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LITTLE BOY NEUTRON SPECTRUM BELOW 3 MeV

A. E. Evans
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E. F. Bennett and T. J. Yule
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ABSTRACT

The leakage neutron spectrum from the Little Boy replica has
been measured from 12 keV to 3 MeV using a high-resolution 3He
ionization chamber, and from

\
keV to 3 MeV using proton-recoil

proportional counters. The He-spectrometer measurements were
made at distances of 0,75 and 2.0 m from the active center and at
angles of 0°, 45°, and 90° with respect to the axis of the assem-
bly. Proton-recoil measurements were made at 90° to the assembly
axis at distances of 0.75 and ?.0 m, with a shielded measurement

Y
ade at 2.0 m tu estimate background due to scattering. TIle
He sp ctromet r was calibrated at Los Alamos using monoener-

getic 7 5Li(p,n) Be neutrons to generate a family of response
functions. The proton-recoil col,nters were calibrated at Argonne
by studying the capture of the’mal neutrons by nitrogen in the
counters, by observation of the 24-keV neutron resor,ance il] iron,
and by relating to the known hydrogen content of the counters,
The neutron spectrum from Little Boy was found to be hig?ly struc-
tured, with peaks corresponding to minima in the iron total neu-
tron cross section. In particular, influence of the 24-keV iron
“window” was evident In both sets of spectra. The measurements
provide Information for closimetry calculations and also a valu-
able intercomparison of neutron spectronletry using the two dif-
ferent detector types. Spectra measured with both detectors arc
in essential agreement.

Intensity of radiation from the
INTRODUCTION expl:lsions are well characterized.

Althouqh the radiations from the
Data relating to the survivors Nagasaki explosion are reasonably

of nuclear weapon explosions are im- well understood, the data from t!iro-
portant in the formulation of radi- shima are not. Little Boyp the
ation protection standards. The Hiroshima bumb, was a unique weapon
biological data are, however, of with a radiation output consicleraoly
limited use unless the nature and different from chat of Fst Man,



which was exploded over Nagasaki.
Furthermore, the Little Boy aesign
was never tested in the field. All
that is known about its radiation
output has been determined from cal-
culations and indir(’ctevidence.

Recently at Los Alamos a rep-
lica of Little Boy was built with
which one could characterize the
radiation produced by the explosion
(Malenfant, 1984). This replica,
built as a critical assembly, was
identical in every way to the ori-
ginal device except that the explo-
sive assembly system was replaced
b,y a precisio

3
linear actuator and

the mass of 2 5U was reduced to a
point where the critical system
could be safely operated as a low-
power steady-state reactor. Meas-
urements of neutron and gamma-ray
sDectra and dose rates have been
made of the radiation output of the

9
replica by many la oratories.
paper discusses

This
He spectrometer

measurements of the neutron spectrum
from 0.02 to 3 Me’.’,and compares
these measurements with spectra de-
rived from proton-vecGil counter
measurements. A preliminary report
of the 3He-spectrometer results
has been given (Evans, i9c4), The
proton-recoil results will be de-
scrit,~d in more detail in another
paper at this session (Bennett and
Yule, 1984).

3He SPECTROMETER MEASUREMENTS

A 3He ionizatlm chamher of
the type built by Cuttler and
Shalev (Cuttler, Shalev, and Dagan,
1969~ was used to obtain high-
resolution spectra out to 3 MeV,
This unit has a sensitive volume
5 cm in diameter by

\
5 cm long

filled with 5 atm of He, 7 atm
of argor, and a few percent of

methane. The stainless steel coun- ~
ter tube is surrotindea by a thermal-
neutron shield consisting of 2 mm
of pressed boron nitride sandwiched
between two 0.5-min-thick layers of
cadmium. To suppress accoustic and
electrical noise, the chamber plus
its attached preamplifier and gas-
purifier cell were supported in
Styrofoam rings inside a 15-cm-diam-
eter l-mm-thick aluminum can.

