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ABSTRACT OF THE DISCLOSURE

An apparatus and method of detecting, identifying and
quantitatively analyzing the individual isotopes in un-
known mixtures of fissionable materials. A neutron source
irradiates the unknown mixture and the kinetic behavior
of the delayed neutron activity from the system is-analyzed
with a neutron detector and time analyzer. From the
known delayed neutron response of the individual fission
species it is possible to determine the composition of the
unknown mixture. Analysis of the kinetic response may
be accomplished by a simple on-line computer enabling
direct readout of isotopic assay.

The present invention is a combination of two groups of
methods for non-destructive isotopic analysis. The first
group consists of the R; and S; kinetic response methods,
multichannel time and energy analysis, and absolute source
and detector calibration techniques for isotopic analysis of
materials in subcritical configurations; the second group
of methods consists of reactor shutdown decay analysis,
pulsed reactor or pulsed source decay analysis and reactor
transfer function analysis for determining isotopic compo-
sition in operating reactors and fission chain reacting sys-
tems.

All component methods utilize the physical characteris-
tics of delayed neutrons and their kinetic response to pro-
vide a sensitive means of discrimination between the vari-
ous fissionable species. Based on calculated end point ener-
gies for the delayed neutron emission spectra from identi-
fied fission product precursors, considerably increased
discrimination between the various fissionable species can

be further realized by the use of cnergy—sensmve neutron

detectors.

FIGURE 1 is a plot of the R,_ and Ry, functions
against a variable time fiducial, f.

FIGURE 2 shows isotope discrimination ratios using
the R; method against time fiducial, f for various ‘com-
binations of 1sotopes

FIGURE 3 is a plot of the A-Sy,,, and A-S¢_,, func-
tions against variable time fiducial, f.

FIGURE 4 shows isotope discrimination ratios using
the A-S;, method against time fiducial, f, for various
isotope mixtures. ’

FIGURE 5 is a plot of A-Sy,,, functions against time
fiducial, f, for various isotopes.

FIGURE 6 is a graph of reactor transfer function am-
plitude |W| for various isotopes against frequency « (in
radians/sec.).

FIGURE 7 is a schematic diagram of a simplified sys-
tem of the present invention.

_The delayed neutron kinetic response methods described
herein can be readily applied to the determination of ab-
solute amounts of fissionable materials present in un-
known systems by suitable source and detector calibration.
Thus, for example, the absolute amounts of individual fis-
sile and fertile species in spent reactor fuel elements can
be determined directly and nondestructively by straight-
forward calibration of delay neutron response measure-
ments.
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Besides practical applications to isotope identification
and analysis in mixed systems, the present methods are
shown to be especially sensitive to “special” (fissile)
versus “safe” (fertile) fissionable materials—a distinction
of great practical importance in nuclear inspection and
surveillance techniques. Full exploitation of the methods
described herein promises a wide range of applications in
the nuclear industry as well as in the emerging field of na-
tional and international nuclear safeguards and control.

The symbols utilized in the following description are
conventional in the art and are more particularly fully
explained in G. R. Keepin, Physics of Nuclear Kinetics,
Addison Wesley Publishing Co., Reading, Mass. (1965).
(Library of Congress Catalog Card No. 64-20831.)

Subcritical configurations

The decay of delayed neutron activity following neu-
tron-induced fission of various fission species (isotopes)
has been measured and analyzed into six major groups
based on their decay periods which range from ~ 0.2 sec.
to ~ 55 sec. Although the six group periods are similar
(but not identical) for all the major species undergoing
neutron-induced fission, marked differences have been ob-
served in relative group abundances and energy spectra
of delayed neutrons from the various fissioning species.

By detailed examination of the mass and charge dis-
tributions of the various fissioning species, these delayed
neutron yield and spectral differences have been correlated
with the known variation of average fission chain length
from one fissioning isotope to another. Thus the longer
average B-decay chain lengths in fission of the high-neu-
tron/proton-ratio species (e.g., U8 and Th232) account
for increased yields of particular (especially short period)
delayed neutron precursors which exhibit minor or negli-
gible yields in fission of the shorter-chain-length (“low”
neutron/proton ratio) species, such as U333 and Pu3¥®.
This “chain length effect” is most apparent among the
short period delayed neutron groups; i.e., the increase of
fission chain lengths in the sequence: U233, Pu239, Py24o,
U235, Th232 and U8 fission, correlates directly with in-
creasing absolute yield of the fifth and sixth (shortest)
delayed neutron groups as one progresses through the se-
quence from U333 to U238,

These delayed neutron yield differences (as well as as-
sociated spectral differences to be discussed later) are
uniquely characteristic of the individual fission species,
and can be exploited to provide a unique method for non-
destructive detection, identification and analysis of indi-
vidual fission isotopes in unknown mixtures of fissionable
and nonfissionable materials. :

In essence, the major technique described herein in-
volves irradiation of a system or sample of unknown com-
position with an intense, “instantaneous” pulse of neutrons
(i.e., pulse duration short compared to all delayed neutron

periods, 7;) and analyzing, by special methods, the meas-’

ured kinetic behavior of delayed neutron activity follow-
ing the pulse. Modulated or DC (i.e., saturation) irradia-
tions may be similarly analyzed to provide complementary
data to that obtained by the pulsed technique. As will be
seen below, the short pulse irradiations (short compared
to all ;) generally provide optimum discrimination be-
tween the delayed neutron response curves of the different
fissioning species. Neutron irradiations of varying dura-
tion can be produced by a compact ion accelerator, neu-
tron flash .tube, focused plasma or thermonuclear pulsed
neutron source, radioactive «,n or <,n neutron sources,
and by continuous or pulsed reactor (e.g., Godiva-type
burst facility).

To outline briefly the analytical basis of the present
method, we start with the delayed neutron emission func-
tion D(¢) which expresses the time dependence of delayed
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radiation (ifradiation fime, 'T<<rl) producing FT fissions

in the irradiated sample:

.. - 8. :
Dlt)y=1%)FT S aikiehit )
‘ i=1 1)
Here, v (sometimes also-designated n/F) is the absoluite
yield of: delayed heutrons per fission and &, A;‘are the
theasured abundances and decay constants of the delayed
fieutron ‘groups for a giveh fissionihg Species. we w1sh
to compare the nurmbers of delayed heutrons ‘erditted in
vatious time inteivals following bysth inStantaneous ahd
sat‘uratron irfadiations. First 'we consider a-dingle fission
speties; latstr the results- willl be generalrzed ‘to miXtures
of séveral different fissioh species.

The nuifiber of delayed néutiohs emitted between +=0
(end of irradiation) =hd -an arbitrary tifne fiducial, f fol-
lowing an instantaneous irradiation is

fD(t)dt_(ﬁv)FTf SSeertvdi=
‘ (ﬂﬁ)FTZa(lh'c‘W)

. (2)
For the special cases ‘0f very short and véry long -courit-
ing 'tithes, Bifdtion 2 reduces o

J:) D(t)dt—)(ﬂ?)i«"TfE ai; fbf.f((fi
' 1

— (B FT for>m 13)
(Rhay be hoted 'thit the case
I, Doy

forrits the basis of the promipt burst method of measuring
-absolute delayed fi€utrenh yields. This ‘method has béen

used 'to Teasure -absolute delayéd meutron yields in fast

afid ‘therfrial fission of all the .main fission species ‘of prac-
tical ‘ifiterest.) o

1t follows 'that the fraction, Ry, ‘of ‘delayed meutroris
ethitted 'in the interval 0<ir<f following ah instantaneous
iffadistion s givehn By

fD(t)dt (ﬂ”)I‘TZa(l_eu)
e (6V)FT —=

2o ai(1—e)

3%
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whrch reduces to ) _ .
f De(t)dims(89)F f
—’(ﬂ”)F Ea./)\ forf>>r.

for f(('r;

e 8)
g

The fractton, Sr,, i)f delayed memro'ﬂs %mrtted in O<t<f

folloWrng a!saturatlbn ufadratloh qs!gri’renby o

st(t)dt (ﬂ")FE'(a'/‘A ).(1_6_“)
i J; De(tydi (i‘iv)FZah
T (9
which reduces to _ v Lo .
8 S,- T ﬁ'%f"_,i,/)\ Zi Ty . for. f<<,.l.
.—' unity forf>>r, (105

~We How -extend ‘the - previous ‘definitions of Ry and S,
for a smﬁlc fissivh isotope to the Cotrésponding functiohs

