neasured independently, 1t will be 1{ 3mt:lv¢ to
determine them by the method of pseudomagnetisa. 4 This 1is
essential because of the important role of these quantities in the
Lane-Lynn theory.

We draw attention to the point that a coherent scattering
amplitude 6.661+0.02 fm for 11y implies a vanishingly small vaiac
for the real part of the coherent scattering amplitude of B
(0.00+0.22 fm). is conclusion is based on b=5.343D.04 fa for
natural I:ar:on.(z8 The imaginary component of coherent
scattering amplitude can be determined with the aid of Eq. (4) and
its value 1is 1.067£0.003 fm. A sunmary of the present analysis is
shown in Table 4. ,

1: this stage, let us turn our attention to tl& ’tudy of
the li capture cross section. Since the recommended 8 value,
5.52+3.3 mb, has such a large uncertainty, it 1is instructive to
evaluate it in terms of the Lane-Lynn theory. However, because
the scattering amplitudes for the two spin states of **B are quite
different, the capture cross sections for the two channel spins
141/2 =2,1 are different. As pointed out previously, the Lane-
Lynn expression requires a modification to take into account the
spin factors and the p; /12 and Py/2 saplitudes of the (d,p)
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Table 4
Scattering Parameters of B and Its Isotopes

. 10 11
3 B B
Abundance 19.8% 80.2%
b (fa) | 5.3420.06 0.0020.22 6.660.02
by(fm) | 0,2113:0.06 (1.067+.003)
a,(fm) -3.21 5.27
‘a_(£m) | 4,03 7.53
R* (fm) 4.1 4.98
g, (b) 4.27:0.07 2.23:0.05 4.34+0.04
o, (® | 1.2620.03 2.11:0.08 0.15:0, 03

spectroscopic factors of the final states, (44) Denote the p

and p3/2 amplitudes of Sqp bPY S- /2 and Sy/2 s° tha
2+ A comparison of the (d g) and (n,% strengths

=52
dg %a'get nucleus with spin I=3/2 (i.e. B) is shcewm in Table
5. Note that for final spin states I+3/2 (i.e. J;=3,0) the (n,y)
strengths are still correlated with the (d,p) strengths. Also
note that for equal contributions from the two channel spins, 2
and 1, the interference terms between S3/9 and §,,, cancel out,
and as a result the (n,y) and (d,p strengt s are still
correlated. BHowever, for unequal contribution from channel spins
‘2 and 1, it 1is obvious that the (n,Yy) strength is no longer
necessarily correlated with the (d,p) spectroscopic factors,
Consequently, the Lane- eﬂn relationship requires correction

factors which are derived and are described in Table 5.

In order to be able to carry out the calculations, the
relative strengths of the Py and P3y/ 2 amplitudes need to be
knowm. In principle, such :lnéomt:lon can be derived from (d,p)
experiments carried out with vector-polarized deuterons. However,
this knowledge is scanty, and therefore, as an alternative, one
has to resort to some guidance fr?z )theoretical investigations

similar to that of Cohen and Kurath,
The pertinent electric dipole transitions in 125 are those

populating the ground state (17), the first, and fourth excited
states at 953 kev (21) and 2724 kev (O"'), respectively. It is
assmed that the ML transition feeding the lazz }ev state (27) is
weak, In the (d,p) study of Monahan et al. it is suggested
that the ground and the first excited states are characterized by
pure p;so orbitals while the state at 2724 kev is a pure P3/2
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state,

Kurath 4

Beie are to be coopared with the predictiona of Cohen and
who described the ground state as possessing 142 P3/2

component while the first and fourth excited states are pure P1/2

Table §

Compariscn Betireen (d,p) and (n,Y) Sttengths For
Electric Dipole Radiation of Target Nucleus with Spin I=3/2

(4,p) Strength (n,v) Strength
If Channel Spin 2 Channel Spin 1
L 3/2 3 753, 0
s(s s2 3 5 (-8a,0% 8,02 |5 (5.,.% 8, ,92
3/2 1/2 2 'y 3/2" “1)2 3 3/2° “1/2
332 *sy1 | L, ss 2 | 1 ¢/f55,,,t5,,°
2 *Y3/2 1/2 3/2 1/2
2
S 372 0 3/2
and p states respectively. Accordingly, the calculations of
part:l.a:{ capture cross sections and y-ray intensities are

calculated on the basis of both of these conclusions regarding the
components of the ground state. The results which are displayed
in Table 6 show the calculated total as well as partial capture
cross sections which are in good agreement with the experimental
value, 5.5i3.5 mb. Algso shown are the predictions of the
absolute y-ray intensities which have not yet been measured. In
order to test these theoretical results, it will be of great
interest to nmeasure the total capture cross section with 'ﬁtter
accuracy as well as the gamma-ray spectra due to capture in *1B.
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Table 6
Theoretical Values of the Total, Partial Capture
Cross Sections, and Absolute Gamnms-Ray Intensities of 1y

