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ABSTRACT

Recent measurements on the lOB total, scattering, absorption, (n,a_ ),
and (n,q1y) are reviewed. In particular, the absorption cross sections
betweem 1 and 500 keV are treated in detail and existing discrevancies
in available data are noted. Experimental results on (n,a;y) are shown
up to 4 MeV but thermal and low-energy measurements are not included in
this survey.
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STATUS OF THE '°B ABSORPTION CROSS SECTION

Although detector characteristics are very important to the measure-
ment of neutron flux, this report will be confined to a discussion of
standard neutron cross sections, in particular the absorption cross section
of ""B. For comparison o! cross-section efficiency, Figure 1 disvlays the
energy dependence of several cross sections of'ten used as standards in the
region from 1 keV to 10 MeV. Belgw 1 kev, the hydrogen sca}terlnp cross
section is a constant, while the "He(n, p)T “Li{n,o)T, and °B(n,abs) are
generelly given by a 1/v dependence upon the inclusion of a smsll constant
term, 40. A more precise representation of the absorption cross section is
obtained from the low-energy S-wave expansion derived by Shepiro:

Opps = MVE + 80 + B/E + CE + . . .. : (1)

where the constants will be quoted with E in eV and o in barns.

Much of the present date for oapg gave been obtained throuzh fitting
measurements of the total cross section ’° generelly sssuming that the
constants B and C are zero. Recent meessurements of the scattering cross
section” have been combined with data on grgT to obtein a value for the
constant, 40, zgain assuming that B and C are nesl.g1ole. A couple of
years a2go0, however, Gubernator and Moret Crom GEZ fitted ell available
data on Spop 2Rd GaARg O obtain vealues of the parameters, 4, 40, B, end C.

No attempt will be made here to enalyze the large emount of informetion
on the n,o;)/n,cvl ratio or to review most or the absorpt;on data in the keV
range whose absolute vzlues depend upon an assumed shspe and magnitude of
the cross section under study. For a treatment of these data, the reesder
is referred uO recent and excellent papers by Gubernator and Meret,® Bogart
end Nichols,” and Givbbons. it is or interest to note, however, that
Gubernator end Moret show that the recommended thermal ratio of 5.308 for
n,& /n,o is lower, on the average, than messured values in the energy range
from 20 eV to 20 keV. For. example, 15 measurements are above this extre-
polated value, three are essentially on the line, end two are below; less
than half the velues above the "assumed’ ratio show overlapping error rlags.

Althouzh 8 hes a large absorption cross section, it is important to
note that, in addition to n,c and 0, the following reacE}ons are
fnergetlﬁgll “0531ole when thermsl neutrons interact with ~ B: “B(n Y)

°B(n,p)"° Be, *o“(n t)”Be, and wB(n t2>). While it may be reasonable to
assume that dppg = 04, at 1low neutron energies, some of the above channels
could be slightly ~ompetitive in the range of a few ¥eV. Thnese other channels
are cormonly ignored and this practice, while not correct, is followed here.
That is, it is generally assumed that oppg = Orgp - OSCAT = 9n,0p * 9,0
in most of the comparisons which follow.
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Besides having a large absorption cross section, °B is easily fabricated
into a detector. An additional gyantnpe results from tge emission of a
480-keV ¥ ray in the decay of Li from the 1°B(n,cvl)Li7 reaction; this
latter interaction accounts for more than 90% of the thermal cross section
thereby making Y-detection possible in the measurement of low-energy neutron
fluxes.