A pulse-height response for
l-MeV neutrons incident upon this
detector is shown in Figu:e 1. The

5
ull-energy peak is produced by the
He(rl,p)3He reaction, which pro-

duces ionization in the chamber pro-
portional to the neutron energy plus
765 keV. A continuum of pulses ex-
tends downward from the full-energy
peak due to events that dissipate
part of their energy outside the
sensitive volume of the detector
(wall and end effects). A contin-
uum of comparable magnitude is pro-
duced by proton recoils from the
methane in the counter. A larger
continuum, caused by elastic scat-
tering from ~He, produces pulses
up to three-fourths of the neutron
energy. This last continuum will
override the spectrum being measured
when neutrons of energies greater
than 1 MeV are present. However,
the 3He-recoil pulses may be re-
mcved from the spectrum by pulse-
shape discrimination (Evans and
Brandenberger, 1979). The energy
dependence of the Little Boy spec-
trum declined steeply enough with
increasing energy that pulse-shape
discrimination could usually be
dispensed with.

The spectrometer was calibrated
using monoen rgetic neutrons from

7the 7Li(p,n) Be reac ion at the
Los Alamos 3.75-MeV Van de Graaff.
From a set of response functions
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Figure 1. Pulse-height response of the 3He spec-
trometer to l-MeV neutrons.

for ileutrons of energies from 100
to 1200 keV, the full-energy-peak
efficiency was obtained as a func-
tion of energy, as were coeffi-
cients for stripping out wall-
effect and proton-recoil contribu-
tlor,s to the pulse-height distribu-
L,~lon. The peak-efficiency cur~e
was extrapolated below 100 keV
using the inve se-velocity depend-
ency of the fHe(n,p) cross sec-
tion. The efficiency above 1 MeV
was obtained from a previous
calibration.

In ?igure 2, we display a
pulse-shape-selected pulse-height
distribution for a typical spec-
trum. together with pulses from
room-scattered background measured
hy shielding the direct path from
Liktle Boy to the detector. For
this measurement, the Little Boy
replica was pointed upwards (i.e.,
upside 4Qwn ) inside a concrete
bulldlng with its active core cen-

tered about 2 m above the floor.
The nearest wall or ceiling was 4 m
distant. The spectrometer tube was
locatpd at 90° to the axis of the
assembly, at a distance of 0.75 m
from the active center. There is
little difference except in magni-
tude between the total and rise-
time-selected distributions at en-
ergies higher than the epithermal
peak. Pulses in the total distri-
bution at energies lower than the

5
pithermal peak are due mostly to
He recoils; pulse-shape selec-

tion effectively removes most of
these. There was a slight im-
provement in energy resolution of
the pulse-shape-selected distri-
bution compared with the total
distribution.

The room-scattered background
was found tc be mostly epithermal
neutrons plus a count-rate-depend-
ent peak at 1528 keV due to simul-
taneous detection of two epitherrnal
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Figure 2. Pulse-shape-selected pulse-height
distribution from Little Boy at 90°, 0.75 m,
together with the background from room-
scattered neutrons and a computed neutron-
neutron pileup contribution.

neutrons. The continuum between the
epjthermal singles and c~incidence
p?aks is attributable almost en-
tirely to wall effect from coinci-
dent epithermal Events and to un-
suppressed pileup (a pileup insPec-
tioll circuit removed approximately
90% of initial pileup). For meas-
urements at other positions, the
net area of the coincidence peak
was hsed as a measure of scattered
background and the indicated back-
ground was normalized to remove
this peak from the raw pulse-height
distribution, This rrladevery lit-
tle difference in the sh~pe of the
spectrum except in the vicinities
of these two peaks.

In addition to the epithermal-
neutron coincidence peak, there is
a pileup distrib(ltion of energetic
neutrons coincident with the epi-

thermal background. This distribu-
tion is an image of the singles
distribution, reduced in intensity,
shifted 764 keV upwards, and slight-
ly broadened in energy resolution.
The contribution pk of this pile-
up in channel k can be represented
by

k

Pk=T
z

n
j ‘k-j ‘

j=l

where nj and Ilk-j are the count-
ing rates in channels j and k-j, re-
spectively, and T is the coinci-
dence resolving time of the system,
In practice, on~ may take the tlj’s

to be the total ~ounts in each cnarl-
nel and adjust T to just remove



the epithermal coincidenc~ peak from
the spectrum: i.e.,

Nth(2)
-K=

[1Nth(l) Z ‘

where Nth(2) is the net area of
the epithermal coincidence peak and
Nth(l) is the area of the epi-
thermal singles peak. The contribu-
tion of this neutron-neutron pileup
is shown in Figure 2.

