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KINETIC RESPONSE TECHNIQUES FOR NONDESTRUCTIVE ASSAY

OF FISSIONABLE MATERIALS

During the fourth quarter of 1967, the ex-

perimental program for application of delayed

neutron kinetic response techniques to nuclear

safeguards has entered a more quantitative

phase. Data acquisition has been facilitated by

the use of a high-efficiency, “flat’’ -energy-

response neutron detector (cf. LA-3802-MS), a

newly designed and constructed time base gen-

erator, and improved time analyzer readout

ability (cf. later sect ion on Instrumentation and

Detector Development). A systematic study was

made of irradiation and counting times to de-

termine an optimum data taking cycle for iso-

topic abundance determination. Measurements

of the kinetic. response of various mixtures of

fission isotopes were taken, and the data ana-

lyzed for isotopic abundance in each case. Mea-

surements were repeated many times to deter-

mine the reproducibility of the results and to

observe any systematic errors in the experi-

ment. The question of how close kinetic re-

sponse measurements using 14 MeV neutron

irradiations can approach the theoretical dis-

crimination ratios indicated for fission- spec-

trum-induced fission (cf. LA-3741) was also

investigate ed.

The experimental arrangement used in the

various measurements was similar to that pre-

viously reported (cf. N-6 Program Status Re-

port, LA-3802-MS, July -Sept. ‘67). Samples

weighing =300 grams were placed 3/4” from the

(D, T) neutron source and the N-6 high- efficiency

long counter was positioned. 10” from the sam-

ples. Care was taken during sample changing

to reproduce the sample position precisely, and

auxiliary measurements were carried out to

insure negligible neutron backscattering from

detector to sample. The lower energy of any

such back- scattered neutrons would result in a
235

somewhat enhanced U deIayed neutron re-
238U

sponse compared to that of . It was found

that background under normal modulated-beam

operating conditions but with no sample in place

is not constant with time, but rather decays with

a half-life of --4 sec. This background is be-

lieved largely attributable to n, p processes in

the oxygen of the detector (cf. Instrumentation

and Detector Development section), the main

contributing reaction being

17 17N
~-

O(n, p)
17

- ,0
\

16
O+n

In the present measurements this background is

the order of one percent of total counts, but

neglecting even such a small time-dependent

background would lead to a 1 to 27’. error in cal-

culated isotopic abundances.

Table I shows measured isotope discrimi-

nation ratios as a function of irradiation time,

keeping the total period (irradiation plus count-

ing time) fixed at 20 seconds. The counting time

fiducials used in these measurements were the

first O. 10 second and the last two seconds of the

delayed neutron decay curve. The resulting

discrimination ratios reflect, of course, the

differences i.n relative delayed neutron group

abundances among the different fission isotopes.

Clearly higher discrimination ratios permit

more accurate isotopic abundance determination

in a given mixture of isotopes, providing the
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necessary neutron counting statistics can be

obtained in a reasonable time. From Table I it

is seen that shorter irradiations lead to higher

discrimination ratios as expected, but these

require correspondingly longer counting times

to accumulate data of comparable statistics.

TABLE I

ISOTOPE DISCRIMINATION RATIOS(a) AS A

FUNCTION OF NEUTRON IRRADIATION TIME

Fission Irradiation Time (seconds)

Isotopes
.1 .5 1.0

238U 235U
2.41 2.11 2.04

238u’ 239R
2.64 2.28 2.09

235u’ 239R
D 1.09 1.08 1.03

(a)
See text for definition.

Additional data on the kinetic response of

mixtures of isotopes were taken using a 1- sec

irradiation and both a 14-sec and a 20-sec

counting time. Figure 1 presents the measured

decay data for
235 U-238

U mixtures and for the

pure isotope runs using a 14- sec counting time.

(The 235 U sample is 93% enriched Oralloy. )

The decay curves in Figure 1 were normalized

to equal counts at t = 13 seconds. These data

were analyzed by comparing the measured pure

isotope decay curves to the unknown-mixture

decay curve, i. e. , by dividing the latter curve

into time bins and determining the best fit for

all bins by the method of maximum likelihood

(cf. N-6 Report N-6- 1009). Various bin divi-

sions were tried and the results are shown in

Table II for a 2-bin and a 6-bin analysis. It

can be seem that by proper choice of a 2-bin

division, results are nearly as good as for a

6-bin division. A more complete analysis of

assay precision is presently being pursued, but

is not yet completed; therefore, the total error

associated with the fit is not yet known. The

statistical uncertainty is 1% or less in each bin.

Background was neglected in these runs, and

this introduces an additional 1% error. The
238

additional pure U run listed in Table II was

introduced into the analysis as an unknown mix-

ture, and thus was measured separately from

the
238

U run used as a standard. It can be seen

from Table II that relative isotopic abundance

can be determined, under these experimental

conditions, to within 4%.