(a) (v b) (c) (C)
g ouen | 2 uen) | 3 |58 | o (b 17(25 o, (ab) [ 1.(2)
3.370 o [1*{o.69] 3.77 s8.9 3.5 |s57.4
2.417 | 0.953 | 2*}o.55 | 2.56 50.0 J2.56 |]a1.s
0.646 | 2.72¢ | o*}o.21 | o0.07 1.1 0.07 {1.1
Total 6.40 100 6.17 | 100
(a) Ref. &3
ground state

(b) Present results on basis of a pure p; /2
Present results on basis that the ground state contains 14X

(c)
p3/2 component.

D. Neutron and Nuclear Spectroscopy of 19,

So far, we have dealt with the evaluation of thermal cross
sections. Now, we present an example illustrating the inverse
process whereby the thermsl constants can be used as a powerful
_tool in the evaluation of the s-wave resonance parameters and the
deduction of properties of bé)und p-gtates._ _ This gan best be
appreciated by examining the ! F(n, 1)2 and 19lf(n 1) 19F reactions
at thermal energies. Fluorine is especially important in view of
its possible use in the dezign of the breeder blarket for fusion
reactors.
The total neutron cross section of 19r ("= 1/2%) reveals{46)
an unresolved doublet at 270 keV, one component of which is an s-
wave teuag whose parmcters are naturally not well
deternined {I'= 2510 ke¥, ' = 4.2+1.8 e¥). il‘hc negative
sign of the incoherent scatt:ring anplitudcu'7
=0.1930.02 fu) can be accounted for in terms of either a bound 8-
w~ve resonance with zero spin or alternatively a positive
reto?zggc with spin 1. The polarization data of Gul’ko et
al., which indicate that 427 to 702 of the capture of thermal
neutroun is formed in channel spin 1, 1is the arbitrator, thus
confirming a spin assignment of 1 for the 270 keV resonance. In
fact, it will be shown shortly that 75 of thermal capture takes
place in channel spin 1. Attributing the difference tn the
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. Fortune,

coherent scattering amplitudes, b, and b_, to the s~wave 270 keV
resonance, and applying Eq. (5), one derives a value, T_ =l1il
keV. The error is attributed to the uncertainty of the incOherent
scattering amplitude. The present value of the neutron scat&“ng
width is in reasonable agreement with the previous estimate.

To determine the radfative width of the 270 keV resonance,
the direct capture cross section have to be determined. This 1is
achieved by describing the two transitions populating the £ _s=l
final states to a direct capture mechanism. On the basis of tg:ln
assumption, which will be subsequently verified, a value of 4.7 mbh
is obtained on the basis of a total zggture cross, 9.610.5 ndb, and
the known El gamma-ray intensities.

The difference between these values, (9.6-4.7=4.9 mb) is
attributed to internal resonance capture arising from the s-wave
resonance at 270 keV. With the aid of the Breit-Wigner
relationship, one obtains then a radiative width of 4.9+0.7 eV for
the 270 keV resonance.

Because the ccherent scattering amplitudes of the two channel
sping are practically the same, it follows then that the direct
capture components of the corresponding channel spins are equal.
Therefore, the total capture cross section in channel spin 1 is
equal to 7.25 mb (4.9+4.7x1/2). Consequently, 752 of the capture
is formed in channel spin 1. l?ts):ls in conformity with the upper

limit reported by Gul‘ko et al.
The (d,p) spectroscopic factors and spins of the 20p spates

at E =5937 keV and ?%]& keV can be determined by applying Eq. (16)
and the information that the (d,p) cross section of the 6019
keV state is about 1.5 times that of the 5937 keV state. The
absolute intensities of the gamma rays feeding these two stﬁs,
were adopted from the investigations of Spilling .et al.
because of the use of a flltered thermal beam to remove the
contribution of fast neutrons. The results of the present
analysis Sff displayed and are compared with those of Mosley and
( As shown, the agreement in the values of the

spectroscopic factors is indeed very good. However, there is a
narked discrepancy with regard to the spin assignment of the 6019
keV state. The present study indicates that =2 and henmce J=1
for this state. One plausible explanation of the discrepancy is
the postulation that the 6019 keV state is a closely spaced
doublet, one component of which is characterized by £ =3, J=2".