R,_ 'and ‘s‘, for a mixture Of Jiftererit ‘fission Species, de-
noted by t'he ‘ihdex g (1n petigial the ‘umber of major
ﬁsslomng specres 1n a given sys'tem or devrce will not
exceed 3, or in rate itistahces, 4). Thus for instantaneons
irradiations, Equation 4 may be generalized as follows:

Z(Bv)omi‘,a.o(l—e-h D)

- ‘l E(ﬂy)unT (11)

: Wh]Ch is simply ‘a welghted sum of the known :delayed neu
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For later use we introduce the cothplemenitary fraction
2 bie™M!
> -

which is simply the fraction of delayed neutrons emitted

.aftet time fiducial, f, -(i.e., in 'theinterval f<t<0).
Turhing to the case of Saturation irradiations, the emis-

sion funétion Dgl(t) represents delayed neutron -activity

T

55

tron kmetrc fumictions
IR

for each isotope, q, the werghtmg factor being the frac-
tional delayed ngutron .yield (or production) from -each

isotope. For the speclal case of very short f, Equation 11
reduces 4o
_ 2 (av)oszza.ox a
_B . .
t E(ﬁ”) °F° for f(('n

(12)
whlch -again is srmply a welghted sum of the khown

functions
2oaiN
i

for each jisotope. From measured :delayed neutron decay
tharacteristics for aM :the ‘major fission species, precise
numerical values of

z:,l:li)\i
4 '

-.. -and their ,propagated‘_trr-ors (as wel as .the -first .and sec-

60

as @& function -of time followihg -a saturation -irradiation

N(ipadiztion ‘tithe, T33sr) 4t con¥tarit fissioh rate, F:

De(f) = '(B‘ﬁj)'i"’yi}aié"“ (6)

Heénce 'the Rumber of delayed rieutrons emitted in‘the tiiie
intérval '0&#< f Tollowing a saturation irradiation -is:

J; Ds‘('i)at'='(';97')ﬁ'j; 'g_‘,'aie*ﬂ‘dte

85

70

(B T @M1 M)

("

75

ond moments of the delayed neutron decay coristants and
mean lives) have been determined recently for-all major
fission species.

For saturation irradiations, Equation .9 may be general-

'«1zed as follows:

N E(aw)woz‘,a.o/x °(1—e%°')
Sg—’
: : (ﬂW)"W" a."/)\ a
Z‘., Z‘.. 13)
‘For the s’pecra.‘l cdse of very Short f, Equa‘tron 13 reduces
+0
S5 gr)asas
NN BT
E 2 (’B;) q'ﬁ'_qz:aiq/,xiq ‘for f<<'ri
q 1

(1)

am
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and the reciprocal of S, is agam a delayed neutron-yield
weighted sum of the known klnetlc functlons ’

Za."/)\."
i

Since the expression Sy, given in Equation 13, does not
lend itself to isotope analysis applications, an alternative
formulation is the ratio, Sy—,,, of delayed neutrons emitted
in the time interval 0<¢t<f following a saturation irradia-
tion, to those emitted in a fixed short time interval, A<
following the irradiation

2 (B7)aFe 213 (@:9/7;9) (1—e~N%)
__a
Sra= A > (B)eFa

= :

(15)

We also introduce the complementary ratio, .Sf+/u for
delayed neutrons emitted after time fiducial, f (i.e., in
the time interval f<t<e):

2 (BP)aFe 213 (@i9/n;9)e N
q
A D (BF)IFe
q

Seta=
(16)

These expressions have the desired tractable form of
a weighted sum of known delayed neutron kinetics func-
tions for each isotope, g, the weighting function being,
as before, the fractional delayed neutron productlon from
each ﬁssmnlng species.

Letting [W] symbolize the process of weighting with
fractional delayed neutron production from each fission
species present in a given mixture, the preceding develop-
ment can be summarized very simply as follows:

For Burst Irradiations:

=W 3 ai(1—e)

Rpo=[W] Za-.e‘“'
i

(17N
For Saturation Irradiations:
Sii=a" W] Z:_a;/x;(i#e—w) ‘
A-W] Z.aa/)\;e—h' 18)

8ta=

L1m1tmg values ‘of these functions for very small and very
large va]ues of f are tabulated below.

f<<i Quentity f>>;
fMzen  Be 1

1 .
1 Rr 0
fla ‘ Se/a A"[W]?liaa/)\i
A"IW]i’Jai/M Srt/A 0
ﬂ[W]‘l’Jai/M)'* I3 1

Precise numerical values of
Zai)\;
1
and .
2;_‘,%/7\1

have been determined recently, together with their least-
squares propagated uncertainties, for all the major fis-
sion species. These data are included in the following
table giving first and second moments of the delayed
neutron decay constants and mean lives.
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TABLE I—_MOMENTS OF DELAYED-NEUTRON MEAN-
LIVES AND DECAY CONSTANTS (INCLUDING LEAST-
SQUARES PROPAGATED UNCERTAINTIES)

UM um Pus
Zai/hi(sec.). . 127530, 1834 17,8760, 2866 14. 64450, 1698
Zaihi(sec.") . 0.43534:0.0109 0.30040,0194 0. 38880, 0126
Zainil(secd).. - 466.06=12 643 804.07=22.302  532. 94==10. 957
Sahi(sec.) . -........ 0.6820.0464  0.376=0.065 0. 564=:0. 042

Puo . Log: L] Thin
Zaihi(sec.) . ... . 13.467+0.2624 7.6803=0.1025 10, 059==0. 1657
Zahi(sec. ') 0.44280, 0255 0, 784740.0179 0. 5169==0. 0165

~ 460.68=11. 636
0. 7530, 111

Zai/hi(sec.?). .
Zairi%(SeC. ) o eeee ...

219.10==4. 313
1. 7120, 080

370, 62=8. 965
0. 7680, 057

The R, (burst-response) functions clearly emphasize
the shorter-period delayed neutron groups and the S;
(saturation-response) functions emphasize the longer-
period groups. This capability for selective emphasis of
both extremes of the delayed neutron period spectrum
provides two complementary time-:fiducial methods for
identification and analysis of individual fission isotopes.
Intermediate cases .(between pulsed and saturation ir-
radiations) are clearly obtainable through the use of
modulated neutron source.

From the foregoing development it follows that meas-

ured values of Ry (and also Sy,,, when desired) for various
f values (time fiducials defining various time intervals)
can be used to determine fractional delayed neutron yields
from each major fission isotope in a given mixture of
fissioning species. In such an analysis a linear superposi-
tion on known kinetic functions

(e'g'7 Zai(l - e-)‘“)

in the case of R—,_ measurements with unknown coeffi-
cients (fractional delayed neutron yields) is obtained in
each time interval. The number of simultaneous equations
in these coefficients (i.e., number and range of time
intervals) can be judiciously chosen to suit the precision
of the experimental data and to optimize the sensitivity
and accuracy of the analysis in a given situation.

To indicate generally the capabilities and accuracy of
the time fiducial method, we examine the dependence of
R; and S;/A functions on f. Computer calculations of
R;_ and Ry, versus f are plotted in FIG. 1 for U323, [J238,
U233 and Pu 9. Each R;_ curve approaches its limiting

value
2 e
1

for small f. Relative magnitudes of Ry_ values (and Ry,
values, as well) for the different isotopes are clearly an
index of the sensitivity or isotope-discrimination-power
of the Ry method. Ratios of R;_ and R;, values—"isotope
discrimination ratios’—as a function of f are shown in
FIG. 2 where appropriate limiting values are again in-
dicated for small f. It is seen that optimum isotope dis-
crimination in Ry_ measurements is obtained in the range
of small f values (< 0.1 sec., say), while optimum dis-
crimination in Ry, measurements is obtained at the larger
f values (> 10 sec., say).

The ratios, Ry_/Ry, for each species, can be used to
provide still greater discrimination between individual
species, as will be discussed below. It may be noted here
that such ratios—[e.g., Ry_ (0.1 sec.) /Ry, (50 sec.)]—
constitute a measure of the average delayed neutron decay
“slopes” (early to late neutron emission) for the indivi-
dual species.

