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ABSTRACT

The U (n,f) cross section has been measured from 3 eV

to about 30 keV with the lead slowing down spectrometer at the

RPI Linac. Four fission ioniaation chambers containing a total

238 23S

of about 0.8 gm of U (4.1 ppm U) were used for the measure-

ments. The fission widths of the 6.67, 20.9, and the 36.8 eV res-

onances were measured as (10+1), (58+9), and (12+2) nanoelectron-

volts respectively. The fission cross section'integrated over the

two subthreshold groups at 720 and 1210 eV and the average fission

cross section from 10 to 30 keV are in agreement with a previous

time of flight measurement.' ' The fission width at 6.67 eV is

20 times smaller than an upper limit set by the only reported meas-

urement in this energy region KimJ; the fission widths obtained in

the present investigation are consistent with the (30+50) nano-

electronvolt average width previously obtained for the resonances

between 37 and 327 eV in a time of flight measurement using a nu-

clear device*- '.

From the measured fission widths, the U thermal fission

cross section was determined to be 2.7+0.3 tibarns. The resonance

fission integral was also obtained from the data as

J JJT
= 1.33+0; 15 mbarns f o r
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I. INTRODUCTION

An extended form of a lead slowing down spectrometer system

was set up at RPI. Basically this system contains the follow-

ing components. (a) the RPI; jlpp-MeV̂ *liBc;tr:bn̂ înac'%~o--'''pT̂ aBe

a repetitively pulsed intense neutron source burst (50 nsec wide);

(b) a cube of lead 1.8 m on edge which serves as a neutron slowing

down medium with small leakage and absorption; (c) sample material

located in the lead cube; (d) charged-particle detectors (which

may contain the sample material) or neutron detectors located near

the sample material to observe the interactions between the neu-

trons slowing down in the lead cube and the nuclei in the sample

materia" and (e) a time analyzer to record events occuring in

the detectors at various slowing down times after the initial neu-

tron source pulse.

Previous investigations with the original lead spectrometerK J

and subsequent setups at other laboratories were all conducted with

pulsed DT neutron sources limited in intensity to about 10^ n/sec.

With the electron linear accelerator, a source intensity of 10

has easily been obtained with a gas (helium) cooled target. This

large increase in source intensity has permitted some partial cross

sections to be measured which have not been previously observed.

In particular, "°U subthreshold fission was first observed

at about 1 keV in the lead spectrometer and resonance parameters

were later obtained in a conventional time of flight measurement

for large fission resonances at 720 and 1210 eV.^1' An earlier

measurement on subthreshold fission in U had been made in the

intense neutron beam of the Physics-8 nuclear explosion. In that



investigation, the average fission width was determined to be

(OiO3+O.O5)xlO~6 eV in the region from 37 to 327 eV and the aver-

age fission cross section was obtained in the energy range from

10 to 10 eV; an estimate of the thermal cross section value of

C£ = (I^JjttCr* b was made based on the average fission widths.

The large fission resonances near 1 keV were not reported in that

paper and no data below about 20 eV were obtained in the explo-

sion of that nuclear device' '.- The only other reported measure-

ment on U fission in the resonance region set an upper limit

of F*f <£ 200 x 10"
9 eV for the fission width of the 6.67 eV resonance.'2

In this paper we present the measured results of the fission widths

for the three resolved s-wave resonances below 50 eV, the average

fission widths and average cross sections from 3 eV to 30 keV, an

estimate of the thermal fission cross section based on the measured
no Q

fission widths, and the resonance fission integral for U.

II EXPERIMENTAL FACILITY

Figure 1 shows a schematic arrangement of the equipment. A

cube, 1.8 m on edge, was stacked containing 75 tons of 99.99% purity

lead. All cube surfaces were covered with Cd to prevent room-return

thermal neutrons from reentering the lead. The cube rests on a

crossed I-beam base 61-cm high. Between the I-beams, packaged Li^CO^

is arranged to reduce neutrons backscattered from the floor.

Nine 10-cm x 10-cm channels penetrating through the cube and

three reentrant ports are available for experimental equipment.

One of the through channels is used to bring in the electron beam

to a target located near the center of the cube. The unused parts

of the channels and ports are normally filled with lead bricks.



The photo-neutron carget is constructed of tantalum plates

and is similar in geometry to the standard RPI target^ ' but

differs with respect to the cooling medium. The target is located

3 cm from the cube center in an attempt to> center^ the^neutrprv

source volume..

The electron beam leaves the linac vacuum system through a

0.0025-cm thick titanium window and passes through a 91-cm long helium

filled drift tube to the target.. The target is cooled by helium

which in turn is cooled by water in a heat exchanger. The design-

ed cooling capacity is 500 watts.

Small (0.64-cm dia. x 2.54-cm long) fission chambers containing

233 235 23Q

Uj U, or Pu are located near the cube corners to serve as

flux monitors. A BFQ detector (0.48-cm dia. x 2.54-cm long) is used

to determine the flux at the various experimental locations.