,,,”

1:/...-,,M

1.,” .-

.-

—

.,” -

1i,,M .– —

. -

,. .1 8, S

nmotsed

Delayed neutron deca { curves for: (a)
100% 238U; (b) 69% 2 8U + 31% 235U0

(C) 52% 238U + 48% 23%; (d) 35% 23~U
+ 65v0 235U; (e) 1007o 235U. (Computer

microfilm; 4020 Display System). -

TABLE II

MEASURED RELATIVE ISCfrOPIC ABUNDANCES

FOR 238U- 235U COMPOSITE SSTEMS

Actual Measured
Relative Relative Abundance

Abundance
2- Bin Analysis 6-Bin Analysts

238U 235
u

238
u

235U 238U 235u

1.000 .000 .999 .001 .991 .009

.686 .314 .673 .327 .675 .325

.520 .480 .548 .452 .541 .459

.351 .649 .376 .624 .380 .620
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To improve on these results and to test re-

producibility, another series of runs was made

with the goal of repeating a given mixture a

number of times. Care was taken to reduce the

background and to apply detailed corrections for

the remaining decaying background. The count-

ing time was increased to 20 seconds, which

result ed in a slightly increased discrimination.

Data were taken on two cliff erent days for a 50-

50 mixture of
235

U and
238

U for a total of 9

determinations of the isotopic abundant e. Two

sets of pure-isotope runs were taken each day

and one set was included as an unknown in the

analysis. These results are presented in Table

HI. For the 50-50 mixtures, the average devi-

ation from the mean is 1. 6Y0. There seems to

be a systematic trend for the
235

U results to be

low. A ~% error in the standard runs would

account for this. The combined statistical un-

certainty for each determination is at least 1%,

TABLE III

REPRODUCIBILITY OF RELATIVE

ISOTOPIC ABUNDANCE ANALYSES

Actual

lsotOpicAbundance ISoto:%%lcef’)

238U 235U 238 u 235
u

0.50 0.50 0.509 0.491

,, ,, 0.519 0.481

,, !,
O. 518 0.482

,, ,,
0.518 0.482

,, !,
0.514 0.486

,, !,
O. 487 0.513

,, !,
0.501 0.499

,, ,,
0.511 0.489

!! ,,
0.506 0.494

1.0 0.0 0.988 0.012

,, ,,
1.019 -0.019

0.0 1.0 -0.011 1.011

,, ,,
-0.023 1.023

(a)
Mean for all .50-.50 results: 0.509 for

238U ad o 491 for 235U

Average deviation from mean: O. 008

and much longer running time would be required

to improve significantly on this. The evidence

is that the error introduced by small shifts in

the electronics of the timing circuit and the am-

plifier gain setting during a day’s running is

small, and the accuracy of relative isotopic
235 238

abundance measurements for U and U is

approximate ely B’?’o.

The availability of neutron generators with

5-10 times higher neutron flux than the present

N-6 Cockcroft- Walton accelerator promises fur-

ther significant improvement in isotope discrim-

ination ratios by counting for longer times after

irradiation. To investigate such possible im-

provements in isotope discrimination ratio, ki-

netic response data were taken for a 10O-milli-

second irradiation and a 100-second counting

time. These data were analyzed to give the
238

quantities Rf- and Rf+ (cf. LA-3741) for U
235U

and . Theoretical values of Rf. and Rf+

have been calculated assuming an instantaneous

irradiation, infinite counting time, and using

the relative delayed neutron group abundances

measured for fission- spectrum-induced fission

rather than 14 MeV -neutron-induced fission.

Table IV lists the calculated and measured Rf-

(0. 05 sec time fiducial) and Rf+ (20 and 40 sec

time fiducials) and corr~sponding overall iso-

tope discrimination ratios (Rf - times Rf+). In

order to compare Rf- values directly, it is

necessary to correct experimental numbers for

delayed neutron decay during the finite irradia-

tion time of O. 1 sec.

TABLE IV

COMPARISON OF TREORETICAL AND MEASURED

238 235U
‘ALUES ‘F Rf-AND Rf+RATIos ‘OR

U AND

Rf Ratios Rf -
R

(f .0.05 see) (f = ?0 see)

Thee.retical(a) 1.77 1.75

Mensured’b) 1.75+.08 1.59*.03

‘*)8ee Los Alamos Report, LA-3741 (1967).

(b) O. 1 sec irradiation, 100 sec count

Isctope Oi5cri-
R mination Ratio

(f = G 5.’=) [ Rf-and R +
(40 See)f

1.a3 3. 17

1.63*.05 2.85+.16
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Saturation irradiations were performed in

order to investigate the isotope discrimination

available in the longer-lived delayed neutron

groups.
‘f+ /A

ratios (cf. LA-3741) were mea-

sured for 238u, 235U, and 239Pu and there-

sults compared with theoretical calculations.