Computer calculations of the kinetic functions A-S;, .
and A-S;_,, versus f (cf. Equation 18) are plotted in FIG.
3 for U5, UBs U238, and Pu?¥, Appropriate limiting

values,
>/
1

-are indicated at large and small f. Ratios of Sy, ,, values
are plotted in FIG. 4. S;_,, ratios are not plotted as they
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are generally too small to be of practical mterest
their maximuam limiting value is

1Eﬂ/ Ai

at large f, which is just the limiting minimum value of
St/ ratios (at small f). )

In the respective time regions of their maximum values,
R, and Ry, ratios emphasize completely different ex-
tremes of the delayed neutron period-spectrum, and hence
constitute essentially independent measurements. Ac-
cordingly, we multiply appropriate optimum ratio values
(from FIGS. 2 and 4) together to obtain “effective dis-
crimination factors” (cf. 1able II) for the two isotopes
concerned. These factors are seen to be simply ratios
of delayed-neutron-decay “slopes” as defined above for
the individual species.

It is noteworthy that an effective discrimination factor
as large as 10 is obtainable between the uranium isotopes
U238 and U233, g factor of 5 between U238 and Pu?®, and
a factor of over 3 between U238 and U235, Similarly excel-
lent discrimination is obtainable between U232 and Th?32;
the R; and S,,A methods should find extensive pract:ca.l
applications to assay and burnup determinations in Th232-
U333 breeders and converters as well as to U238_Pu23 gys-
tems. Also the large effective discrimination factor between
U235 and U238 recommends the present methods for rapid,
nondestructive determination of isotopic abundances in
enriched uranium fuel samples. The smallest discrimina-
tion factor (~1.4) is obtained between U235 and Pu?¥.

10

25

30

8
TABLE IIL—AVERAGE DELAYED NEUTRON DE-
CAY “SLOPES” CHARACTERISTIC OF INDIVID-
UAL FISSION SPECIES "

Fission species: R;y—(0.1 sec.)/R;+(50 sec.)

U2 2.06
U»s 0.626
Pu% ______ 0.458
U - 0.290

Delayed neutron decay slopes—being a combination
of Ry~ and Ryt values—provide a more sensitive meas-
urable characteristic of individual fission species than
either Ry~ or Ryt values alone, in specific numerical
terms, if the observed slope,; Ry~ (0.1 sec.) /Ry+ (50 sec.).
of an unknown mixture of fissioning materials exceeds
0.7, for example, the presence of U238 is clearly indicated
(cf. Table III). Similarly the presence of U232 is indicated
if measured delayed neutron decay slope falls below
~0.44. In systems where U233 is not présent (which in
fact applies to nearly all practical cases) a measured
decay slope less than ~0 60 would indicate the presence
of Pu?®.

From a practical standpoint, the actual degree of dis-
crimination ultimately obtainable between fission species
as similar as U235 and Pu2® (which exhibit the smallest
difference in delayed neutron kinetic characteristics) must
be investigated experimentally. Many approaches are pos-
sible, and warrant further careful and systematic labora-
tory investigation uader various practical conditions. For
example, in systems where the other major fission isotopes

TABLEIL —EFFECTIVE ISOTOPE DISCRIMINATION FACTORS OBTAINED
RO

M Ri., R+, AND Srt/a MEASUREMENTS

Effective Dis-

Effective Dis-

crimination crimination

R~ Ratio R+ Ratio Factor (Ri— Syt/a Ratlo Factor (R~

Isotopes (f=0.1sec.) ([=350sec.) and Ri*)  (f=50sec.) and Syt/a)
Ums, Une_ . 1.75 1.88 3.30 2.18 3.80
U, Pu™,..... 2.0 2.3 460 2. 60 5.2
Ume, UM L. 2. 56 2,85 7.30 4.0 10.2
N 1.12 1.23 1.38 *1.19 1.33

X 1. 42 1.52 2.15 1.82 2.60
1.28 1.23 1.58 1.52 1.94

TAt [=20 sec.

1t is clear from FIGS. 2 and 4 that still higher discrimi-
nation factors between all combinations of 1sotopes in
Table II {(except Pu2¥®. and U235) are possible using f
values larger than 50 sec. In some cases, however, the
available delayed neutron intensity may limit the statistical
accuracy of Ry* or Ci*,, measurements for f>50 sec.
(cf. later discussion of experimental technique and ac-
curacy of measurements).

Before any analysis of relative amounts of fissionable
material can be carried out, one maust first identify the
major fission isotopes preseat in a given system. Consider
first the response to fast neutron {e.g., 14 mev.) pulsed
irradiations. From FIG. 1 we see that the presence of U238
as a major fissioning species will be indicated by meas-
ured R;— values in excess of the corresponding Ry~ (U23%)
by more than a few percent. The same conclusion holds
if meéasured Ry* is less than Ry+ (U2¥%) by more than a
few percent. In specific numerical-terms this means, for
example, that U8 is present if measured R;~=.045 at
f=0.1 sec., or if E,—"fz.O‘G at f=50 sec. Simiia.r_l_y_for satu-
ration irradiations in FIG. 3, if measured A-S;+,, is less
than ~12 for f<0.5 sec., then U8 is present. as a major
fissioning- species. This same approach can be applied to
identification of U233 as a major fissioning species in an
unknown system. Thus typical measurements establish-
mg the presence of U2% would be be xi=. 035 at f=0.1 sec,,
Ryt=.085 at f=>50 sec., or A- S,+/A~15 for f<1 sec.

Identification of 1nd1v1dua1 species can be carried out
still more effectively on the basis of R;—/R;* ratios (de-
layed neutron decay “slopes”) for the individual species.
Numerical values of these slopes (for the time fiducials
0.1 sec. and 50 sec.) are given in Table III.
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are identified, and there remain's ‘only  ambiguity between
U325 vs, Pu?d, one can make several measurements at
well-chosen f values (or take detailed multichannel time
analyzer data; cf. subsequent section on time analyzer
tcchmques) and perform least-squares fits to the data
assuming, in turn, the presence of Pu23? and then U235, The
speed of convergence and/or standard deviation of the
overall least-squares fit to the. data could then be used as
a criterion for identification of U3 Vs. Pu#%. In certain
inspection and surveillance applications-it is not always
necessary to distinguish in detail between Pu23? and U235
components in a given system, it being sufficient to deter-
mine the combined U2¥-Pu23 (and U323, if present) “ac-
tive” material contribution relative to the U238 (or Th232)

“safe” material (k.<(1) contribution in the system. Such
an ana1y51s is, of course, readily obtained through appro-
priate Ry and S,/A measurements.

In systems where identification by delayed neutron
response alone is difficult, one may empioy the supple-
mentary technique of high-resolution gamma spectrometry
for identification of individual 1sotopes (this techmque is
discussed in a later section).

Th232 has been largely ignored here for several rea-
sons. Firstly, Th?3 has nearly an order of magnitude
smaller fission cross section for fast neutrons (e.g., fission
spectrum to 14 mev.) than the other major fission species.
Secondly, with the exception of the new large thorium
reactors, Th232 is simply not used as a fissionable material
in practical fission systems and devices. Its future use will
likely be confined to large breeder and converter reactors,
where its presence should certainly be well known. Never-
theless, where Th232 is a major fissioning species (as in
future Th22-U23.cycle breeder reactors), it can be
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readily identified and analyzed by the delayed neutron
response methods outlined herein. For example, from
Table I one obtains good discrimination ratidés between
U3 and Th?32 of 1.72 and 1.78 (for Ry~ and S;*,, ratios
respectively at small £); and of course considerably larger
discrimination ratios are available from Ry* and S;+*,,
measirements at large f (cf. FIGS. 2 and 4).