A Hewlett-Packard 2116B on-line computer with a 32 MHz clock

serves as a time analyzer. A routing circuit permits up to six

detector inputs to be used simultaneously.

In the neutron energy range of interest, 10 to 1 eV, the elas-

tic scattering of neutrons from the heavy lead nuclei produces less

than a 1% energy loss per collision. The neutron behavior in a lead

spectrometer is represented adequately by the continuous slowing

down approximation. Below 100 keV the average neutron energy,E(in kc\')

is related to the slowing down time t (in Msec) by the expression^
E = 183.

(t + tQ)^

where tQ •£ 0.3 ^.sec is a correction to account for the time it

takes neutrons to slow down from source energies. This constant

(1)
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corresponds to a 5.9-m flight path for neutrons. In our measure-

ments we have found that this constant is too high by about 10%

in the resolved resonance region below 200 eV. The instantaneous

neutron density distribution is Gaussian in shape about the average

neutron energy^ '. Between 1 keV and 1 eV the resolution is ap-

proximately constant given theoretically^ ' by:

(&£\. ^ (2.35)(8/3Ap, )"2 = °-
27 (2)

V E' J FWHM ^D

Our experimental data indicate (AE/E)p,mw
= 0.33 gives a better

fit.

In the large lead slowing down medium, with corresponding

small leakage, a large fraction of the source neutrons do not

escape so that the available flux is considerably greater than in

a conventional beam time-of-flight (TOF) experiment. The neutron

flux at a position 42 cm from the target was measured with a BFQ

detector. At this position, 0 = 1.2 x 10^ PE~Ot7746n/cm2/sec/eV

where P is the target power in watts and E is the neutron energy

in eV. This flux is about a factor of 3.5 less than the flux that

was calculated by a Monte Carlo program.

The lead spectrometer flux is several orders of magnitude

greater than fluxes typically obtained in a conventional TOF experi-

ment. This is illustrated in Table 1 where the lead spectrometer

flux 0 and the flux 0 T Q F obtained in a 5-m flight path TOF

experiment are compared. The comparison is for the same electron

beam power1. The TOF flux is inversely proportional to the squaro

of the flight path; the 5-m flight path was selected as the minimum

practical flight path. This £J 10 increase in 0 L g enables experi-

ments to be carried out with this .technique that cannot be carried

out by conventional TOF experiments.



En(eV)

1,000
100 f

TABLE 1

0LS/0TOF

5800
7800
10500
14300

The linac neutron source system is characterized by an in-

tense initial "gamma flash" of bremsstrahlung from the photo-

neutron target follovred by an intense slowing-down flux of neu-

trons inside the lead assembly. This imposes stringent require-

ments upon the detectors - they must recover rapidly from the

gamma flash and must be able to operate while bathed in the neutron

flux. Several types of detectors have been tested so far for use

with the spectrometer: (a) a scintillator-photomultiplier detec-

tor, (2) cylindrical fission ionization chambers, (3) a Si diffused-

junction solid state detector,^ ' BF, proportional counter and B

Lined counters. The scintillator-photomultiplier detector exhibited

severe problems with gamma-flash recovery and further development

is indicated before this type of system can be successfully used.

However, the fiesion ionlsation chambers and the solid state de-

tector have performed very well with this system. A BFg detector

was used to determine the flux of various sample positions; the B

lined detectors were useful as flux monitors.

Ill EXPERIMENTAL MEASUREMENTS

Fission cross section measurements were carried out with

chambers coated with highly enriched U. The U chambers

consisted of four 2.5-cm dia. cylinders each coated along a 20-cm

length for a total 238U content of # 0.8 g. Figure 2 shows the



pulse height spectrum for one of the fission chambers. The

electronic bias is set well above the oC peak so that the machine

off background is negligible . These chambers were placed in one

of the 10-cm x 10-cm channels of the lead spectrometer and were lo-

cated 42-cm from the center of the assembly. Data were obtained

over a period of 5 hours, with only 330 watts of electron beam power

on the photo-neutron target.
poo

The total counting rate in the U fission chambers was

corrected for computer dead time losses and for the fission counts
O O C O *3 Q

from the (4.1+0.4) ppm of U present in the U coating. In
O O Q

the energy region from 0.4 to 1.5 eV the U contribution to the

counting rate was estimated to be less than 0.3% of the total

counting rate. Therefore, the response of a highly enriched (~93/l)
235

U fission chamber was normalized in this energy range to obtain
235the contribution of the U fission counts to the total fission

counting rate in the U chambers from 3 eV to 30 keV.