After subtraction of background,
the data were corrected for wall-
effect and proton-recoil distribu-
tions. The resultant pulse-height
distribution was divided by the
measured energy-dependent pulse-
shape-selected full-energy-peak ef-
ficiency and slifted in energy by
the Q-value of the 3He(n,p)3H reac-
tion to produce the finished spec-
trum. A FLEXTRANm program has
been written to permit execution of
these calculations within the TN-
4000* multichannel-analyzer system.

In Figure 3, the spectrum from
O to 1 MeV is shown. Also shown in
the figure is the ENDF/B-V total
neutron cross-section for iron.
All of the indicated peaks in the
spectrum correspond to prominent
minima in the iron cross-section.
In particular, approximately 15% of
the neutrons above the epithermal
peak are to be found in the 24-keV
iron window, which is often used
to produce a nearly monoenergetic
24-keV neutron beam at reactor fa-
clllties. The results are consist-
ent with the length of iron that
the neutrons penetrate,

#rFLExTR~N lc~programm~ng language
copywriter by Tracer-Northern, Inc.,
of Middleton, Wisconsin.
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Figure 3. Spectrum O- to l-MeV com-
pared with the ENDF/B-B total cross-
sectlon for iron.

Spectra were also measured at
the outdoor installation of the
replica at distanc~s of 0.75 and
2.0 m and at anqles of 0°, 45°, and
900 with respect to the assenmly
axis. Theze spectra are shown ill
Figures 4 and 5, Tl,?re is a slight
hardening of the 90° spectra com-
pared to spectra on axis and, of
course, a large difference in total
magnitude due to the ;ncreased patt
length through iron in the forward
direction as compared to the side.
The only background subtracted from
these spectra was a reconstruction
of the two-neutrurl coincidence peak
and its associated wall effect
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TABLE 1. Nf:utron Dosages from Little Boy

Energy
Range (keV)

12 - 40

40 - 200

200 - 400

400 - 676

676 - 1000

1000 - 1500

1500 - ‘2000

o- ?J:):!

Oose in Energy Interval (rem/102° fissions)
for Source-to-Oetector Distance at Given Angle

0.75 rn, 90” 0.75 m, 45° 0.75 m, 0° 2.0 m, 90° 2.0 m, 45° 2.0 m; 0°

4.92 X 105 3.95 x 105 2.40 X 105 1.26 X 105 5.70 x 104 2.88 X 104

3.45 x 106 1.83 X 106 1.03 x 106 5.97 x 105 3.15 x 105 1.44 x 105

5.12 X 106 2.46 X 106 1.24 x 106 9.50X 105 4.48 x 105 1.88 x 105

4.69x106 1.94 xlo6 9.12x105 1.18x 106 3.86x 105 1.27 X 105

2.76 X 106 9.32 X 105 7.92 X 105 8.35 X 105 1.79 x 105 4.52 X 104

1.40 x 106 3.73 x 105 1.84 Y lo5 2.57 X 105 8.35 X 104 1.59 x 104

3.68 X 105 6.78 X 104 1.85 X 104 4.43 x 124 2.46 X 104 2.52 X 103

1.82 x 107 7.85 X 106 4,47 x 106 3.99 x 106 1.50 x 106 5.71 x 105

produced by taking the difference of
two spectra of the same source meas-
ured at different counting rates.
There are some irregularities in the
spectra in the vicinity of 765 keV
due to count-rate-dependent gain
and resolution shifts of the syn-
thesized background peak.

Ttlese spectra have been convert-
ed into neutron dose spectra, using
the ANSI 6.1.1 neutron flux-to-dose-
rate factors (American Nuclear Soci-
ety, 197)). The results of conver-
sion of the data shown in Figures 4
and 5, integrated over energy re-
gions selected to place energy boun-
daries at spectral minima, are shown
in Tabl~ 1. This tabulation is in-
tenc!ed to facilitate comparison of
the neutron spectra with integral
dosimetry measurements that h~ve
been made at the same positions.
The resultc show that the median
dose occurs at hetwecn 300 and
500 keV, whereas the median neutron
flux energy varies, from 30 to
150 keV.