Separate neutron irradiations with subthreshold fast
neutrons (E;=1.3 mev.) and with superthreshold fast
neutrons can clearly be used to provide furtherdiscrimi-
nation between’ the fissile—and the threshold—fissioning
species (notably U235, U233 and Pu3® vs, U28), . (The de-
layed neutron parameters, a; and A, are not sensitive to
the energy of the neutron inducing fission.) Pulsed,
modulated or DC neutron sources with E,<1.3 mev.
[e.g., accelerator-produced monoenergetic neutrons or
soft-spectrum encapsulated or mechanically-modulated
radioactive neutron sources such as Am3l.a-Li? or
Pu28.4-Li7 (viz: movable interleaving surfaces coated
alternately with the a-emitting material and with Li7)
with maximum Ep~1 mev.] can be used most effectively
to detect fissile species, e.g., U235, Pu%®, U233, exclusively,
with no contribution whatsoever from threshold fissioning
species, e.g., U8 and Th332,

While almost any degree of neutron moderation will
not seriously affect isotope identification and analysis of
the thermal fissioning species, U5, Pu29, and U323, it
should be noted that neutron moderation (slowing down)
in systems containing appreciable amounts of light-ele-
ment materials can hinder or prevent the identification
and analysis (not necessarily the detection) of threshold-
fissioning species. In highly heterogeneous systems, there
could arise perturbations due to differential self-shielding
of delayed neutrons from the different fission species; im-
plicit in the present development is the assumption that a
flat-energy-response detector “sees” all delayed neutrons
from the system equally well. Fortunately we aré dealing
with fast neutrons, so the assumption of system “transpar-
ency” is generally good, and high-efficiency, flat-response
neutron detectors are readily available. Of course, prob-
lems are bound to arise in practical applications of de-
layed neutron kinetic response methods to various types
of complex, heterogeneous systems, and a systematic pro-
gram of experimental investigation of the full potential
of the present techniques applied to such systems is clear-
ly indicated. L

We now consider, by way of illustration, representative
experimental conditions for typical pulsed irradiations of
a mixture of fissionable material. Modern compact, port-
able pulsed neutron sources are capable of producing
time-average yields well above 101! neutrons/sec. using
the D+ T->n-+He* reaction. The newly developed ‘“neu-
tron flash tube,” for example, can produce~10!¢ D,T
neutrons in a 30-msec. interval at any desired pulse repeti-
tion rate. More intense pulsed neutron sources are being
developed specifically for the delayed neutron response
techniques described herein, and some two orders of mag-
nitude increase in neutron pulse yields are presently ob-
tainable (e.g., 3 10!2 neutrons in 0.15 usec. with a
focused dense plasma source). Here we assume, very con-
servatively, (1) a pulsed source strength of only 1010 D,T
(14 mev.) neutrons/pulse and (2) a geometrical cou-
pling factor of 10% between the source and .the system
(i.e., roughly one steradian intercepted at the source by
the system). Now if we assume a hypothetical system
containing a mixture of 5 kg. of U3% and 25 kg. of U238,
all in a steel case for example, a pulse of 101* D,T neu-
trons would produce ~3%107 UM fissions and
~7x107 U3 fissions. This would result in the birth of
5x 105 U235 delayed neutron precursors and 3 108 U238
precursors. Assuming a nominal 1% neutron detection
efficiency (actually in multi-detector 4= counting geom-
etries, 90% or higher overall efficiency is readily attain-
able) the initial delayed neutron counting rates would be
2% 103 counts/sec. for U233 and 2X 10# counts/sec. for
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10
U8, A total of 5 102 U235 delayed neutrons and 3 10*
U8 delayed neutrons would be detected following each
neutron pulse. It must be noted, however, that higher-
yield pulsed neutron sources and higher efficiency detec-
tors will increase the above numbers by very large factors
(i.e.,, by 103-10¢). In a given experimental situation, of
course, the number of pulsed irradiations {as well as the
geometry of source(s), system and detector(s)] can be
varied as necessary to achieve desired statistical accuracy

in each f-defined time interval.
With “flat”-energy-response high-efficiency neutron de-

tectors, Ry values can be readily measured to considerably
better than one percent statistical accuracy in reasonable
counting times (minutes, in most cases). The basic kinetic
functions R;_, Ry, and A-S;,,, are known to an accuracy
of a few percent, as may be inferred from the uncertainties
on the limiting forms .
Za;)\;
1

and
S>ailn
1

[In Table I the least squares propagated uncertainties in
Zap\ range from 2.3% for U238 to 6.5% for U3, with an
average of ~3.6% for all isotopes. The uncertainties in
Zay/M range from 1.2% for Pu?3 to 1.7% for Th3? with

an average of ~1.4% for all isotopes.] Values of (8»)9
are also known to a few percent accuracy. Therefore the
relative number of fissions of each major fissioning iso-
tope present in an unknown mixture can be determined

directly and quantitatively by the Ry (and St/a) methods.
Appropriate fission cross section ratios can then be used
to determine the relative amounts of each major fissioning
isotope present if this further information is desired.

As we have seen, the experimental techniques for meas-
uring Ry (or b_',:) are simple, direct, and do not require
expensive equipment. The method does not require abso-
lute detector calibration or fission monitor counting (al-
though in some cases fission ratio determinations—either
calculated or measured—may be desirable to determine
relative amounts of each major fission species present).

Since B decay is essentially forbidden for half lives
shorter than ~0.1 sec., delayed neutrons are not expected,
or observed, to exhibit half lives shorter than 0.1 sec.
Thus delayed neutron kinetic response methods offer the
great advantage that all measurements are made in a time
domain which is completely free of time-dependent
perturbations due to prompt neutron higher-modes,
thermalization and diffusion effects (confined to the sub-
millisecond time region), neutron time-of-flight smear,
etc. Further important advantages are: (1) “environment
insensitivity” (to the presence of inert materials; high
radiation backgrounds; to prompt neutron effects; etc.),
and (2) the high “penetrability” of fast neutrons through
bulk media—<learly of major importance in detection
and fission isotope analysis applications.

Equations 17 and 18 can be generalized to an arbitrary
number of time intervals for analysis of multichannel-
time-analyzer decay data to obtain fractional delayed
neutron production in a given system. The fraction

K: of delayed neutrons emitted in the nth time channel
(tn_1<1<1,) following an instantaneous irradiation is
[cf. Equation 11]: .

2 (B3 FT Zai(e—h"cn—l_e—“"
- 1
B S EHFT
q

Similarly Equation 15 is generalized to the multichannel
case: :

c,.)

R,

Z(ﬂ'ﬁ)qﬁ'q Za;"/)\ﬁ(e‘“q‘n—l— e—xi"c..)
q 1
AD Y (Bi)Fa
q

Sn/A=
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Thus, in general for g isotopes and n=q time in-
tervals, a set- of R, (or §;) measurements give n equa-
tions in a g unknown coefficients (fractional delayed
neutron yields). The number of time intervals, n, can
be- adjusted to suit the precision of the experimental
data simply by appropriate grouping of individual time-
channel data from the multichannel analyzer. In the
usual case m>>q, standard computer least-squares tech-
niques can be used to obtain best fitted values of frac-

tional delayed neutron yields from measured lTn' (and

'S-n—/:) data and the known delayed neutron kinetic func-
tions evaluated at each time channel. This more detailed
method of computer analysis of R, (and S,,,) delayed
neutron response offers attractive advantages, including
some further improvement in isotope-discrimination
power. However, for many routine analysis applications
the more straightforward R; method may be preferred
for its simplicity and operational utility.

Based on calculated end point energies for the delayed
neutron emission spectro from -identified fission product
precursors, increased discrimination between various
fissioning species can be realized by the use of energy
biased neutron detectors (or differential neutron energy
spectrometers based on the He3(n,p) or n,p scattering
reaction) in the delayed neutron response measurements
outlined above. Calculated maximum energies, E, ., =
Q,—By, range from 2.04 mev. for Br8? (55 sec. delayed
group precursor) to 5.2 mev. for I'*0 (0.5 sec. group
precursor) and 9.1 mev. for Br® (predicted 0.2 sec.
group precursor). As expected from fission product 8-
decay systématics, the shorter delayed neutron periods
are associated with higher end-point g energies, and
therefore exhibit correspondingly higher-energy delayed
neutron spectra. As noted earlier, these shorter period
groups exhibit much greater abundance in the long-
chain-length (high neutron/proton ratio) fissioning spe-
cies such as U238 and Th232, The “early” delayed neutrons
(e.g., those emitted before f=1 sec., say) from these
long-chain-length species will exhibit a markedly harder
energy spectrum than the corresponding early delayed
neutrons emitted from the shorter-chain-length species
{e.g., Pu2® and U3). Also the exceptionally low energy
of the longest (55 sec.) delayed neutron group can be
exploited to emphasize characteristic differences in the
55 sec.-group relative abundances among the different
fission isotopes. Thus, the use of a suitably calibrated
energy-dependent detector can provide additional effec-
tive isotope discrimination (inh nonmoderated or lightly
moderated systems) by increasing the discrimination
factors (ratios of Ry or Sy, values) between the fission-
ing isotopes. These spectral measurements—and, in
particular, the new energy spectra of the shorter de-
layed neutron groups (i=4, 5 and 6)—will permit
further refinement and extension of this supplementary
technique for identification and analysis based on delayed
neutron group energy discrimination.