Irradiation times of40 and 330sec were usedin

order to measure the sensitivity of discrimina-

tion ratios to the degree of saturation in the

delayed neutron precursors (Tl,2 ~ 55 see).

The results shown in Table V correspond to

counting time fiducials of 50 sec and 100 sec.

TABLE V

COMPARISON OF TI{EORET2CAL AND MEASURED

‘ALU= 0= sf+/A
25ATlos 3-c3RvA520us Is0T0pEs

S(+,au. 50se.) Sf+l & (f . Ioosecl

Isotopes Mcwurcdi’) Measured fbl Theory ‘c] Measured ‘) Theory (’a

2MU 235” 1.79&.09 1.81*.05 2.18 2.05*.05 2.59

238U 239W 1.984.10 1.954.05 2.60 2.22 *.o6 2,79

235U 239- 1.11*.07 1.09 t.03 1.13 1.08*.03 1.08

ta)~e ,rra&at,om time was 40 ●m and the ttil Ccunthg time Was 200 s.c.

tblTl,e ,rra~.tion tinie m. 330 scc ●d tie total cmmtsng the wu 310 sec.

(C)me Lo, Alamo. Rqam LA-3741 (1967).

The product of the experimental ratios, Rf-

(= 1.75 at f = 0.05 see) and Sf+, A(= 2.05 at f =

100 see) gives an experimental discrimination
238

ratio of 3.60 for U and 235 U, which may be

compared with the limiting theoretical value of

4.59. By comparing the 40 sec irradiation with

the 330 sec Irradiation, it can be seen that the

degree of saturation does not appreciably affect

discrimination ratios, and so it is possible to

optimize data collection time in practical appli -

cations. Thus in saturation irradiations a com-

plete data cycle time (irradiation plus counting)

of a few minutes can be used, and adequate

counting statistics for accurate S +
f /A

ratios can

typically be obtained in less than 30 minutes.

As seen in Tables IV and V, experimental values

of Rf+ and Sf+, A are significantly smaller than

the theoretical expectation; this difference is

believed attributable to differences in relative

delayed neutron group abundances for 14 MeV

fission as compared to fission-spectrum-induced

( 1-3 MeV) fission.

Further indications of changes in delayed

neutron group abundances with increasing energy

of the neutron inducing fission are seen when

kinetic response curves are analyzed by fitttng

them to a sum of exponential. In particular,

the least- squares-fitted relative abundances and

periods of the delayed neutron groups indicate

that ai and hi values are indeed somewhat dif-

ferent at 14 MeV than for fission- spect rum-

induced fission. (As noted in LA-380 Z-MS,

Group N-6 is preparing a series of detailed

measurements and analyses of the periods and

relative abundances of delayed neutrons from

14 MeV neutron-induced fission of the major

fissioning species. ) The sum-of-exponential

fitting procedure just mentioned has been ap-

plied to all data reported herein, and offers an

alternative method of analysis of kinetic re-

sponse data to determine isotopic abundances.

The resulting abundance values so obtained com-

pare well with the area analysis described ear-

lier, although there is more scatter in the re-

sult s.

Another type of kinetic response measure-

ment is being directed toward isotope discrimi-

nation based on the characteristic differences in

delayed neutron fractions, 13, between the major

fissile species (e. g. , a factor of 3 between ~
235 239

values for U and Pu). Attempts are being

made to distinguish prompt (fission spectrum)

neutrons from the 14 MeV neutrons of the pri-

mary interrogation beam. In preliminary ex-

periments the neutron shielding and collimation

have proved inadequate, but work is continuing

on improved collimation and shielding, as well

as possible energy discrimination to help dis-

tinguish the prompt fission neutrons produced in

the unknown sample from the 14 MeV primary-

beam neutrons.

6



PASSIVE NEUTRON COUNTKNG TECHNIQUES

It is well known that samples containing

plutonium emit neutrons from spontaneous fis-
240PU

sion of If light elements are present in

the sample, additional neutrons can result from

(Q n) reactions initiated by alpha decay of the

plutonium isotopes. Consequently, detection of

these neutrons may provide a basis for non-

destructive quantitative analysis of
240

Pu and

239
Pu in unknown samples (one practical case

in point being irradiated reactor fuel elements).

The method has already proved valuable for

routine monitoring of plutonium in fabrication

and recovery processes at LASL (especially in
239R

cases where the relative abundances of
240

and Pu are already known).

To illustrate a specific application of the

“passive neutron counting” technique to nuclear

safeguards, some preliminary estimates have

been made for an irradiated reactor fuel ele-

ment with characteristics approximating those

of a Yankee fuel element. This element is a

matrix of fuel pins and water cooling channels

having outer dimensions of approximately 8“ x

8“x92”. At the end of its power cycle, a “spent”

reactor fuel element is expected to contain heavy

isotopes (in oxide form) in the representative

amounts given in Table VI.