The net U fission counts are plotted in Figure 3 over the

neutron energy range from 1.5 eV to 35 keV where the results aru

presented in terms of U fission counts per ;usec of slowing
238

down time. The U resonances at 6.7 and 21 eV are clearly re-

solved, and the resonance at 37 eV shows up as a shoulder on the

high energy side of the 21 eV resonance. The subthreshold fission

groups reported*- ' at 720 and 1210 eV .show up very strongly in theno

data, and substantial subthreshold fission is also seen above 5 keV.
238

The U fission cross section is deduced from this experiment

by normalizing to the fissions occuring in the 4 ppm of 2^5U in

the fission chamber. The detector counts, C.("E), in a given
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time channel corresponding to the average neutron energy E can

be expressed in the thin sample approximation by

where the subscript i« B, 5, or 8 and corresp°^s *-° tn<2 **>

•U, or U isotope in a detector; Nt is the number of isotope

1 atoms.; and £/£(E) is the neutron cross section at energy.E

broadened by the lead spectrometer resolution function. Taking
235the ratio of the enriched i->Ju fission chamber counts to the BF«

detector counts to eliminate the flux factor, the resolution broad-
2315

ened ~U fission cross section can be determined from

where ^ ( E ) is taken as ̂ '(H)" 1' 2 up to 10 keV. This measured

235
U fission cross section was compared to a calculation of the

resolution broadened cross section obtained by taking the ENDF/B-IV

235library values of the U fission cross section and broadening

them with a Gaussian resolution function for the neutron density

in the lead spectrometer. The theoretical Gaussian width of

'j(~~\;'*ik~ 0.1135 was found to be too narrow; experimentally

<j^ = 0.14 was found to give the best f i t . The agreement between
235the calculated and measured U fission cross sections was within

+5% below 1 keV; from 1 keV to 30 keV the measurements were high

by up to 20%. A comparison was also made of another published U

fission cross section measurement^ ^ made in a lead spectrometer;

again their results agreed to within +5% below 1 keV but their results

from 1 keV to 30 keV were low by up to 10%. Therefore, the calculated



235broadened values of the U fission cross section were taken

for the appropriate average lead spectrometer response to deter-

mine the Jnl fission cross section from the expression

Here,. i ^ • (4»1 i O.-*4) x 10" as determined from a mass spectrome-

ter measurement, Cg is the 3*TJ fission chamber count rate corrected
235for dead time effects and • U fission counts, Cc is the normalized

U fission chamber counts, and C7^ is the broadened ""U fission

cross section with an estimated error of +5% below 1 keV and +20%

from 1 keV to 30 keV.

IV. EXPERIMENTAL RESULTS

The TJ fission cross section from 3 eV to 30 keV is shown

in Figure 4. The fission area, A f =• Z^2i C^)J/AH")' » for the firstj j
238three s-wave resonances of U was obtained from the data and

the fission width, i f, was determined from the expression

, barns-eV. (6)

The resonance peak cross section, Go , was determined from the evaluated

resonance parameters ^ ' and the relation

0- = _ — ^

where Eo is the resonance energy, 1 n and \ are the neutron and

total widths, respectively. The average fission width from

50 to 350 eV was determined in a similar manner using the parameters

for the 13 s-wave resonances in that energy range. Table II lists

the fission widths so obtained and, for comparison, the upper limit

for the 6.67 eV resonance and



Eo

.e.V)

6.67

20.9

36.8'

the previously measured result for the energy range 37 to 327 eV.

Cb)

21546+1594

31832+3355

39664+1865

238

TABLE II
8U FISSION WIDTHS

Lead Spectrometer

Af

342.4+39.3

2884.2+3242

771.2+96.9

10.1+1,4

58+9

12+2

.vr::f7
Leonard

<200

50-350 < 1)7 = 19.5+2.5 < \ ^ 30+50 .

0-350 <^") = 21.9+2.6

The average fission cross sections for three energy intervals

were obtained and are presented in Table III along with the fissicui

resonance integral and the thermal cross section. The contribution

to the thermal fission cross section from a single resonance is

given by ^ ^

«7'f (0.0253 eV) = 4.099 x 106 ^TTr barns. ( 7 )

The percent contribution to the thermal value listed in Table I I I ,

from the resonances in various intervals,, is listed in Table IV.

(0.0253 eV) «=

l..-j r t

TABLE III
FISSION CROSS SECTIONS
Lead Spectrometer

2.7+0.3 nb

1.33+0.15 mb

3+5

Energy
Range-eV

0-350

350-1650

1650 - 30000

/ ( b

19+2

494+89

98+22
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6.

18.

9.

3

5

2

11

TABLE IV

Contributor to O~£ (.0253 eV) %

3 Resolved Resonances Below 50 eV

13 Resonances From 50 to 350 eV
(1)

720 eV Subthreshold Resonance Group

1210eV Subthreshold Resonance Group (•*-)

To estimate the contributions from the 720 and 1210 eV

subthreshold resonances, these resonances were assumed to be

pure Class I.levels with a radiation width \^= 23 meV.

V. CONCLUSION

The lead spectrometer has been used to measure fission

widths of <^10 eV and fission cross sections of %; 10 barns

in ̂  1 gram samples. Despite the low resolution of the lead

spectrometer, relatively precise fission parameters were obtained

for these measurements in the low energy resonance region.
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Figure 2 Pulse height spectrum for a 2 3 8U fission chamber
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