In its most general (and ultimately most incisive)
form, the detailed neutron response method described
herein would involve the determination of delayed neu-
tron time-energy response matrices for each individual
fission species. The measured composite response of an
unknown system would then be analyzed (e.g., by com-
puter methods of matrix inversion) into its component
response matrices weighted with fractional delayed neu-
tron yields from each individual fission species. The solu-
tions for relative fission rates, relative amounts of vari-
ous fissioning isotopes present, etc., are then obtained,
as usual, from known (8»)¢ and fission cross section data.

An auxiliary or supplementary means of identifying
various fissionable materials in an unknown sample fol-
lowing pulsed neutron irradiation involves high-resolu-
tion time-dependent gamma spectrometry (e.g., using
Li drifted germanium detectors in appropriate coinci-
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dence-anticoincidence arrangements) to observe well-re-
solved gamma lines uniquely characteristic of.individual
fission species, as e.g., U5 The required irradiation,
observation and analysis of time-dependent gamma
spectra could: very conveniently be carried out concur-
rently - with the measurement and analysis of delayed
neutron response characteristics. In high-resolution fis-
sion product gamma energy spectra, one may also take
advantage of the large yield variations (from one fission
species to another) .of particular fission product activities
to aid in identification of individual isotopes. The great-
est sensitivity of fission product yields to Z and A of the
fissioning species will be found in or near the rapidly
varying portions of the fission mass and charge distribu-
tions. Though certain .characteristic gamma lines can be
valuable in some cases for establishing the presence of
individual fission species, in general gamma spectrom-
etry cannot compete with the neutron techniques de-
scribed herein for analysis of different fissioning species
in bulk systems (cf. very high gamma background in
irradiated. ‘material and large gamma absorption and
self-shielding effects vs. the relative “transparency” of
most systems to fast neutrons).

Thus high-resolution time-dependent gamma spectrom-
etry can provide a useful supplementary isotope-identi-
fication technique which, when desired, can easily be
carried out concurrently with delayed neutron kinetic re-
sponse methods for identification and analysis of fission-
able isotopes. . o

PRACTICAL APPLICATIONS

Practical methods of detecting and identifying fission-
able material are of obvious importance in mining and
processing of atomic energy raw materials as well as in
many safety, control and.regulatory functions of the
atomic energy industry. In addition, nondestructive meth-
ods of detection, identification and analysis of fissionable
material in unknown and/or clandestine systems are
clearly fundamental to the rapidly emerging field of in-
ternational inspection, control, and safeguards of fission-
able material against diversion to a multitude of unlaw-
ful or destructive purposes. The new methods of detailed
delayed neutron kinetic analysis described herein promise
a variety of practical applications in many of these
areas. The experimental techmiques involved are rapid,
nondestructive, and relativg‘ll‘ simple and inexpeénsive.
The high sensitivity of the R; pulsed response method,
for example, in discriminating between different fission-
able isotopes is perhaps best exemplified by the practical
case of U2¥_pu2¥ gystems where an effective isotope
discrimination factor of ~5 can be obtained between
Pu?¥® and U238, (Correspondingly large discrimination
factors are .obtainable between U232 and Th232) Thus,
delayed neutron kinetic response methods are admirably
suited to the assay of Pu?¥ (or U233) in power reactor
fuel elements or breeder blanket material, or to rapid,
nondestructive evaluation of burnup in irradiated fuel.
Similarly, the large effective discrimination factor be-
tween U235 and U238 enables direct determination of iso-
topic abundances in enriched uranium fuel samples.

It is important to note that the delayed neutron re-
sponse meéthods described herein constitute a physical
sensor of the different fusioning species and therefore
can be calibrated (for given source, detector arrange-
ment) to give a direct indication of the absolute amount
of each fissionable species present in an unknown sys-
tem. Thus, for example, reactor fuel elements of differ-
ent, but known, composition can be used to calibrate a
given isotopic analysis system which then gives the ab-
solute amount of each fission species present in fuel
elements of the same type but of unknown isotopic com-
position.

The basic equipment needed to perform isotopic analy-
sis by the delayed neutron kinetic response technique con-
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sists of three basic units: a neutron source, a neutron
detector and a time analyzer. The neutron source may be
any one of several commercial types (e.g., neutron flash
tube, focused plasma device, accelerator, or reactor)
capable of producing ~10% neutrons per sec. in steady
state or modulated operation, or ~109 neutrons per pulse
(of not more than ~10 msec. duration) in the case of
pulsed. operation: Typical neutron detectors used are
He3- or BF3 filled proportional counters in paraffin
geometry to give reasonably “flat” energy response, good
.discrimination against gammas, and an overall detection
efficiency of the order of 1 percent of more. The time
analyzer unit can range from a simple, improvised, two
or three channel gated scaler to a standard commercial
multichanne]l time analyzer, dependmg upon the detail
of the time ana1y51s desired.

FIGURE 7 is a.schematic representation of the basic
‘units employed in this invention. A neutron source 1 ir-
radiates the unknown 2 and the delayed neutron kinetic
response is monitored by détector 3 and multichannel
time analyzer 4. Data from the mulfichannel time analyzer
is fed into a computer 5 to glve direct readout of the
isotopic assay.

In addition to applications of kinetic response methods
‘to identification and analysis of individual fission isotopes,
a further application of considerable practical significance
is outlined below. From the data in FIGS. 1-4 and Tables
I, II and III it is clear that maximum discrimination is
obtained between two major categories of fission mate-
rial: the so-called “‘special” (fissile) nuclear materials,
U235, Pu239(240) and U233 on the one hand, and the “safe"
(fertile) nuclear materials .(notably U2 and normal
uranium, with k.<1) on the other. This practical dis-
tinction between “special” and “safe” nuclear material
is obviously important in the field of nuclear inspection,
surveillance and control, which is primarily concerned
with the detection and identification of “special” nuclear
‘material—without necessarily distinguishing; at first, be-
tween U235, Pu238(240) and/or U233, (Isotope analysis and
more sophisticated investigations, if indicated, can- be
carried out subsequently.)

The special relevance of kinetic response methods to
this important practical problem is clear from' the sxmplc
fact that measured delayed neutron response reveals im-
mediately and unambiguously the presence of “active”
nuclear material, as distinct from all other materials.
That is, the unique, “tell-tale” delayed neutron response
from U236, Pu23(240) gr U3, or any combination of these,
cannot be duplicated by any other combination of mate-
rials (fissionable or nonfissionable). Thus in general, with
kinetic response data readily at hand it is essentially im-
possible to successfully conceal 51gn1ﬁcant amounts of
“special” nuclear material. This is not to say that a
‘would-be violator could not contrive concealment schemes
based on “neutron- tlght”,contalnment but any container
‘which is “black” to 14 mev. neutrons (as could be as-
certained immediately by a simple neutron transmission
measurement) would, in nearly every case, be such as to
arouse suspicion, whereupon further investigation and
analysis could be carried out. The implications here for
both national and future initérnational nuclear inspection
and surveillance methods are clear.

-CRITICAL CONFIGURATIONS

Certam kinetic response characterlstlcs of nuclear
chain reacting systems are especially sensitive to the de-
layed neutrons present in: the .system. Notable examples
are: (1) the decay of neutron flux following a satura-
tion irradiation at ‘delayed critical,” terminated by rapid

shutdown (“rod drop” response); (2) the decay of neu- .

tron flux following an “instantaneous™ irradiation pro-
duced either by a “prompt burst” excursion in the reac-
tor itself or by an external pulsed -neutron, source; and
(3) . the transfer- function (both magmtude and phase)
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The above readily measurable characteristics of a chain
reacting system can be used, under appropriate conditions,
to analyze the isotopic composition of fissionable material
in the system. Practical methods for performing such
nondestructive isotopic analyses are developed herein.

(A) Reactor shutdown or “rod drop” dccéy analysié

We consider first the reactor shutdown or “rod drop”
experiment wherein a reactor is operated at some equilib-
rium level (delayed critical) and then suddenly shut
down by the introduction of a negative reactivity step,
—Ak. For the equilibrium conditions ‘existing prior to the
rod drop, the space-independent reactor kinetic equations
with no external source and k,=1 (i.e., delayed critical
operation) become

dn kpo
0="2— L +Zx c, (19)
_dCi_'Yﬂino_ )
0= =1 NGy,
Thus
! Ellxicio 120G,
=TIk, %8 (20)

where 8 represents the total effective delay fraction due
to “ordinary” delayed neutrons plus any photoneutrons
present. Within a few prompt neutron lifetimes after the
drop the system adjusts to a lower neutron level deter-
mined by the new prompt reproduction number,

kPl<kPD

and remains nearily constant at this “quasistatic- level”
until it is ultimately decreased by delayed neutron decay.
At this quasistatic level the original precursor concentra-
tions, Cy,, are still unchanged and dn/dt~0, so. that

1213)\;050

M1k, (21)
and '
n{_ l_kpo__v_;ﬂ—_:
= TRy = 1—k(1—76)

1 1
ki(1+ Ak[k(%B8) 1+ Ak/ki7B

Hence the reactivity value of the rod drop in .units of
dollars can be obtained directly from the observed rat1o
of neutron level before and after the drop:

Ak me
kv nky

o

=221

n,

Rod value in dollars=
(22)

The post-drop level n; is determined by extrapolation of
the subsequent neutron decay curve back to the time of
the drop, which inevitably introduces some uncertainity.