TABLE Vi

REPRESENTATIVE HEAVY ISOTOPE

CONCENTRATIONS IN “YANKEE-TYPE”

SPENT FUEL ELEMENT

Isotope Quantity (in kilograms)

238U
270.0

235U
6.6

239W
1.5

240n
O. 23

J

A synthesis of the neutron source strengths

estimated for these heavy isotope concentrations

is presented in Table ~11.

TABL2? VII

NEUTRON SOURCE STRENGTHS FROM THE HEAVY ISOTOPES

IN A “YANKEE-TYPE” SPENT FUEL ELEMENT

0(0. n) * Spontaneous Fission

238U
76 neutslsec 3.8 x 103 “eutslsec

23S
u 12 !, ,!---

239m
8 X 104 “ 38 !!

240m
4.3 x 104 “ 3.5 x 105 “

*
b. n) y!elds were calculated asauming all als have an energy of 5.3 MeV
and the yield of the oxide compound is one third of the infinite-dilution
yield, 7 x 1o-8 neutronslu, obtained from the data for 2 loPo CJIScm
oxyge~

The total neutron source strength of this

composition is approximately 5 x 105 n/ see, of
240

which about 80’7’o are attributed to Pu spon-

taneous fission and
240

Pu (a, n) reactions on

Oxygen. The single dominant source is clearly

the 240
PU spontaneous fission neutrons, which

account for approximately 7 S70 of the tOtal neu-

tron source strength from the fuel element.

The chain leading to the formation of
239fi

240
and Pu is:

238

~-
239U 239

~-
239 240R

U+n- 23.5 min ‘p 2-s
Pu+n - . . .

i
Fission

The expressions for the yields of
239

Pu and

240
Pu at a given spatial point in the fuel ele-

238
ment are (assuming negligible U burn-up):

~28 -049T

N
49 C N28

(
l-e

R

‘p )
R

7



~49028

N
40 28

‘*-N

x

where

I I I I I I I I I I I I I I I 1 I I

“R” R
‘“” ;’2”

& Thlc point corresponds to an Infcgratcd

1.5

~49 -040T ~40 ~49T “o

1
R R R R~

‘z.\l D
*Z

e + e
(u~9-a4$) (U:- u:)

atom density of nuclide X designated

by the last numerals of its Z and A,

flux-averaged removal cross section

of nuclide X,

flux-averaged capture cross section

of nuclide X,

time---titegrated neutron flux

=
~

o ‘ cp(t)dt.

Since the equations for the
239

Pu and
240fi

populations are parametric in ~, the ratio of the

concentrations of these nuclides can, in prin-

ciple, be calculated knowing only the flux-aver-

aged cross sections. To illustrate this last
239 240

point, the yields of Pu and Pu relative to

that of
238

U (which for practical purposes may

be taken as a constant) have been calculated

using tabulated thermal neutron cross sections

instead of specific flux-averaged quantities.

These results are presented in Figure 2.

A quantitative analysis of the
240

Pu and

239
Pu in a spent fuel element based on its neu-

tron emission may be feasible if the
240

Pu/239Pu

ratio can be ascertained (e. g. , from burnup

calculations), and if the (a, n) conversion fac-

tors for the specific fuel material are known.

Also, the neutron counting method described

above can be calibrated directly against an in-

dependent isotopic analysis (destructive) of a

spent fuel element. In principle, the
240

Pu con-

centration can be obtained independently by co-

8

v 1

0“;oLJJJJ
I.0 Z.o 30 4.0 50

Fig. 2.

N4~ N28 x 104

Relative
239

Pu and 240 Pu concentra -
tions in a typical spent reactor fuel

element (calculations based on thermal

neutron cross sections).

incidence counting the spontaneous fission neu-

trons; however, the feasibility of the coincidence

method for fuel element assay is uncertain be-

cause of problems such as low source intensity

and neutron multiplication effects.

Factors which may affect practical appli-

cation of the passive neutron counting method to

irradiated fuel elements are:

1)

2)

the requirement for low-level neutron

counting in the presence of a high

gamma radiation field;

extraneous neutron sources such as

phot ofission and photoneutron reactions,

and nuclides other than Pu isotopes

which either spontaneously fission or

emit alphas.

The neutron source intensity from the
240W

239
and Pu in a typical spent fuel element should

be sufficient to permit a longitudinal scan of the

element with suitable gamma-insensitive neu-

tron detectors. If we consider scanning incre-

ments of 1 “foot, the source strength would be

W5 x 104 n/ see-foot for a practical measure-

ment. For source intensities of this magnitude,
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neutron detection efficiencies of 10 or greater

should yield adequate counting statistics in rea-

sonable counting times. Although conventional

neutron detectors having much greater efficien-

cies are available, they would probably not be

usable in the very high radiation fields in which

our low level neutron counting must be per-

formed. Some promising systems for detecting

neutrons in the “hot” fuel element environment

are: (a) fission chambers, with characteristi-

cally high gamma-ray discrimination properties;

(b) BF3 proportional counters which are shadow-

shielded from the gamma rays; (c) foil or SOIU-

tion a ctivat ion.