Before employing loB as a flux monitor, it is worthwhile_considering
various experiments pertinent to the problems. First, Diment measured the
total cross section from 76 eV to 10 MeV and fitted the data below 10 keV
with the following expression:

o1

= 610.3/./':-:n + 1.95 barns. (2)
These results were then interpreted as an asbsorption cross section which goes
as 1/v and a scattering cross section of 1.G5 barns. Recently, however,

Asami and Moxon measured the scattering cross section from O. L7 to 127 keV.
Using their own data and that of Diment and assuming (VEn, of Eq. (1), to be
zero, Asami end Moxon determined that Ac = -0.28 barn. Gubernator and Moret
performed a least squares fit to all agvailable data and derived the following
constgnts for Eq. (1): A= 609.55i 2,25, 4c = -0.32 £ 0.05, B = (2.5 * 0.38)
x 1077, and C = (3.9 £ 0.5) x 107 . Note that at 10 keV, the upper limit used
for most fitting routines, the value of E/En is approximately equal to Ao,
though opposite in sign; many analyses, however, find Odc finite while assuming
B=C= 0.

. The total cross section measurements above 10 keV by Diment” and Moor%ngd
ere compared in Fig. 2. The scattering cross sections measured by Mooring
and Assmi and Moxon, ealong with those "assumed” by Diment,” are shown in
Flg. 3. VWhile the comparison of the totel cross sections is quite good, it
should be noted that the slight rise above 30 keV found by Diment is not
repeated in Mooring's data. The scettering deta of Asemi and Moxon in Fig. 3
show gn abrupt increase of approximately 250 mb (approximately the magnitude
of As') above 30 keV. To emphasize more clearly the energy dependence, the
data of Asemi and Moxon are plotted in Fig. 4 over the entire range covered
by their measurements.

Cox’ reported values of oppg from 10 to 250 keV in egreement with a /v

. extrapolation from thermal. These are plotted as ogapg/E in Fig. 5. Note

that a numerical averase gives 669, far from the 610 3 Diment found by fitting
his total cross sections below 10 keV.

-
At 30 keV, Diment chenged his flight path from 120 to 300 meters.

At 30 keV, the value of (B/E,) found by the GEEL group is much larger in
mggnitude, though opposite in sign, than do.
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Next, Mooring's absorption measurements on two different targets are
plotted in Fig. 5; the "so-called average' values, denoted by the closed
cireles, have been used on the previous graphs. Note that the difference
gt some energies between the two datum sets is as large as 30%. That his
"aversge' values show good agreement with the data of Diment and of Asami
and Moxon is quite unexpected.

Absorption cross sections derived from the data of Diment,” Mooring,®
Asami and Moxon along with celculations by the Geel Group are plotted in
Figs. 7, 8, and 9 covering the energy range to S00 keV. It should be noted
that,between 100-500 keV, several points by Mooring and one by Diment fall
outside the graphical contour. The deta of Cox have been ignored. Oldefa
measurements from Rice along with recent results of Macklin and Gibbons
end Bogart and Nichols® have not been included since each depends upon some
"agsumed" shape and absolute normalizetion on & predetermined energy scale.
For a treatment of these results, see Refs. 6, 7, and 10.

Recently, Nellis, Tucker, and Morgan11 observed the Y-ray from the
B(n,oY) reaction and obtained an absclute cross section via a flux measure-
ment using the hydrogen scattering cross section. These datsg,shown in
Fig. 10, are therefore independent of a =~ B normalization. Measurements
by Davis and Macklin and Gibbons® are included alonz with a reconstruction
of the Bogart and Nichols results based on the assumption of “"average"
branching ratios between the o, and @; channels. While this comparison is
not unique, it does show trends between various sets of data similar to those
found at lower energies in ‘the total absorption cross section. The smooth
curve in Fig. 10 is based on an extrepolation using the reconmended thermal
cross section and thermal branching ratio.

10

*

It should be noted that a renormalization of the Davis results would
bring all data into egreement with the exception of the Macklin and Gibbons
results which are based on the inverse reaction and the assumption of a 1/v
dependence at 30 keV. The Bogart and Nichols data are normalized to an
averege velue of VE o below 80 keV, sgain assuming a 1/v dependence extra-
polated from thermsal. Suffice to say that more measurements are required
in the keV range to determine both the shape and magnitude of the absorption
and (n,a) cross sections with ‘°B.

