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The deep ~inima in 45sc and 56re neutron total cross sections have been measured at the 
Gaerttner Linac Laboratory by using thick, ultra-pure samples in transmission experiments . 
The samples are used to produce quasi-monoenergetic beams at the BNL High Flux Beam Reactor. 
For the 45sc minimum near 2.05 keV we obtain a total~ 0.71 ± 0.03 barns, in :harp con7rast to 
a previously reported value of~ 0. 05 barns. The 56Fe measurement was carr ~ed out w~th a 
6 kg, 68 .58-cm-long sample of 99.87% isotopically pure sample of 56re; a mi nimum cross sec ­
tion of 0.0085 + 0 . 004 barns at 24.39 keV is inferred. This may be compared to a value of 
0.420 barns fo r-natural iron . 

(~eutron total cross sections, 45sc measured from 0 .4 to 22 keV; deduced neutron resonance parameters; 56re mea­
s ur ed fr om 0.4 to 1000 keV) 

I. Introduction 

~!any elements exhibit deep neutron total s - wave 
cross section minima due to the interference between 
resonance and potential scattering amplitudes. · These 
mini na are of considerable interest in shielding appli­
cations and in the de sign of transmission filters fo r 
t he prod uction of qua s i - monoenergetic neutron beams. 
Fo r the latter application both steady state re­
actorsl,2,3 and pulsed sources4,5 have been used. The 
us e of such filters for dosimetry measurements has 
been discussed by Schwartz6 at th i s meeting. Scandium 
and iron-aluminum filte rs have been also rather widely 
n ~ed ft;~r -:aptur& 'f-r:;.y and crocc ocction ::~tudico. The 
emoirical optimization of scandium and iron fi lters 
ha ~ been discussed by Greenwood and Chrien . 3 A sum­
mar y of known fil ter facilities has recently been 
prepared by Tsang and Brugger. 7 

In spite of t he wide a~plicability, the total 
neutron cross sections of 4 Sc and 56Fe , in particular, 
are ratherly poorly known. In the installa.tion of the 
HFBR scandium filter, it became obvious that the flux 
measured at this filter could not be reconciled with 
the accepted cross sections. Furthermore no accurate 
~ea s urement of 56Fe total cross sections has been 
oublished. For these reasons we carried out experi­
~ents to establish the cross sections at the 2.05 and 
24 . 4 keV minima in 45sc and 56Fe. Thick meta llic 
samples ·of Sc (99.9% pure) and separated Fe (enriched 
to 99.871. in 56re) were obtained from the HFBR Tailored 
Beam Facility. Ne utron transmission measurements were 
carried out at RPI's Gaerttner Linac Laboratory , and 
the data subsequently were analyzed at BNL. 

II. lofethod 

A full description of the RPI Linac Facility has 
been reported, and only a brief description is given 
here . 

The standard water-cooled Ta and CH2 - moderated 
neutron TOF target and the lOB-Nai neutron detector 
at the 28.32-m flight path were used for these mea­
surements . The linac was operated at a repetition 
rate of 500 sec~l, an electron energy of-::- 70 HeV, a 
peak electron current .of ~ 1 A, and an elec tron pulse 
width of either 19, 35, o.r 66 ns. The counting da ta 
were recorded vs. TOF with the 31.25-ns TOF clock 
in terfaced to the PDP-7 on-l ine computer. The 

transmission samples were cycled au tonatically into 
and out of the neutron beam by the programmed com­
puter, and a cycle was repeaced ever, 10 to 20 minutes 
to ave rage out neutron source intensity f l uctuat ions. 

The composition of the 45sc and 56Fe samp l es are 
lis~ed in Table 1. The 45sc samples were pre pared by 

Samole ~9 .• 
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Table 1 
Sample Properties 

(A) Scandium Samoles 

TiimPn!'inns (c:tt) 

2 . 54 diameter x 10.2 
2.54 diameter x 15.2 
2.54 d iame ter x 30.5 
2 154 d ianeter x ~.2 
2 .54 diameter x 0.55 . 
2.54 diameter x 2 .4 

1/N (b.un /a t om) 

2.738 
1; 844 
0 . 922 

152.5 
50.8 
11.7 

Impuritv Atcm Per Cent 

H 
0 
Ta 

(B) 56Fe Sample 

Dimensions (C::m) 

3. 22 X 3.85 X 68.6 

Isotope 

54re 
56 Fe 
Sire 
58re 

0.49 
0.18 
0.03 7 

1 /N (barn /atom) 

0.175 

l-It . Per Cent 

0 .05 
99 .87 

0 .0 7 
0.006 

Impurity Atom Per Cent ImPurity Atom Per 

0 .617 Cr .011 
Cu .120 li .010 
H . 05 9 Ni . 005 
c . 020 Si .002 
N .012 p . 002 