Background neutrons may arise from photo-

fission and (y, n) reactions which are initiated

by the energetic gamma rays from long-lived

fission products. Estimates are available (cf.

ICAPL-M-JRS (1960)) on the intensity of high en-

ergy gamma rays emitted from a reactor core

as a function of reactor operating and cooling

times. For cooling times of the order of 6

months the most energetic gamma ray is the

2. 9-MeV
140

La 12. 8-day Y activity. Calcula-

tions based on present low-energy photo fission

cross-section data (Nuclear Physics 64, 420-—

432 (1965) show that after extended cooling pe-

riods the neutron yield from photo fissions in-

duced by fission-product delayed gamma rays

are completely negligible. When calculated in-

tensities of neutrons from D(y, n) reactions in

ordinary water (cf. KAPL-M-JRS (1960)) are

applied to our “Yankee-type” fuel element, the

resulting neutron source is small compared with

the intensity of neutrons from the plutonium.

Detailed calculations are now being performed

to obtain an estimate of the neutrons generated

by a-emission and spontaneous fission of other

nuclides which may be present in the irradiated

fuel element.

In summary, these preliminary studies show

that passive neutron counting may offer a direct,

practical method for fuel element analysis. To

implement this method, it is planned to investi-

gate the response of various types of neutron

detectors in high radiation fields, to continue

isotope production calculations, and to verify

present estimates of (a, n) yields from the me-

tallic oxides of the plutonium isotopes.

SELF- INDICATION TECHIWQU ES FOR DLA APPLICATIONS

The distinctive resonance structure in the

neutron fission cross sections of the different

fissile isotopes offers another promising meth-

od for nondestructive DIA (Detection, Identifi-

cation and Amlysis) applications. This reso-

nance structure is most pronounced in the neu-

tron energy range from O. 3 eV to roughly 10

keV, and the resomnce peaks are typically or-

ders of magnitude larger than the valleys.

One method of utilizing the resonance strut-

ture is to pass a beam of epithermal neutrons

through a sample of fissile material and then to

monitor this neutron beam with thin-foil fission

detectors containing the same fissile isotope(s)

as the sample. The sensitivity of this method

depends on using the same fissile materials in

the fission detectors as are under investigation

in the sample, since the selective resonance ab-

sorption in the sample is amplified by the (n, f)

resonance reaction in the fission foil with the

same resonance structure (thus the term “ self-

indication”).

Some preliminary measurements have been

performed to evaluate this method for DIA ap-

plications. A schematic diagram of the experi-

mental arrangement is shown in Fig. 3.



L OF Gd OR Cd
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N CHAMBER

—
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SHIELO -

Fig. 3. Experimental setup for self-indication
method.

The collimated neutron beam from the LASL

Water Boiler Reactor was first passed through

a foil of Gd or Cd to remove the thermal neu-

trons. The epithermal neutron beam then passed

through a fissile sample (
235

U or
239

Pu) and

the parallel plate fission chamber which con-

tained back-to-back foils of
235

U and
239W

The fission rates in the two halves of the detec-

tor were recorded both with and without the fis-

sile sample in the beam.

I?ig. 4.
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Pu SAMPLE THICKNESS (mii)

239 Pu/235 U counting rate ratio versus

Pu sample thickness, basic data for
self indication method.

Shown in Fig. 4 is a plot of the counting rate
239

ratio of PU and 23’ U in the fission chamber

as a function of the Pu sample thickness. The .

solid curve corresponds to using a 1-roil-thick

Gd filter, and the dashed curve corresponds to

using a 20-mil-thick Cd filter. The thickness of

the metallic Pu samples ranged from approxi-

mately 4 mil to 280 roil, giving a maximum dis-
235 239

crirnination ratio ( U fission ratel Pu fis-

sion rate) of over 5.

When
235

U samples of corresponding thick-

nesses were inserted in the neutron beam, there

was little change in the observed counting ratio

(235 U1239 Pu) in the fission chamber.

Calculations of the resonance integrals of
235

U and 239 Pu have indicated that the observed

discrimination ratio should be increased by

roughly a factor of two if a thicker Gd foil were

used. Accordingly, a 4-roil Gd foil has now

been ordered.