On the other ha conbiﬂt:lng the present results with those
of Ajzenberg-Splove, ) ("=17,2") one arrives at a spin
agsignment of J =2~ for the 5937 keV state.
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Table 7
Nuclear Spectroscopy of =~ F P-States

(a) (b) (c) @) (c) C))
e

E(ken) [ 1D | Tw |o @)e (kew | 55 fs, |3

665.5 | 15.4 | 1 |1.46 | 5937 0.588/0.43 |27, 0

583.5 34.0 {-2 |3.23 | 6019 0.714]0.68 |1~ 2

-

(2) Ref. S0

(b) Experimental partial capture cross sections
{(c) Present atudy

(d) Ref. 51

E. The Direct Capture Components of 20,22Ne’ 26"3, and 3"5

For many of the light to medium weight nuclides, the number
of final states which are characterized by & neutron orbital
=1, is limited. As a consequence, this aspect

angular momentum, £
chanisa with the aid of

renders the study of the reaigagn we
correlation analysis lim:ltlesde. '1‘hB difficulcey )
resolved, thanks to the Xe (n,y) Xe reaction, (

carrying out the quantitative calculations, Eq. (16), and
the e etimental data. In

PP i A cos?ar ‘?G:Ihg s as representative

this section, we present
examples 1llustrating this situation. The absolute gamma-ray
" intensities and (d,p) spectroscopic fdctors are s?gxsyed and
collected from the 1literature and compilations.
calculations of partial capture cross sections are carried out by
the author adopting the procedures described previously. The
results are displayed in Table 8. As is readily evident by
inspection of the last two columns, there is a general good
agreement between ths theoretical and experimental values. It
seems that the theory can predict the strong transitions to an
accuracy ranging from 6% to 152 as opposed to 30X for the weaker
ones. This trend can be attributed to the uncertainty in both the
s] ctroscopic factors and the y-ray intensities. However thete
i: a marked discrepancy for the 20383 keV gamna line of 35 35s.
no.cd in Table 8, the calculated value igs 25.9 ob compared to a
measured value of 4l.4 mb. An internal resonance capture
component of 1.9 mb, which is interfering constructively with the
direct capture component and is due to the s-wave resonances at
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301 and 357 keV, can resolve this discrepancy. This is achieved
if a radiative width of about 2 e¥ is attributed to these

resonances,
Table 8
Theoretical and Experipental Partial (spture Cross Sections
051'25,5!,,,. 53,," st
I , M z | 1)s @ »
o+
sotope | E ” (Me Iy ( Jg Sap ay(nb) ay(nb)
20ve | 2.536 80.7 2.4 29.9 | 29.8
20y, | 1.070 13.6 0.48 5.0 6.4
22%e | 1.980 75.0 1.2 26.2 | 22.5
22y, | 1.364 12.5 0.22 | 4.5 3.0
26y; | 2.882 62.0 1.6 23.7 | 211
26y | 1.615 11.7 0.62 4.5 6.5
3%
s 4,638 | 56 t6 2.1 128.8 | 120
" 3.184 | 7.0 £ 0.9 0.4 16.1 | 15.2
" 2.797 { 6.1 + 0.8 0.3 1.0 | 11.0
" 2.083 | 18 +1.5] o0.96 61,4 | 25.9
" 2.023 | 12 = 1.5 0.76 27.6 | 21.0

(a) Experimental Values
(b) Present Study
F. The Thermal Constants of the Ca Isotopes

As was pointed out previously, the Ca isotopes were among the
first to reveal large correlation coefficients between fegusag
ganna-ray intensities and (d,p) spectroscopic strengths, 19~
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thus suggesting that direct capture plays an important role in the
reaction mechanism. Because of historical reasons as indicated
earlier, it is instructive to carry out the numerical calculations
of the capture cross sections for the purpose of comparing the
results with the corresponding measurements. In addition, as was
stressed previously in the =many examples we explored, this
procedure allows the deterainstion of the coherent scattering
lengths as well as the evaluation of the thermal cross
sections.However, an apriori knowledge that direct capture
dominates is required. Because of space limitations, the results

are briefly described for each isotope.

1. 40ca (n,y) 4lca:

Although 40cy 15 a doubly magic nucleus with the expectation
that the direct capture mechanism 1is totally dominant, a
comparison between the theoretical and experimental partial
capture cross sections indicates a 1lack of good general
agreement. This is attributed to internal resonance capture
{compound processes) resulting from capture in the tail <f a
nearby bouné s-wave level. However, we note that “he transition
populating the excited state 1943 kev (S4,=1.25) shows reasonable
agreement, whereby the computed value is 119 mb as counpared to an

experimental value of 152 mb.