Returning to the reactor kinetic equations, if we now
take the Laplace transform of the neutron response n(t)
following a step reactivity change Ak from initial equilib-
rium at neutron level n, we have

Bl

l+723+)\
sl+ksv Z—+Ak .

Lin(d)]1=n,
(23)-

where s is the transform variable. Now the limit of
L[n(t)] as s> o is the infinite integral of ri(¢):

lim L[n(f)]E}i_r)?J;me‘“n(t)dt=J;mn(t)dt
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so from Equation 23 with ¢,=48,/8, we have
| w—l—Za./)\ ®
lim L{n(®)]=n —Ak/T—=_L (t)dt

Since nearly all systems have prompt neutron lifetimes, !,
which are small compared to y8Za;/N\~8.3%10-2 (nu-
merical value for U35 with y=1) we have the practical

result
Rod worth in dollars= M
kvﬂ
n(t)dt
0
- 12.75n,
® nlt)dt
. fo ¢ (24)
where
>ailni=12.75
T

is the numerical value for U235, In Equation 24, n, is
the neutron counting rate before the rod drop and

J;mn(t)dt

is the total neutron count following the drop. No appreci-
able error is introduced by small uncertainties in the time
the integral count is started. It may be noted that this
technique does not require separate measurement of
differential neutron flux vs. time during delayed neutron
decay and it avoids bothersome uncertainties in extrap-
olation -of detector response back to zero time.

As with any rod-drop experiment, good results depend
upon equal sampling by the detector of pre-drop and
post-drop flux. The resulting elimination or minimization
of the spatial dependence of measured reactivity can
usually be accomplished by judicious location of the
detector (or detectors), i.e., at a point (or points) where
response will be proportional to roral flux in the system
both before and after the drop. Combinihg Equations
22 and 24 we have

l——]f (z)dzz[———]f n(t)dt

(25)

La/n=

expressing the kinetic function Zgy/); in terms of measur-
able rod drop quantities, n, and n;, the neutron countmg
rates before and after the drop, and

J;m n(t)dt

the total neutron count following the drop. Now the
quantity =a;/A; is rather sensitively dependent upon
fission species. Precise numerical wvalues of Za;/\; and
Zap,, together with -their least-squares propagated un-
certainties for all the major fission species, are included
in Table 1 giving first and second moments of the delayed
meuiren decay comstants and mean-lives.

For mixed isotope systems, let [W] symbolize the
process of weighting with delayed neutron production
(Bv)9F9, from each fission species, g. Then Equation 25
becomes

Z(Bﬂ"ﬁ";ai"/)\i"
AN = q
[W]Z:a./)\. Z(ﬂ"’)"ﬁ"’

_;l__]f umu{———]f1mw

(26)
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representing a delayed- neutron-ylcld weighted sum of the
known kinetic functions,

Zaq/)\q

for each’ species, g. The approprlate value of k=1 can
be estimated from the rod drop value in dollars, as given
by the factor, ny,/n;—1; it should be noted that results
are not ' sensitively dependent upon the assumed value
of kl

Thus analysis of rod drop decay (i.e., mtegra.l ‘decay
data—complete time-dependent decay data are not re-
quired) can be used to identify and analyze the delayed
neutron production- from the major - fissioning 'species
present in a chain-reacting system of unknown composi-
tion. From known delayed neutron yields (8»)4 for each
species the relative number of fissions of each major
fissioning species present in the unknown (reasonably
homogeneous) system can then be determined by the
methods described below. Using approprlate ﬁSSlOl’l Cross
section ratios, it is then poss1b1e to determine the rélative
amounts of each ma]or fissioning isotope present, if this
further information is desired.

If necessary, corrections to observed decay constants
and abundances for sabcritical multiplication effects fol-
lowing a rod drop can be calculated from the following
equations (assuming initial saturation of all delayed
neutron group precursors):

s B
TR Ak

=n[1-5fg (27)

The shape of the observed delayed nentron decay is quite
insensitive to the ‘actual worth of the rod drop. Viz Ak
introduces only a constant scale factor on all abundances
with no change in shape of the decay, and Ak introduces
only a slight perturbation on A, for Ak =108 (i.e., = $10
rod drop). Also, since we are looking only at the shape
of the delayed neutron decay, the troublesome perturba-
tions due to higher prompt harmonics are automatically
eliminated.

Although the rod drop method just descrlbed is clearly
best for short drop times (short compared to delayed
neutron periods), any actual rod drop always requires
some finite time for completion. In those cases where
drop times are not sufficiently short, the question arises
as to the most appropriate time to choose as the effective
drop time for an idealized instantaneous rod drop.of the
same magnitude. The most direct approach is to deter-
mine that effective instantaneous drop time, T.y, which
gives the same flux-vs.-time dependence as the actual flux
decay curve at long times (many r;) after the drop. To
develop an expression for Teyy, we first consider the n(r)

- dependence following an idealized reactivity step func-

60

65

70

75

tion. Taking the inverse Laplace transform of Equation
23 for a true reactivity step, Ak, yields a simple super-
position of exponentials for n(t) behavior:

7
) — N.evit
n(t_) ]2__} i€ (28)

where the wy (also.called S;) are the roots of the “inhour
equation” and the normalized coefficients Ny are giyen by

l+1z;w,-|—)\

l+k2(wl+”2

Ni=
( 29)
Turning now to an actual rod drop of the same overall

reactivity worth, Ak, but of finite duration, the true re-
activity-vs.-time profile of the drop can be inserted imto
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lt.he RTS kmctlcs code or its equivalent’and the resulting
"néiitron flux Vs, time computed (nsing iterdtive- methods).
-Now if we-let-N'-represent -the values of -the- RTS-
computed ﬂux amplitude_ coefficiciits .(in an exponential

tod ‘drop, then the decay.of neufron “density,
(or ﬂux for t>T (where T is the duratlon of the ﬁmte
drop) can bé: represented by e

_ wl(_ V ‘.,',
n(t) ;N,e T (30)

At long trmes after the drop, the ﬂux decay reduces to a
single exponential term in w; (corresponding to the longest
delayed neutron perrod) so.that for £»7, Equations 28
and 30, can be equated as follows:

N'em(t Tau)—Nl ew;(t -1 for >7; , (31)

Equatlon 31'is the desired’ expresslon for T," which gives

-for n(t)-similar to Equation 28 at the end -

10

15

the same flux-vs.-time dependence as' the actual’ flux

decay curve at long.times after thé drop.

Of course any slight dependence of a given rod drop
measurement on residual subcritical multiplication and/or
finite drop time can be observed directly by repeating the

‘20

.measurement at various values.of subcritical multiplica-
.

tlon and drop time. .

i’ the system under 1nvest1gatlon is well shutdown
(>$10 subcntrcal) following a rod drop, we have A\j=~2’,
‘and as we have seen the a; and a;’ can differ.only by a

25

“constant factor, and hence do not aﬁ‘ecz the shape of de- ..

layed neutron decay Then one may apply the time- -fiducial
.S analysis method (described earlier under “Subcritical

‘Configurations”) for the case f<<r. Thus defining Sy

for a mixed isotope system.as the fraction of all delayed
-neutrons which are emitted prior to the time fiducial f, we
have from Equatron 14:

[W]Za N=fI8 =

Sy “total delayed neutron counts
7 counts observed prlor tof.

] for f<<'r|

(32)

The above expresslon for the delayed-neutron y1eld werght-
ed sum of the kinetic functions '

Zm/k

is expressed in terms of the shape of the delayed neutron
:decay only, and. thus! avoids posslble perturbatlons due to
prompt neutron harmonics (e.g.,’ as: could"be:present-in
the ny term in Equatron 26.