A few particular points are worthy of note: .Macklin and Gibbons found

‘that the n,o, 1s rising while the n,; is falling well below 100 keV making

the sum "look like" a 1/v dependence. It should be mentioned, however, that
the Macklin and Gibbons data are based on a measurement of (n,o) while the
Mooring data are s measurement of total absorption. If Mooring's data be
correct, then the total absorption cross section is almost 10% below 1/v at
10 keV, rising to ebout 1% above 1/v near 200 keV and dropping to almost
20% below 1/v at 350 keV. This energy dependence of &ppg found by Mooring

E 2 -
These values for the data of Bogart and Nichols are tesken directly from
the paper by Nellis, Tucker, and Morgan; see Ref. 1lI.
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is not substantiated by the measurements on n,o, oy n,o, . In addition,

the total scattering cross section reaches a mavimum value near the minimum
in the absorption making a theoretical treatment o. the data somewh:*
difficult. ‘

Other measurements have been made on branching ratios of‘loB(n,ABS) to
other absorption cross sections such as the “He(n,p) and the “Li(n,a). Data
on the former are treated in some detail by Gibbons in Ref. 7. Sowerby and
Patrick™~ measured the ratios with respect to the ~Li(n,a)T reaction in the
energy range 10 eV to TO keV. Wh§g combined with other measurementsson °p
and resonance fits made by Uttley = to his measurements of opop_ for Li,
Sowerby and Patrick used the values derived by Uttley for the “Li(n,a)
reaction to further interpret their ratio data. Since tabular values of the
retios and "Li data are not presently aveilable, some of the conclusions
stated by Sowerby and Patrick are gquoted herein for the benefit of the
reader:

1. opps = 610.3/VE, - 0.22 barns - (E <20 keV)
10g 2. Structure in oppg (E ~ 30 keV)
3. opps ~ 610.3/VEp (E > 30 keV)

L, "It is suggested that the 5Li(n,cr) cross section be used as
the primary standard for measuring neutron flux in the
region below 100 keV.

It should be pointed out, however, that the Sowerby and Patr'gk
conclusions are based on a constant scattering cross section for = B of
* 2.17 barns below 10.3 keV and quote the Asemi and Moxon results who, in
.turn, quote 2.23 barns. The lower value of the constant.is not in very
good egreement with the data shown in Fig. 4. In addition,  Sowerby and
Patrick base their conclusions on the assumption that the B/Ep.and CEp
terms in Eq. (1) ere zero. On the other hand, Moret and Gubernator find
the contribution from B/E, to be something like 250 mb at 10 keV, approxi-
mately the seme valuz, -but opposite in sign, to the Ac Asemi and Moxon
report by assuming that both B/E and CEp are negligible: At 10 keV,
OABS ~ 6 barns therefore B/En may not be a negligible contributicn sbove
this energy, contrary to the interpretation by Sowerby and Fatrick.

For the convenience of the reader, an effort has been made to
sumarize some of the important points derived from each reference in
this paper. This information is presented in Table I.

In conclusion, the data from 5 to 5C0Q keV need be verified, especially
to verify the Harwell totel cross section memsurements over the region the
flight path was changed; in addition the Mooring results show definite
structure in this energy range and also imply a maximum in the scattering
cross section. Certainly, the results show quite clearly that the l/v
dependence of the QBAcross section is not well established in the keV
range. .
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Parameters A, Ao,
B and C.