Cent 

vac uum sub limat ion onto a cooled Ta plate, and the 
sublimed metallic mater ial was subsequently pres sed 
into steel containers 2.54 em in diameter. The H 

. and 0 impurities •..Jere determined by the vacuum fusion 
me thod , and the heavier elements by mass spectrometry, 
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for both samples, at the Ames Laboratory Analytical 
Center~ In addition the Ta content of the Sc was 
checked by emission spectrography, by resonance x-ray 
fluorance, by neutron activation, and by neutron 
transmission. This wide variety of methods for Ta. 
analysis waw necessitated by the discovery of a 

·sharply inhomogeneous distribution of Ta impurity 
throughout the bulk of the Sc filter. Both activa­
tion and transmission methods were able to sum over 
large sections of the filter and thus produce a more 
reasonable average impurity content than was the case 
for the other techniques. t~hich were applied to small 
samples of the filter material. 

The 56Fe sample was prepared at Oak Ridge 
National Laboratory from electromagetically enriched 
iron in the form of iron oxide. The metallic sample 
·was obtained by reducing the oxide in a hydrogen 
atomosphere. The isotopes and impurities listed in 
Table 1 were determined from meAsurements of the iron 
oxide and metal respectively. 

In the final· <ln<~ly~i.:;, these cross section mea­
surements are only as reliable as the impurity content 
deternination. At the Sc minimum, the imp~rity cor­
rection is about 112mb out of a measured 822mb: 
"hile in the 56Fe, the correction is about 51.5 mb 
out of a measured - 60 rr.b. · In each case ENDF /B IV 
evaluated cross sections were used in the correction. 

Two sets of 45sc transmission measurements were 
carried out. In one measurement.the 10.2-cm-long 
scandium sample No,· 1 was placed in the neutron beam 
to produce a !OF-filtered spectrum of neutrons which 
is peaked near the interference minimum in. scandium. 
This removes most of the neutrons from the beam and 
results in a very low background of neutrons with 
energies far from the minimum. Then samples No. 2 and 
3 were cycled into the filtered beam to ~btain an 
accurate measurement of the cross section near the 
interference mini~um. The other measurement was a 
conventional transmission measurement. The 10.2-cm­
long scandium filter·was removed from the beam and 
samples No. 4, 5 and 6 were cycled into the beam. 
This latter measurement enabled the cross section to 
be determined near the peaks of the resonance as well 
as near the minima. 

For the 56Fe measurements a 20.3-cm-long.filter 
of pure Armco iron was placed in the neutron beam to 
produce a TOF-filtered spectrum peaked near the iron 
minimum. The 68.6-cm-long 56Fe sample '~as then cycled 
into and out of the filtered neutron beam. The fil­
tering effect in iron is illustrated in Fig. 1 near 
the 24 keV minimum. Here the 1°B-Nai detector rela­
tive counting rate is shown for Armco iron filt.ers 
varying in thickness from 5.1 cm(2") to 50.8 cm(20"). 
For this experiment the 20.3 cm(8") thickness was used, 
and from Fig. 1 we see that the peak transmission 
through the filter is 48% and that most of the neutrons 
at energies several keV away·from the peak are removed 
from the beam. 

RELATIVE NEUTRON INTENSITY FOR 2", 8", 14", AND ·20" IRON FILTERS 

Fig. 1: 
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and 50.8-cm(20") thick. The peak transmission through each filter is shown in parentheses. 
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The TOF counting data were corrected for dead­
time losses in the electronics and for background, 
and the neutron transmission was then determined. The 
total cross section crt was obtained from the neutron 
transmission with the followi~g equation 

(1) 

·"here N is the thickness of the scandium or 56re 
sample, T is the neutron transmission, Nair is the 
thickness of air displaced by the sample, and crair 
is the neutron total cross section of the air. The 
cross section of air was obtained from the oxygen 
and nitrogen cross sections plotted in BNL-325.1° 

III. Results 

The 45sc total cross section obtained from 
equation (1) is plotted in Fig. 2 over the neutron 
energy range from~ 0.4 to 22 keV. This plot is a 
"blend" of 11ll rhP 45s,. <!!Ita, ~~hQrQ th& data ncar the 
peaks in the cross section are from the thinnest 
sample and the data near the deep minima are from the 
thickest sample. The data have been corrected for the 
presence of the contaminants listed fn Table 1. 

Fig. 2: The neutron total cross section of 45sc. The 
experimental data are shown as solid points 
with error bars (standard deviations deter­
mined from the counting statistics\ . The 
solid curve is a resolution-broadened "R­
matrix" fit to the data using the resonance 
parameters listed in Table 2. 