Except in the case f<<rl referred to above, the Sy analy-
sis method just mentioned does not.lend itself- to 1sotope
analys1s applications. An a.lternatlve formulatlon is the

fiducial f (i.e., for f<t<oo) to those emltted 1n a ﬁxed
short tlme 1nterval A<<-r1 _' o :

Zm)«F«Z(av/x S
:‘Az(ﬂ")qu (16)

:Thist expression “has the deslred tractable ‘form of ‘a
aweighted ‘sum of ‘ known delayed ‘neutron kinetics. func
tions: for:each 1sotope -g;-the welghtmg function berng, as
before,! the fractlona.l delayed neutron productlon from
each ﬁSSlOl’l specles (Note that in the llmlt Co

Sl+/A =

oo 5‘ f<<1’h Sl’+/A_>A 1[W]2a1/7\1 s

Wthh 1s essentla.lly thc reclproca.l of S ) }
By varyrng fin S,+ /a measurements ‘one can obta1n any

deslred number of determinations of relative delayed neu-

tron production in an unknown system. Also.to check on
possrble pert'urbatlons due to initial power level and self-
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-mum discrimination between U23% and the

18.

_l‘multrpllcatron of the shutdown system following the rod

‘drop,,SH_,A measuremcnts can be repeated at various ini-

. tial power levels and at various shutdown reactivity values.
If .necessary, appropriate corrections can be applied - for

these effects as well as finite:rod drop times.

It is noteworthy- that the SH_/A method prov1des maxi-
‘special” nu-
clear materials (notably U323 and Pul®) at large f values.
This is ﬂlustrated in FIG 5 showmg A- S,+ /s for the spe-
cies U330, Pu2sv(a40), [Jasé and the ratios (dashed curve) of

A-Sti/a values for U2, compared to an average of st

-and Pu2® together. It will be noted that A- S, +/a values for

Pu?¥ are greater than those for U%S at sinall f and are
smaller than for U#5 at large f. At the cross-over point,

~175 sec A- Sf+/A va.lues for Pum and U35 are equal so
a measurement at this value ‘of,f would distinguish be-
tween U8 and the combmed U3 plus Puish (0 present,
with an effective dlscrlmrnatlon factor of 3.1, as shown

by the ‘dashed curve in FIG. S.S;,,, measurements at
other f values can of course be used to distinguish between
U235 and Pu?* and other isotopes, if present (cf. FIG. 4).
The ultimate in isotope discrimination power is to be
expected from a multichannel analysis of delayed neutron

-decay following shutdown, rather,than the f time-fiducial

:method used in SH,A analysis (which, for a single f value,
amounts to two time channels). Thus Equation 16ican be
generalized to an arbitrary number of time channels (the
nth time channel being the interval £, _;<t<f,) as follows:

Z(ﬂ")"F"Za Xiq(e_)\iqtn_l_e—)\iqtn)
AZ(m)oF'o

S.,/A—
(33)

Thus in general for g isotopes and n=>¢q t1me 1ntervals

‘a set of Sn/A measurements give n equatlons in'g unknown
coefficients (fractional delayed neutron yields). The hum-
ber of time intervals, n, can be adjusted to suit the pre-
cision of the experimental data simply by, appropriate
.,grouping of individual time-channel data from the multi-
channel time analyzer. In the usual case n>>q, standard
.computer least-squares-techniques can be used to obtain
best fitted values of fractional delayed neutron y1elds from

measured S,,/A data and the known dclayed neutron kmetlc
'functions evaluated at each time channel. This more de

Italled method of computer analysis of S, delayed neutron
response offers attractive advantages, including some fur-
ther improvement in isotopé.discrimination power. How-
ever, for many routine rod-drop analysis applications the
more direct f time-fiducial methods discussed herein will
probably be generally ‘preferred for their simplicity and
operatlonal utility.

(B) Pulsed reactor or pulsed source decay analysls

We consider now the decay of neutron flux following an
“instantaneous” irradiation produced by one of two meth-
ods: (1) a “prompt burst” excursion plus scram shutdown
of a pulsed reactor itself or (2) by pulsing the shutdown
system with an external pulsed neutron source of sufficient-
ly large yield. [The Dense Plasma Focus device recently
described provides an extremely intense, compact, pulsed
neutron source (~1013 D,T neutrons in ~10-7. sec.)
which should be quite adequate for pulse decay analysis
of some types of reactors.] If the reactor or chain-reacting
system is well shutdown (=$10 subcritical) following such

instantaneous irradiations, then the R, method of isotopic
analysis developed heretofore can be applled directly. Per-
turbations due to residual self-multiplication following the
burst can be investigated—and often essentially elimi-
nated—by varying the final multiplication of ‘the system.
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In cases where multmllcatlon effects cannot be eliminated
By redutmg ‘residual multiplication sufficiently,. thcn ap-
“Propriate Cofrections can’ be ‘applied, as described’ aborve.
lsdt-opc Siscrimiiation fsctors and avérage deliyed feu-
won- decay “slopes” obtiinable by the Ry method‘are Sum-
marized in Tables' W and- 1L The pulsed sounce decay
method nequires measuieiignts only on the shape of de-
tqyed neutren decay, 80 t'hat troublesome perturbations
due to-p.ropapt harmomcs am*chmmatted
’ It may‘b no&ed that pulse decay analyses mvolve es-
ity “theasurements ' ¢ Of ‘the ‘kinefi¢ parameters, Zan
w“lnic Tod-dtop analysés (and transfer function analyses
‘%o be adiscassed below ) imvolwve the parameters Tay/A. In
-this sensethe two types of analyses are complementary,
g;vmg ncar J.nde,pendent dewrmmatmns of isotopic abun.
dance.

In all kmetlc responsc experiments described herein
{both ‘satefation ahd ams’caﬂtzmeous irradiations), ‘the ‘use
of smtably callbrated encrgy-dcpendent detectors can _pro-
+ide add‘ltlonal eﬁcdlve isotope discrimination ‘(m non-
wvoderated 'or Hghtty “hoderated systems) by ‘increasing
the discrimimation factors Bétween the individual fission-

(C) Reactor transfer function analysis

The zefo power reactor transfer function 'W(jw)
expresses'the complex’ résponse (amplitude and phase) of
nestron density to snaallioscillations of reactivity with time;
W (jw) can be written

W(jw) =

8
o 147625/ Go+ 2 ]

(34)
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where j=v 1, and v is the angular frequency of the im- '

pressed reactivity oscillation in radians/sec. W(jw) rep-
resents the fractional change in power level per unit am-
plisnde bf the reactivity oscilation. At low frequenties

{e?<<0?) the transfer function magaitude, (W), ap- °

pmachcs the asymptotic form:

= {o SRR ey 12
IW1=1 (L aiAP-+HE sl @5
for »A<<N2 and [/8<<<E |/N\. For adl practical perposes
theve conditions are satisfied for w<10-2, Unfortenately,
Equation 35 being nonlinear does not lend itself to iso-
tope “analysis appllcatlons ‘but it can be reduced to the
detired Tinear form

[WileZay/M1~!

‘subject o the further condition that

T aif X
2 aifA?

It can be seen from the data in Table I that this condi-
tion is reasonably well satisfied in the frequency range
103Le==30~2. The asymplotic form of Ewuation 36
gives the following [W{ dependence at low fregaerncies:

[W|=0.07854—1 for Us
{W|=0.13020—1 for U
|W]=0.0683w—1 for Pu22?

- Computer calculated (W] values vs. « are plotted in
FIG. 6 for U235, 1333 and Pu2?. The W] corves in FIG.
& are seen to approach their low-frequency asymptotic
form (ie., straight line with slope —1 on log log plot) in
the range 10-3<w=<<10-2.

* Yn Table IV we compare JW,| and & values at w=10—2
(a representative low frequency) aed at w=10 (a repre-
sentative higher frequency, where delayed neutroa effects
are no Yonger important and (W] approaches unity).