2. ‘2Ca(n,1) 43cq;

This isotope exhibits a large correlation coefficient, 0.91,
between reduced gamma-ray intensities and (d,p) strengths.
However, since the coherent scattering 1length 1is not
experimentally determined, the calculations cannot be carried out
readily. Alternatively, we applied the measured partial capture
cross section feeding the excited state at 2046 kev (E_=5886 keV)
to arrive at a coherent scattering 1length of 3115+0.20 fm
for 42ca, Subsequently, it is shown that the toial capture cross
section, 680170 mb, is totally due to direct capture,

3. %%ca(n,y) 43ca

Since 5‘5 coherent scattering amplitude for b4ca 15 well
detemined,( b=1.84+0.1 fm, one fortunately can carry out the
calculations readily without resort to the use of any adjustable
paraueters. A total direct capture cross section of 867 mb is
then derived which is in excellent agreement with a measured
value, 880150 mb. A comparison between the theoretical and
measured partial capture cross sections is described in Fig. 5 and
detailed in Table 9. The (d,p) spectroscopic factors are adopted
from Ref., 55. Note the remarkable agreement between theory and
experiment, particularly for the two gamma-ray transitions feeding

the excited states at 1435 and 1900 kev.
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.. “Ca(n.-y) 47¢a;

A coherent scattering amplitulde, P=2.55+0.25 fm, i3 derived
for this nucleus,

*“cal n,y) “ca
o, =880 50 mb

2.2 2415
3.4 2799

3577
3632

3996
4173

4573

5160
5518

5980
E,(kev)

Figo 5

THEORY qr(mb) Exp. o, {mb)
Z=867Tmb X=2875.6 mb

Comparison of predicted and miasured part:lal capture
cross sections for the reaction c:(n 1) 5ca. The two
columns on the right-hand side represent the absolute
gamma-ray 4intensities and the corresponding y-ray
energies. A total capture cross section of 867 mb is
predicted, which is in very good agreement with the
experimental value, 880 + 50 mb, thus demonstrating that
direct capture dominates in this case.



Theoretical and Experimental Compa.isons

Table 9

of Partial Radiative Widths for ““Ca(n,y) “5Ca

c¢) Experimental values
d) Present tneoretical calculations

-26-

£ an) | B Ckev) | 23,41) 5,07 | 1 0P, 1) 9] o () @

5980.3 | 1435 0.40 10.7 9% 96
5515.1 1900 2.20 54.5 480 475
5165.5 2249 0.30 9.7 85 59
4572.5 2842 0.34 4.1 36 57
4173.0 3242 0.14 2.4 21 21
3996.0 3419 0.49 10.2 90 69
3631.5 3783 0.08 1.0 9 10
 3576.8 3838 0.19 1.3 11 23
2799,3 4616 0.34 3.4 30 30
2415.4 4999 0.36 2.2 19 27
SUM 99.5 875 867

a) Ref. 20

b) Ref. 55



5. "sCo(n,’() ‘9(:.:

Similarly, z coherent ocattcring smplitude, b=1.5:+0.2 fm 1is
calculated for *8ca int out here that, since this is
significantly mllcr thon R =3.1 fa for A=48 (Fig. 1), this value
suggests the presence of a positive energy s-wave resonance. It is
interesting to search for this resonance by carrying out total
cross section measurements below 30 keV, an as yet unexplored

energy region.

G. Estimates of Capture Cross Sections of Fission Products

Finally, we note here that the procedures outlined previously
can be applied to the estimations of capture cross sections of

fission products. For example, in H&fggA 76/77 tu% requeot1 gor
Te

the thcgnl capture cross sections (n,Y) Te and
(n,Y). 12 are noted for the purpose of calculationo of fisoion

product poisons.

Since both of these nuclides are radioactive with
comparatively short half lives, it is experimentally difficult, as
yet, to determine the cross sections easily. This can be
circumvented by carrying out the calculations in the framework of

the lane-Lynn theory on thf simple asﬁ\nption that the single

particle (d,p) strengths in 6sa and Te are the same as those
in the corresponding stable isotopes, 1245y ang 1 Te, for which
(2Jf+1)5d ues are available. The results of these
calculationo(ss are:

1265y (n,y)127sn o = 0.120b

13274 (n,y)!337e o, = 0.135b

We stress that if low-lying resonances are located close to
thermal energies, which is most unlikely, then these values are
considered as lower limits,

V. CONCLUSION

To summarize, we outlined briefly the various interesting
reasons for the study of thermal cross sections, described a
procedure in the evaluation, dfscussed the relations employed in
the analysis, and placed emphasis on the Lane and Lynn theory of
direct capture. In the third section, we explored the application
of the Lane-Lynn theory to the light and medium weight isotopes
and discovered r k.sble agree-ent between theory and experiment,
particularly for C and 2 , and some of the Ca isotopes. In
additions, we were able to derive (d,p) spectroscopic factors,
spins of final states, and scattering lengths. In some cases, we
pointed out some fruitful ideas for future investigations.

Finally we emphasize that these methods and procedures are
applied in the evaluation of the thermal cross sections and
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resonance paraneters which will appear in the forthcoaing edition

of BNL 325. .VOI. 1.
Finally, I hope 1 was able to convey to you some of the

excitement which can be derived in the study and evaluation of
thermal cross sections. .
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