The source of neutrons for practical isotope

assay applications of this resonance self-indica-

tion method could be a moderated radioactive
252

sounce such as Cf, an accelerator-produced

neutron source, or a simple low-power reactor

(quite conveniently accessib~.e in nearly all re-

gions of the world), as was used in the prelimi-

nary experiments described above. For a hot

fuel element it may be possible to use available

(Y, n) reactions as source neutrons for the self-

indication method; however, initial calculations

have indicated that the neutron intensity would

be low, thoxgh not necessarily prohibitive, for

DIA applications.

In future work at LASL on self-indication

methods, it is planned to obtain epithermal neu-

trons using 14 MeV (D, T) neutrons which have

been slowed down in a moderator. Computer

calculations using a DTF (neutron trarmport)

code are being performed in order to optimize

the thickness and choice of material(s) for the

moderating assembly.



TRANSPORT THEORY CALCULATIONS AND ANALYSIS TECHTiTQU ES

The Los Alamos DTF-IV neutron-transport

code (cf. LA-3373) is being used to calculate the

leakage spectrum of neutrons produced by vari-

ous moderator configurations surrounding the

14 MeV (D, T) neutron source at the Cockcroft-

Walton Accelerator. Such calculations are ex-

pected to delineate a near-optimum moderator

configuration in which the maximum number of

neutrons are slowed down into the energy region

from about O. 3 eV to a few hundred keV. Neu-

trons in this resonance energy range are of

particular intereat for practical DIA applica-

tions, such as the self-indication techniques

described earlier in this report. A library of

group-averaged cross sections is being built up

for use with DTF-IV in projected computer

studies supporting the N-6 safeguards research

program.

Studies on Time Analysis of Kinetic Response Data

With reference to the area analysis or time-

bin method of determining isotopic composition

from kinetic response, it is clear that more de-

tailed time -decay data should permit more ac -

curate isotopic assay. Viz, detailed multi-

channel decay -vs-time data is more sensitive to

intrinsic differences in the delayed neutron de-

cay curves for the various isotopes, and there -

fore should lead in turn to a more accurate de-

termination of relative isotopic abundance. How-

ever, the question arises whether in practice a

given improvement in accuracy is worth the ac-

companying complications in data acqui sit ion

and analysis when using the detailed multichannel

approach.

This problem has been formulated mathe-

matically, coded in Fortran IV, and calculations

of relative isotopic abundances and their propa-

gated errors in representative systems have

been performed on _a CDC 6600 computer (cf.

Report N-6-1 oo9).

For the cases studied, the calculations show

typically an 8% reduction in the error on rela-

tive isotopic abundance when the number of time

bins is increased from the minimum of 2 to 3.

In the limit of a large number of time bins (typi -

tally 50 or more, as in detailed multichannel

analysis) there is an indicated decrease in error

of about 13~0 as compared to the simple two-

time-bin case. Thus, on the basis of this study

it would appear that the detailed multichannel

approach may not always offer a sufficient im-

provement in assay accuracy to warrant the ac-

companying complexities of data acquisition and

amlysis, and the simpler two-time-bin approach

may indeed be preferable for many practical

applications where maxim’~m assay accuracy is

not. essential.

CW ACCELERATOR; EXPERIMENTAL USE AND FACILITY DEVELOPMENT

During the fourth quart er of 1967, operating accelerator shutdown early in the quarter for

time on the N-6 Cockcroft -Walton accelerator replacement of the einzel lens and dismantling

was devoted primarily to nuclear safeguards re- the ion beam deflection chamber in order to re-

search, including instrumentation and detector place insulators for the pre-acceleration. deflec -

development. tion plates. The spurious pulses have been at-

~ addition to routine maintenance, increas- tributed to electrical breakdown across the de-

ing problems with spurious pulses necessitated flection-plate insulators. The zero-degree beam

11
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port of the CW accelerator is being activated to

permit greater experimental flexibility; this

should also provide better beam stability under

long pulse operation (pulse width >0.1 see),

since the accelerator high voltage power supply

regulation is not adequate to smooth out com-

pletely the voltage transients associated with

switching from no beam to full beam and vice

versa. These voltage transients in turn cause a

momentary decrease in intensity of the deflected

beam thru the 250 ports, but not in the unreflec-

ted beam thru the O” port.

Standard operating procedures for the N-6

Cockcroft-Walton have been formulated. More

rigid and formalized procedures have become

necessary as the number of qualified accelera-

tor operators has increased. ,

Group N-6 is presently conducting a survey

of commercially-available small portable pulsed

DENSE PLASMA

Construction of the N-6 Dense Plasma Focus

(DPF) source has been completed and the de-

vice is undergoing detailed performance evalua-

tions as a source of pulsed neutrons for nuclear

safeguards research.

General features of the DPF source are

shown in Figure 5. The electrical energy stor-

age and switching gear are seen at the lower

right, the vacuum and gas handling apparatus

at the left, and the DPF discharge tube (“neutron

gun”) is the prominent aluminum cylinder pro-

truding from the top of the system. The com-

plete assembly is mounted on a steel frame fit-

ted with wheels for mobility and convenience.