The measured minimum cross section of 45sc near 
2 keV is (0.71 + 0.3)b, where the error is derived 
from a combination of the counting statistics and the 
uncertainties in the H and 0 corrections. The mini­
mum occurs at. an energy of (2.05 ± 0.02) keV. This 
minimum cross section of (0.71 + 0.03)b is in serious 
disagr~Ament With earlier measurementS repOrted by 
Wilsonll of- 0.05 b, and it is also in-disagreement 
with the evaluated minimum cross sectionl2 of- 0.085b 
which was based on these older measurements·. Our 
result of 0.71 b has serious implications for the 
effective use of expensive scandium for filtered 
beams. The 0.71 b cross section at 2.05 !teV is 
comparable to, or· larger than, the cross sections 

in th~ higher energy 45sc m~n~ma, and thus the length 
of the 45sc filter should be limited to enhance the 
transmitted neutron flux near 2 keV relative to that 
transm.itted at higher energies. 

The 45sc total cross section has been fit by 
an approximate R-macrix formalism,l3 and the solid 
curve through the experimental points in Fig. 2 is 

·a "best fit" to the data. The curve has been reso­
lution broadened; the resolution FWnM is approximately 
3 channels near the 2 keV minimum. In Table 2 are 
listed the resonance parameters derived from this fit. 

Table 2 

45sc Resonance Parameters 

s-wave level parameters:.ry = 0.4 eV 

~0~ 
-500 
-220 
3295 
4330 
6684 
8023 
9092 

10625 
10735 

~ d ~ (eV~ 

4.0 <rn°) 3 11575 
0.67 (fn°) 4 14525 

75 3 14740 
340 4 15560 
130 3 15850 
145 4 18580 
300 3 18870 

10 3 20500 
6 4 20780 

p-wave level parameters 

Eo· (eV) 

460.6 
1060.4 
7377.0 
7458.0 
7548.0 

zin.iill. 
0.0022 
0.0050 
0.4 
0.4 
0.25 

I~ d 
290 4 

20 3 
?n 4 
28 4 

5 3 
32 3 
62 4 
80 4 

710 3 

Resonance parameters for 45sc derived from shape fits 
to the_~otal cross section. 

This fit was determined· by the following procedure: 

(a) The spins of the ·positive energy resonances 
were obtained by fitting the peak cross sections and 
the shape of the interference between resonances. 

(b) Negative energy levels were introduced to 
fit the cross sections at thermal and in the low energy 
region. 

(c) The neutron widths were obtained for all the 
resonances such that (i\ the calculated R-matrix cross 
section curve produced an acceptable overall fit to 
the data, and (ii) the R-matrix minimum total cross 
·section near the 2 keV minimum equal~d the observed 
value of 0.71 b. 

(d) A single radiation width was then determined 
for all the resonances such that the thermal capture 
cross section resulting from the sum of contributions 
from all the resonances equaled the evaluated valuel2 
of (26.5 ± 1.0) b. 

The best fits to the data.are obtained when the 
J=3 channel spin contributes significantly to the~~l 
capture. The "best fit" parameters listed in Table 2 
produce a thermal capture cross section which has 
approximately equal contributions from J=3 and J=4 
channel spins. 

Thermal neut~on capture y-ray spectral measure­
ments by Bolotin1 favor a significant J=3 channel spin 
contribution. He observ~d. a primary gamma-ray transi­
tion to the 1· state in *6sc at an excitation energy 



----. - ----'-· ··------'"-~------~.-~~~----·-·----~~--------·- ····~·''---'·-·-~-----------~--~-----·-~-·---·-·---

of 142 keV. Thermal caoture in sc~ndium consists of 
a mixture of capture into 3- or 4- sta·tes and· 
Bolotin's observed transition strength of 1.3 gammas 
per 1000 captures indicates that this gamma ray .is 
an E2 transition from a 3- to a 1- state. The par­
tial radiation width for this E2 transition can be 
calculated from the observed transition strength and 
the resonance parameters deduced from the R-matrix 
fit to the total cross section. The E2 width cal­
culated from the "best fit" parameters in Table 2 is 
about 6 times larger than the typical E2 width observed 
in this mass and energy range, and this is reasonaole 
considering the fluctuations of the observed E2 widths. 
However, when the E2 width is determined from the R­
matrix parameters which produce predominantly J=4 
channel spin thermal capture, the E2 width is about 
500 times larger than the typical E2 width. 

Such a 500 times larger E2 width is very un­
likely, and thus Bolotin's measurements favor ther~l 
capture which has a significant J=J channel spilt con­
tribution. We have independently confir.ned Bolotin's 
observation in a separate experiment to be reported 
els"'"he£0:!. 