COMPARISON WITH PROTON RECOIL
lIEASUREMENTS

Linear and semi-logarithmic com-
parisons of the 3He data with da-
ta from proton-recoil measurements
are displayed in Figures 6 and 7.
The proton-recoil measurements were
made with two 2.5-cm-diam by 7.6-cm-
long proportional counters, one
filled with methane and the other
with hydrogen. Pulse-shape analy-
sis and established analytical tech-
niques (Bennett and Yule, 1971)
were used to reduce the pulse-height
distributions to neutron spectra.
The efficiencies of these counters
as a function of energy have been
derived principally from calcula-
tions. Experimental checks of re-
sponse functims were made by ob-
serving the response function of the
615-keV deposition of ions from cap-
ture of thermal neutrons by nitrogen
in the counters. The same reection
provides for energy calibration in
the field.
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Figure 6. Comparison of measurements of . . 0-
to l-MeV neutron from Little Boy with 3H? and
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TABLE 2. Comparison of the 3He and Proton-Recoil-Derived
Little 9oy Neutron Spectra at 90°, 0.75 m (Fluence Units Are.-
Neutrons/cmz/lO1z Fissions)

Interval

(kev)

8-4G

40-96

92-152

148-200

204-416

420-5Cf3

580-680

(“4-.00

Boa-loos

1012-1564

156P-2096

2100-2952

In Table 2, the
recoil measurements

Fluence in Interval

3He Proton Recoil
Spectrometer Spectrometer

2.19 X 106 2.28 X 106

1.91 x 106 1.69 X 106

1.72 x 106 2.33 X 106

1.11 x 106 1.25 X 106

3.68 X 106 3.20 X 106

-.07 x 106 1.10 x 106

J.35 x 105 5.96 x 105

4.09 x 105 3.60 X 105

4.96 X 105 3,78 X 105

3.68 X 105 3.31 x 105

9.66 X 104 8.34 X 104

6.75 X 104 2.7!I X “104

3He and proton-
of the Little

Boy spectrum are compared, inte-
grated over selected energy inter-
vals. There has bcf~n no renormali-
zation of either the 3He or the
proton-recoil 5pectra. Agreement
is generally good up to 2 MeV. Be-
low 150 keV, Figure 6 appears to
show a dive~-gence of the two spec-
tra with the proton-recoil counter
showing a higher fluence at lower
energies. However, the differen-
tial curves are deceptive, Fecause
the energy resolution of the proton.
recoil counter is better than that
of the 3He ~pectrometer for e,lr-
gies less than 150 keV. 5The He
spectrometer resolution (FWHM) in
this region is about 15 keV, whereas
the proton-recoil counter resolu-
tion, wh ch varies from 10 keV at

100 keV to
3 keV for

3He

Proton Recoil

0.96

0.88

0.74

0.89

1.15

0.97

1.20

1,14

1.31

1.11

1.16

2.45

4CI0 eV at 1 keV, is
24-keV neutrons. The

proton-recoil-counter spectrum peaks
at 3.5 x 105 neutrons/(cm2 ● keV “
1012 fissions) (not shown in Fig-
ures 6 and 7), whereas the corre.
spending value for the 3He coun-
ter is 1.03 x 105. However, as
one can see from Table 2, integra-
tion over the 24-ke’l peaks for both
detectors gives equivalent flu-
ences. Likewise, the areas of the
72-, 128-, and 168-keV peaks agree
within from 12 to 25%.

There is evidence of a small bi-
as at energies higher than 764 keV,
the 3He-spectrometer results be-
ing on the average somewhat higher.
This is p?vticularly evident be-
tw~en 800 and SCO keV, and may in-
dicate that some coincidence pileup



events, possibly between 3He re-
coils are Iezking through the pulse-
shape selec’.ion system. I’c is pos-
sible that two overlap ing

?
3He

recoil pulses or a He-recoil
plus a proton capture cculd have a
risetime characteristic of a pure
3He(n,p) Pulse and thus he ac-
cepted for the shape-selected dis-
tribution. However, the 3He data
above 800 keV are more consistent
with those of Robitaille arid Hof-
farth (1983).

CONCLUSION

The intercomparison of this
work with the liquid scintillator
measurements of Robitaille and Hof-
farth from 600 keV to 10 MeV (Robi-
taille and Hoffarth, 1983) and with
measurements using Bonner Spheres
and Track etch techniques should
provide a well-characterized source
spectrum for the calculation of
Little Boy dose measurements. It
should also be a valuable intercom-
parison of different techniques and
different laboratories of neutron
spectrometry.
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