To date there have been four neutron-pro-

ducing shots with yields varying between 2.5

and 4 x 108 neutrons per shot. A total of se-

venty test shots have been fired. The conditions

necessary for production of neutrons in the DPF

appear to be extremely exacting, and it has

neutron sources (D, T and D, D reactions). Thus

far, inspection visits have been made to Accel-

erators, Inc., and Texas Nuclear Corporation,

both of Austin, Texas. A similar inspection

visit will be made in early February, 1968, to

the third U. S. supplier of intense neutron sour-

ces, the Kaman Nuclear Corporation of Colorado

Springs, Colorado.

Power, cooling, and safety -titerlock sys-

tems are nearly completed in preparation for

the mid-January installation of Accelerator I,

which is being supplied on an interim-loan basis

by Picker Nuclear (marketing firm for Accel-

erators, Inc. ). The Accelerator I will undergo

extensive and sustained performance evalua-

tions in connection with the N-6 safeguards re-

search program, and the development of a com-

pact, portable isotopic assay system for in-the-

field applications.

FOCUS SOURCE

Fig. 5. The N-6 Dense Plasma I?ocus (DPF)

pulsed neutron source; general view.

proved necessary to develop rather extensive

diagnostic techniques to permit precise “tuning”

of the device. Considerable effort has been

spent in developing instrumentation for photo-

graphing and interpreting the simultaneous sin-

gle voltage and current pulses associated with

each shot. For example, special high- speed

high- voltage, and high -current probes had to be



perfected and adapted to the system to provide

the required diagnostics capability.

Performance of the strip-line dielectric

switches has fallen somewhat short of our orig-

inal “great expectations. “ There appears to be

a considerable nonuniformity in the mylar di-

electric layer which causes breakdown at one or

two points rather than at many points as origi-

nally intended. As a result, there occurs ex-

cessive pitting of the copper plates (between

which the dielectric switch is mounted), and

this is believed to be responsible for the shot-

to- shot uncertainty in the inductance of the

sible conversion to ignitrons or vacuum- spark-

gap switching is being seriously considered for

the DPF.

In more recent DPF shots there has also

arisen a problem with breakage of the coaxial

“glass hat ‘‘ insulators, which is believed due to

transverse motion of the center electrode during

the discharge. Such motion could be caused by

axial asymmetry of the discharge, which in turn

may result from a noticeable imperfection in

the axial symmetry of the outer electrode.

Steps are being taken to correct these prob-

lems and to resume, as soon as possible, the

switch. As a result of these and other frustra - performance evaluation

. ting difficulties with dielectric switches, a pos - of the DPF source.

and yield optimization

INSTRUMENTATION AND DETECTOR DEVELOPMENT

The high- efficiency “long counter” recently

developed in Group N-6 (cf. LA-3802-MS) was

found to have an unacceptably high background

when used in precise measurements of absolute

delayed neutron yield at 14 MeV incident neu-

tron energy. After elimination of various pos-

sible sources of background, the major contri-

bution to background is believed due to n, p

reactions on oxygen in the epoxy of the boron-

loaded epoxy counter shield (epoxy contains

about 2070 02 by weight).

The subject n, p reactions are:

d

b)

16
O(n, p)

16
N, which yields a high energy

gamma ray (E ~ 6 MeV, 7.1 sec balf-

life) which in ~u~n produces neutrons by
13

~, n reactions on materials such as C,

2 D,
17

0 in the counter and shield;
17

O(n, p)
17

N, which yields a delayed
l-l

neutron following (3-decay of the “N

(4. 1 sec half-life).

Both (a) and (b) are threshold reactions, with

threshold neutron energies of * 11 and * 10 MeV,

respective y. The delayed neutrons following
17

N (3-decay are believed to be the principal

contributors to the observed background. The

original epoxy material used in the N-6 long-

counter shield has been replaced by an oxygen-

free boron-loaded paraffin shield; in addition,

a new long counter which is free of both oxygen

and carbon is being constructed for test pur-

poses using ZrH as the moderating material.

High Efficiency “Slab” Detector

A high efficiency neutron detector consist-,

ing of thirteen 20-inch long, 1-inch diameter

3
He proportional counters imbedded in slabs of

moderating material has been designed. Two

such detectors are presently being fabricated

for use as coincidence counters to study the

feasibili~ of detecting fission neutrons in a

background of (a, n) neutrons. These detectors

will also be used in other applications requiring

large-area or large-solid-angle neutron detec-

tion.

3
Twenty-six 6-atmosphere He counters for

use in slab detectors (and the %-detector--see

below) have been received and tested. These

detectors are matched to within 3% in pulse

height, and have a resolution of 7% to 8?10for

13



thermal neutrons.