A polarized neutron experioent by Roubeau et al.l5 
claims to have measured the difference in scattering 
lengths at the~l between the (I + 1/2) J=4 and 
(I - 1/2) J=3 .spin states. They report a value of 
(3+ - a_) = + 1.2 x lo-12 em. The implication of 
their result is that a J=4 state dominates ther~l 
scattering. This result is inconsistent with our 
present result, since it would mandate a deep minimum 
near 2 keY, as a result of interference between the 
dominant J=4 resonance at 4.330 kev·and a strong J=4 
bound state. An attempt to fit our data subject to 
thisconstraint results not only in a poor fit, but 
requires absurd R-matrix parameters, (e.g., 
Ri- J..IRf+?;; ""' 8) . We conclude that the experiment 
of ioubeau et al. is in error. 

B. 56Fe 

The 10B-Na! detector counts per TOF channel are 
plotted in Fig. 3 for the 20.3-cm (8") Armco iron fil­
ter in the neutron beam, and in Fig·. 4 for the 20.3-
cm Armco iron filter plus the 68.6-cm (27") 56Fe 
sample. The 68.6-cm S6re sample produces a quasi­
monoenergetic peak of neutrons which peaks near an 
energy of 24 keV. 

The total cross section of 56Fe near the 24 keV 
minimum is plotted in Fig. 5.. For iron both impurity 
cross section corrections and resolution corrections 
are very important, which was not the case for 
scandium. The total correction for impurities 
amounted to 51 mb in the region of the minimum; and 
~-1e infer a minimum observed cross section of - 15 mb 
at an energy of 24.39 + 0.04. This cross section is, 
however, seriously aff;cted by our resolution function, 
which has a FWHM of about 200eV at the minimum (- 2.1 
channels). Using the parameters of Pandey and Gargl6 
we fitted a series of resolution broadened cross sec­
tion curves to the minimum, using the radiation width 
of the major s-wave resonance near 27 keV as a 
parameter. lve find the best fit for a radiation width 
of about 2.2 eV, which provides an independent mea­
surement of that important parameter. lve also include 
a p-wave potential scattering contribution in this 
calculation. From the best fit, we infer a minimum 
cross section of 8.5 +4mb, of which 1.3 mb is due to 
2.=1-scat.tering, and the balance is due to the (n,y) 
rl!action. 
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Fig. 3: The 
10

B-Na! detector counts vs. TOF channel 
number for a 20. 3-cm(8") Fe filter placed 
in the neutron beam. The TOF channel width 
is 31.25 ns. 

Fig. 4: 
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10 
The B-Na! detector counts vs; TOF channel 
number for a 20.3-cm(8") Fe filter plus a 
68.8-c!11(27") 56Fe sample placed in the neutron 
beam. The TOF channel width is 31.25 ns. 
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Fig. 5: The neutron total cross section of 56Fe near the 24 . 37 keV minimum. The 
solid curves are resolution-broadened "R·matrix" calculations using the 
resonance parameters shown in t he figure. 



The minim~m cross section measured for 
• this 56re sample is almost two orders of magnitude 

smaller than \~e {8 42'0 mb cross section measured for 
elemental Fe.. ' This results in a much more in­
tense beam of quasi-monoenergetic ~ 24 keV neutrons 
from this filter than ·from a filter of Fe of the same 
length. For example, for the 68.6-cm long filter with 
1/N = 0.175 b/a, the transmission through the 56Fe 
filter at 24.4 keV is 72% (allowing for impurities), 
"hereas the transmission through the same thickness 
of Fe·is only 9%. Thus a quasi-monoenergetic beam of 
~ 24 keV neutrons can be obtained with a 56re filter 
which has excellent transmission through the 24.4 keV 
~inimum. The filter can be used in very thick con­
figurations to reduce unwanted fast neutrons and gamma 
rays.· 

Sumrna"CV 

The neutron total cross section has been measured 
for 45sc and 56Fe with particular emphasis upon mea­
$Uring the cross section in the minima. The 45sc cross 
section has a prominent minimum at (2.05 ± 0.02) keV 
which is (0.71 + 0.03) b. This cross section is an 
order of rnagnitYde larger than estimated from earlier 
6easurements, and this has serious implications in the 
design of a 45sc filter for reactors. Although the 
cesign of a 45sc filter system depends upon the appli- · 
cation of the system (e.g., for neutron capture spec­
tra, dosimetry, etc.), this higher cross section of 
0.71 b should lead to the selection of a thinner 4Jsc 
filter than one based on the former- 0.05 b value. 

· The 56Fe cross section has a prominent minimum 
at 24.4 keV which is (8.5 ± 4.0) mb. This is con­
siderably smaller than the ~ 420 mb minimum in ele­
~ental iron, and thus thick filters of 56Fe can pro­
vide intense quasi-monoenergetic beams of - 24 keV 
neutrons with a very s~all contamination of gamma 
rays and fast neutrons. 
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