Table I. SUMMARY OF RECENT DATA DISCUSSED IN THIS REPORT
. Author's
Reference Measured Assured Derived Conclusions
i
Diment : UTOT' <10 keV; Opps = 610.3//13n Mooring's scattering
Ref. 2 . _ A _ data are in good
: 0.075 keV to 1 MeV; Oqop = 7@; + Constant Ogopp = 1:95 b
(1957) to 10 keV sgreement with fit.
Author plots data > 10 keV;
3 L
‘up to 10 MeV. Mooring's OseAT
Mooring, : <<
‘Monahan Opor @4 Ogopp Values of o, TpBS " On,o - 100 mP
and
Huddleston 10 to 500 keV Opps ~ L/V except near
Ref. 3 (1956) 230 and 340 keV
Asami Diment's fit to o 3 _ o = constant =
ond OscAT TOT Ao = 0.28 b (Eq. 1) SCAT

Maxonl+ i X Ogoar = 2.23 b <10 keV; : 2.23 b up to 10.3 keV;
Ref. & (1969) 10.47 to 127 keV B=C=0 (Eq 1) egreement with Mooring's

» | | $cattering data.

: Ty o ! '
GuZ;gnator Evaluation i Opng = on,a H : cn’a The rmal
Moret i Thermal to L MeV ! o, .= ANE_ + 00+ ! to See paper
I i ABS n | Branching

Ref. 5 (1¢48) ! : .

i B/E + CE Ratio 1 MeV

: n n °

]

!

Bogart

. and
Nichols

Ref. 5 (1959)

b e e — e =, o

g
n,o

30 to 800 keV

1/v normalization
to an evergge value
below 80 keV.

|
|
|
I
!
5
]
{1/v below 100 keV
]
|
!




Table I. Continued
Author's

Reference Mepsured Assumed Derived Conclusions
Cox ! | Numerical aversge 0,ne ~ 1/v up to

and % ABS ! : ABS

. ‘ of VE_ o = 569

Ponet : n 250 keV
Ref. 8 (1957) | 10 to 250 keV i A

up to 250 keV

Davis, Gabbard .

Bonner and

o
n,ab‘? and/or

g. =g
n,o ABS

Ref. 12 (1958)

®Li(n, @)/ %8 (n,a,) |

50 eV to 70 keV

'

Uttley's o H

TOT SCAT
i from Asami and Moxon;

E Diment's ogq, 5 and

B
.6

loB(n,a) with

Li and

103,

_branching ratios > 50 eV,

= C = 0 for both

Bass Lo goes as 1/v
Ref. 9 (1951) "’al_f Sum
. for normalization
i 200 keV to 7.5 MeV
|
i Rat
Maziiin ; n,ob/n,al atio and Inverse on,ab 'ab/al ratios deviate
Gibbons ; TLi(a . n) 08 could be used to | Sum from 1/v below 100 keV;
Ref. 10 (1958) i o’ normalize to 1/v o ,
! n, oy sharp rise seen inal
L~ 30 to 300 keV at 30 keV. |~ 150 xev.
Nellis, : O oy IiDeparture from 1/v
: ’ ;
ke, . . ! | ' above 100 keV
Morgan E 50 keV to 5 MeV; | ; : )
Ref. 11 (1969) f also 14.8 MeV i g
: | ;
! i ‘ | :
Sozﬁgby 5'6Li(n,a)/lOB(n,a) ! 6Li(n,a) cross section E Energy dependence of See paper
Patrick 10 eV to 2 keV; : obtained from fit to '
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Fig. 1. Comparison of a few "atandard" cross sections above 1 kxeV. The
curves shown do not, necessarily, represent the best evaluated

set for each isotope.
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Figure 3 SCATTERING CROSS SECTION for "B
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Fig. 7. /‘En 9pns for “°B, 1-10 keV
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~ Fig., 10, Cross Section for the ‘LUB(n,al‘r) Reaction from 10 keV to 4.5 MeV

7T T 1T

7

T

i

1L LR R I R R i I

N
| I O

mB(n,ay) Li

o TNC RESULTS

@ 00
_ | © Op i
A MACKLIN & GIBBONS olo o

. , °% & 0
e DAVIS ET AL 0% - |
= | o, & O G
o e-‘
- X BOGART W g e

o @
- . @b a

] ) I D T T I | { 1 1 YLt 1 | ]

4 6 8100 2 4 & 81000 2 4

.ot . ~A\TS