The necessary electronic circuitry for co-

incidence counting with these detectors is pre-

sently being developed.

MNeutron Detector

Designof the4~ Neutron Detector described

in the previous N-6 progress report (LA-380Z -

MS) has been completed in detail, and parts are

presently being fabricated. Evaluation of high

pressure BF3 counters for use in this detector

has been completed, and forty 2O-inch long, 1-

inch diameter counters are on order. The 20-

inch 3He counters described above will also be

used in this detector.

Neutron Spectrometers

A survey of various types of neutron spec-

trometers usable over the energy range of de-

layed fission neutron spectra is presently under-

way. Preliminary evaluation of a solid-state
3
He “ sandtich” detector indicated severe back-

ground problems from gamma rays. For crude

spectrometry, however, a similar sandwich-

type detector using
6

Li rather than
3
He may

ef feet ively override relatively high gamma

backgrounds, since the neutron detection re-
6

action, Li(n, a)3He, has a positive Q value of

4.78 MeV compared to Q = + O.75 MeV for the
3
He (n, p) 3H reaction. One strong motive for

neutron spectrometer development is the pros-

pect of increased isotope discrimination factors

for safeguards inspection applications, based on

both time and energy discrimination in kinetic

response measurements.

238
Pu-Li Neutron Source

In conjunction with Group CM B- 11 at LASL,
238

a Pu-Li neutron source was constructed

which has a total % n source strength of about

6 x 105 neutrons per second. The half-life of
238

F% for a emission is 89 yeara, and the en-

ergy spectrum of the emitted neutrons approxi-

mates the delayed neutron spectrum to about as

well as the latter spectrum is known. The

availability of such a convenient, portable,

steady- state (rather than transient) source with

its unique spectral feature should be especially

useful in DIA research, including development

of a spectrometer to measure delayed neutron

group spectra.

Variable Time- Base Generator

An electronic channel-advance

been designed and built which allows

channels in a multichannel analyzer,

unit has

groups of

when op-

erated as a multiscaler, to be advanced at dif-

ferent rates. The time from one channel to the

next (i. e. , channel width) can be varied from

10 psec to 9.9 see, and the number of channels

with a pre-determined width setting can be var-

ied from 1 to 999. Two different groups of

channels, each of variable width, have been

constructed and tested thus far; the complete

channel-advance unit has been designed for fu-

ture expansion to as many as eight different

groups of channels, each with independently-

variable channel widths. This new unit will en-

able the collection of pulsed neutron kinetic re-

sponse data in nearly any desired distribution of

channel-width versus time, e. g. , to permit ex-

amination of both the short- and long-lived de-

layed neutron decay components to the same

statistical accuracy.

Data Acquisition Equipment

Various types of small computers and pulse

analysis equipment are presently being investi-

gated for the development of extended on-line

data acquisition and analysis capabilit les. A

small pulse height analyzer was ordered some

time ago to augment present capabilities for

multichannel time and pulse height analysis.

However, the manufacturer has experienced un-

avoidable delays in delivery, and a similar in-

strument has been obtained on an interim loan

14



basis. The improved read-out capability of this

instrument has greatly facilitated the acquisition

and analysis of kinetic response data.

OTIIER CONTRIBUTIONS TO NUCLEAR SAFEGUARDS RESEARCH AT LASL

Water-Boiler Reactor Irradiations (P-2)

Irradiations at the LASL Water Boiler

Reactor, provided by Group P-2, were used to

investigate fissile isotope discrimination factors

available using new resonance self-indication

techniques being developed by Group N-6.

Mathematical Simulation of Space- Dependent

Delayed Neutron Kinetic Response (T-Division)

A mathematical analysis was carried out,

using the techniques of singular perturbation

theory, to show the mathematical rigor of the

zero-prompt-lifetime approximation as applied

to the transport theory calculations of the de-

layed neutron response in small samples (cf.

LA-3732-MS). The zero-prompt-lifetime ap -

I]roximation was shown to be part of a consis-

tent formalism which yields a solution for short

as well as long times. This approximation will

form the basis for using time independent two-

dimensional Sn codes for the detailed calcula -

tion of delayed neutron kinetic response to pulsed

neutron interrogation.

238 Pu-Li Source Fabrication (CMB and CMF)

Several LASL groups contributed to the

fabrication of the
238

Pu-Li source to be used

for detector calibration, spectrometer develop-

ment, and possible future DIA applications:

CMF-4 - Prepared the
16 .

0 Isotope;

CM B- 1 - Prepared the 7Li2
16

0 compound;

CM B- 11 - Furnished the 238Pu and as-

sembled the source;

CM B- 3 - Contributed to calculation of

expected source yield.

Tritium Target Preparation for N-6 Cockcroft-

Walton Accelerator (CMF-4)

Assistance in Preparing Group Averaged Cross

Sections for Use with DTF Program (T-7)
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