(36)
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ABLE, V. —TRANSFER FUNCIION MAGNITUDE ' AND
PHA.SE COMPARISONS AT REPRESENTATIVE LOW AND
m-@ﬂ trrmqmmcms i <<mh.) | 9

. ezl Y »=10 B
: W) WL e
8,878 TR SRR X T
T L0128 439

7.4822 CL0M8

247

Values of |W| at »=10-3, normalized to the value of
[W| at w=10, stand in ‘the: following fatios (“isotope dis-
crimination ratlos”) for the varlous spec1es con51dered
here

Ummm—wo

| UB/Pum—1.85
Uns/Pu—1.16

Values of ¢ at w_lo—l exhibi¢ the folhvwm phase dif-
ferc‘nces (m dc,grecs)

| ym_gmayse
UBt_Put—110°
U _puass=3.5°

¥n general, (Wi ‘values can be determimed cxpernmcn—
tally to better than 1% and phase angles €an be ‘nigas-
ured to ‘approximately =+1°, so ‘the ‘technical fe‘asxbrllty
of isotope discrimination wa transfer funttion a'na‘lyms
is clear. We ‘see from the above tidicated isotope is-
crimination ratios that measnrements of the shape of the
W] ¥s. w curve (ie., |W] values at low fréquencies nor-
mafized ¥o (W1 -at high freqguency) -tan. provide &
quantitative indication of the fission-isotope composition
of an umknown system. Only the ratio of two W] values
is used in this method so that absolute calibrations of
detectors, source, étc., are not required. Isotepic analy-ss
by the |W| shape factor method can be augmentcd by
measured phase at a given low freguency; :as for exampie
at w=10"1

The asymptotic form of the reactor transfer function
given in Equation 36 for a siagle fission isotope is readily
extended to a composite system; viz the rcc1proca1 of
|W| for a composite system containing g isotopes is .

quJ (Br)ag Zai'/li"

2 (87)aFa 38)

wh.u:h Js a dclayod -nentron- ywld wmghted Sumn . ecf lfhe
known kmehc ﬁmctwns _

Za"/)\ a

'!l!us measured vahues of

(W] s
for’ va:rlous w (.l.n t.he Tlow frcgnency raa;e s 1-0—2) ml
‘be used to determine relative delayed neutron yields from
each major fissioning isotope’in an unknown system. In
such an anelysis & finear superpesition of the known func-

tions
pRRNE

wnth unknowa. coeflicients (fmctiomal delayed . névtfon
yJelds) i obtamed -at each » value, The number of' stacl

O .gglliauons in these. cosfficients can be .ad-
Justed 10 sii€ the precision.of the, experimental data, dnd
standard’ compuhrle st Squares, techuquos wsed 80 1ob-
tain best fitted values of fractional delayed neutron yields.
The relative nnmber:of fissions of -each. major fission
species can then be. determmed from known delayed. neu:
tron yields, and the retative amouhis cac‘h Fission s spe
cies then esumafted from apppopﬁate ﬁss-:bn cmss sct:’tlon
ratios. -
Reactor ‘trnsfer ﬁmuuons ane mheren'&y dﬂﬁcult o
misasare ‘at-i e dow frequencies ©of - iffecrest  here

(W |se. =
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(10—3<w=:10-2), due to stability problems, power-swing
limitations on permissible reactivity amplitudes, and long-
term drift effects. This is true of the conventional pile
oscillator method, as well as newer statistical methods
such as pile noise spectrum measurements, and cross-
correlation of pseudorandom modulated reactivity or
modulated sources. Despite these difficulties it should
certainly be possible to measure low frequency transfer
functions with sufficient accuracy for application of the
isotopic analysis technique described herein. The pile os-
cillator method, for example, can be extended to low
frequencies (w<<10—2) by use of input-output cross-cor-
relation techniques with long correlation times to reduce
drift and uncorrelated background response. At present
the rod drop method (taking Fourier transform of rod
drop decay to get transfer function) or the pulse response
method (taking Laplace transform of pulse response to
get transfer function) appear to offer the best means of
measuring low frequency transfer functions. The use of
transfer functions in reactor isotopic analysis would
clearly be most advantageous on those reactors where
transfer function measuring equipment is already in-
stalled and in use.

Finally, it should be noted that the problem of non-
destructive isotopic analysis in large power reactors will
always be complicated by large spatial heterogeneities,
when present, ie., when the relative concentrations of
fissioning nuclei (and also fission rate) depend strongly
on position within the reactor. Such space dependent ef-
fects [location and geometry of sources, differential
shielding due to intervening material between various
source points and detector(s) ], will inevitably complicate
any scheme for isotopic analysis of “in place” compo-
nents in large heterogeneous reactors. In view of this very
fundamental limitation, one seeks the maximum penetra-
bility (through typical reactor materials) for both the
“probe” (if used) and the “response signal” employed in
ap isotopic analysis scheme. Clearly fast neutrons (e.g.,
14 mev. as “probe” and ~0.5 mev. (delayed neutrons) as
“response signal”) will best satisfy this fundamental
“penetrability” criteron. In addition, the use of a fast-
neutron response signal permits maximum “environment
insensitivity"’ inasmuch as fast neutron detectors can be
designed to discriminate very effectively against high
radiation backgrounds. In many practical cases, if a well-
defined highly-penetrating (e.g., 14 mev.) fast neutron
beam is used as a probe, the delayed neutrons observed
will have originated from the known “ray path” of the
incident probe neutrons.

Despite the great advantages of maximum penetrabil-
ity, environment insensitivity, and isotope discrimination
afforded by fast neutron observation, the inherent com-
plexities introduced by large spatial (and energy) hetero-
geneities in some reactors remain formidable indeed. This
suggests an empirical approach to isotope identification in
complex reactors whereby the kinetic response methods
described herein are calibrated—for a given type of re-
actor—against different, known, isotopic compositions.
Where strong spatial effects are observed, they can gen-
erally be dealt with by suitable spatial distribution of
detectors. Local changes in isotopic composition (e.g.,
breeding in blanket material) can be investigated with
fast neutron detectors suitably located around (and/or
within) the reactor (viz in different representative regions
of core, reflector, or blanket). The development of minia-
ture pulsed neutron probe-plus-response instrumentation
is already quite advanced for applications in the oil well
logging field. Such existing technology could perhaps be
incorporated into an “isotope-assay probe” (or an “iso-
tope-assay shutdown rod”) specifically designed and lo-
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cated for assay and inspection purposes in power reactors
(e.g., reentrant in reflector of fast breeders).

Even in complex large heterogeneous systems, then,
each of the kinetic response methods described herein can
be viewed as a physical sensor of different fissioning
species, exhibiting a measurable change in response which
is directly calibrated against a known change in isotopic
composition at a given representative position in a given
type of reactor (thereby assuring proper neutron impor-
tance weighting at each position). The spatial symmetry
characteristics of most practical systems would limit the
required number of . representative (unique) detector loca-
tions to a reasonably small number. Of course, in reason-
ably homogeneous reactors (and probably even in many
heterogeneous systems) these added complexities of space-
dependent instrumentation would be quite unnecessary for
practical isotopic analysis applications.

What is claimed'is:

1. A method of nondestructive detection, identification
and analysis of the individual fission species in an un-
known mixture comprising irradiation of said mixture
with a source of neutrons, measuring the delayed neutron
response from said mixture and determining the composi-
tion of said mixture by analysis of the delayed neutron
response in terms of the known neutron response for each

‘of the individual fission species.

2. The method of claim 1 wherein the delayed neutron
response measured is the kinetic response in terms of time
and energy.

3. The method of claim 1 wherein the neutron source is
pulsed.

4. The method of claim 1 wherein the gamma energy
spectra from said mixture is also detected and analyzed.

5. The method of claim 1 wherein the neutron source
and detectors are calibrated in absolute values to deter-
mine the absolute amounts of fissionable materials present
in said mixture.

6. A method of nondestructive isotopic analysis in op-
erating reactors comprising detecting and measuring the
neutron flux from the reactor prior to shutdown, shutting
down the reactor, measuring the delayed neutron flux after
shutdown and determining the isotopic composition of the
material within the reactor by analysis of the pre-shutdown
and post-shutdown flux in terms of known flux decay char-
acteristics for each of the individual fission species.

7. An apparatus for the nondestructive detection, iden-
tification and analysis of individual fission species in an
unknown mixture comprising neutron source means for
irradiating the mixture, detection means to detect the
delayed neutron kinetic response from the mixture, and
analyzing means for identifying and determining quan-
titatively the individual fission species comprising the mix-
ture using the known delayed neutron kinetic response for
each individual fission species.

8. The apparatus of claim 7 wherein the analyzing
means is a multichannel time and energy analyzer and an
on-line computer.

9. The apparatus of claim 8 wherein the neutron source
means is an accelerator.

References Cited
G. R. Keepin, Physics of Nuclear Kinetics, Adam
Wesley Publishing Co., Reading, Mass. (1965).
RALPH G. NILSON, Primary Examiner
M. J. FROME, Assistant Examiner

US. Cl. X.R.
250—83.3



