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ABSTRACT

The us2 of radiochemical detectors in the A = 90 mass region to

measure 14 MeV neutron fluences is investigated fromlthe standpoint

of cross section sensitivities. Specifically, 90Zr' and BgY

neutron-induced cascades leading to the production of 892?‘, BBZr,

"y
88Y 87 . . < 5 a
» and “'Y are studied in a one-energy-group approximation, and “\

the sensitivities of the measured ratios RZ = 88Zr'/892r and

Ry = 87Y/88Y to the input cross sections are delineated. The most
sensitive cross section in each cascade is the cross section that

dominates the production of the final isotope in the chain. Only one of

the isomeric Tevels in 902r contributes importantly to the Zr cascade.

Burnback (n,y) and burnup (n,p) reactions are also considered. The

{(n,y) effects are small, but (n,p) effects can be substantial due to

Jow energy enhancements of (n,p) cross sections in the neutron-deficient

isotopes.
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I. Introduction
A problem of central interest in nuclear weapons research is the

measurement of 14 MeV neutron fluences in an environment dominated by a flood

~ of low energy fission neutrons. This measurement necessitates the use of

detectors that are sensitive to 14 MeV neutrons but not to low energy
neutrons. Intermediate-mass radiochemical detectors based on the (n,zn)
reaction are ideal, since the (n,2n) thresholds for these isotopes lie above
the bulk of the fission spectrum, and since the interfering (n,3n) thresholds
1e well above the 14 MeV (D,T) peak. Sequential {(n,2n) reactions can be used
to monitor 14 MeV reutron fluences, since the ration of second-order (n,2n)
reactions to first-order (n,2n) reactions is directly proportional to the
flux. Two reaction cascades that have been used for this purpese are

89Y - 88‘,_’_ 87'Y (1)
and

907y & 89, , 887y . . (2)

These cascades are analyzed in the present report.

In calculating the reaction seguences (1) and (2), we must consider the
relevant (n,2n) and (n,n'y) cross sections that come into play, taking into
account the production of isomeric states. We should 21so consider the
{n,y) cross sections that lead to burnback, and the (n,p) cross sections
that operate bath in destruction channels and in Zr+Y cross-talk charnels.
Some of these cross sections have been experimentally measured, but many of
them have not, since they involve unstable isotopes for which no target
materials exist. In this latter case, we must resort to

theoretically-calculated cross section values.
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In the Y and Zr praduction cascades of Eqé. (1) and (2}, it is important,
as Poppe has emphasized,] to single out those reactions which tend to
dominate the cascades. Poppe wrote down a general f¢:>'r'mah'sm.l for evaluating
the sensitivity of each branch of the cascade. In the présent report we carry
out a Poppe-type analysis of these cascades, but with two main simplifying
assumptions: (1) the isomeric Tevels are considered to be stable during the
irradiation process; (2) the neutron cross sections are handled in an
one-energy-group approximation. Also, factors such as time dependent neutrons
fluences and spatial flux gradients, which are accounted for in the Pappe
formalism,] are not considered here,

The plan of the paper is the following. 1In Section II we describe the
various isotopic states and cross sections that enter into the Y and Zp
cascades of Egs. (1) and {2). In Section III we consider several (n,2n) and

(n,y) cross section sets and use them to calculate the cascade ratios

Ry = BBZr'/892r (3)
and

Ry = B7y/88y | (4a)

R - By 88 (4b)

In Section IV we carry out a sensitivity analysis of these cross sections.
Finally, in Section V we add (n,p) and (n,y) channels to the cascade

calculations. These results are briefly summarized in Section VI.



I1. The Y and Zr cascade chains

In 2 thermonuclear explosion, 14 MeV neutrons are produced in a single
short burst. [f foils of 8gY and 902r are exposed to such a burst, the
isotopes 88Y, 87Y, 892r, and 982r are produced by sequential (n,2n)
reactions. In considering these production processes in detail, we must
include the jsomeric states that are formed. These states have lifetimes that
are much longer than the duration of the 14 MeV pulse, and hence appear
essentially as stable levels during the coursée of the explosions. Fiqure 1
shows the isomeric levels in the yttrium isotopes, and Fig. 2 shows the
isomeric levels in the zirconium isotopes. The 089 level in Fig. 1 denotes
the initial Y target isotope, and the 030 level in>Fig. 2 denotes the initial
Zr target isotope. When these targets are exposed to a 14 MeV neutron fiux,
{n,n') reactions lead to population of the 389 level in Y and the 390, 490,
and 590 levels in 2r. First-order {n,2n) reactions then lead to the
population of the 088, 388, and 488 levels in Y and the 08% and 389 levels in
Ir: and second-order (n,2n) reactions on these newly-produced isotopes lead in
turn to the population of the 087 and 387 levels in Y and the 088 level in
Zr. The transition channels for these Y and Z cascades are shown in figs. 3
and 4, respectively, where they are assigned a standard set of channel
numbers. In order to calculate these cascades, we must assign cross sections
values for each of the channels. Since most of the levels shown ip Figs. 1-4
are highly unstable, direct cross section measurements are not possible, and
we must rely mainly on theoretical calculations.

In the present paper, we carry out sensitivity studies using the reaction
channels shown in Figs. 3 and 4. However, for completeness, the effects of

competing {n,p) and (n,y) reactions, should also be considered. These

competing channels are discussed in Section V.
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I1I. Y and Zr {n,2n) and (n,n') cross section sets.

The main purpose of the present paper is to evaluate two standard (n,2n)
and (n,n'} cross section sets -- Y581 and Zr280. The Y581 set is a collection
of apprapriate (n,2n} and (n,n') yttrium cross sections, and it was put
together primary by E. D, Arthur at Los Alamos National Laboratory.2 The
Zr280 set is a similar collection of zirconium cross sections, and it was put
together by workers at Lawrence Livermore National Laboratory. In the present
paper, we refer to Y581 and Zr280 collectively as Data Set I.

One way to evéluate a cross. section set is to compare it to an
independent 1y-produced set of cross sections. To accomplish this, we used the

3

statistical pre-equilibium code STAPRE™ to carry out Hauser-Feshbach-type

calculations of complete sets of ¥ and Zr (n,2n) and {n,n') cross

sections.4 These cross sections were calculated from "first principles" -~
that is, from measured levels in the various Y and Zr isotopes, but without
any reference to experimental (n,2n) or {n,n'} cross section values. Hence
they constitute entirely independent crnss sections from those contained in
the Y581 and Zr280 data sets. The STAPRE code used for these calculations was

5

obtained directly from Vienna,” and is generically related to similar codes

6

now in use at Livermore  and Los A]amos.2 Optical model transmission

3

coefficients” for the calculations came from a code developed by

Dietrich.7 These "first principle" Y and Ir cross sections are denoted here
as Data Set II,

Data Set 1I, as described just above, is useful only in a heuristic sense
2s an alternative to Data Set 1 for comparison purposes. We made two
subsequent modifications to Daia Set II, as fo]]ows.8 First we compared the
cross section values of Data Set II to the experimental data, where available,

and renormalized the corresponding calculated cross sections so as to more



clasely match the experimental data. This partially-renormalized data set is
denoted here as Data Set III. Then we took the remaining cross sections, for
which no data exist, and "artfully" renormalized them as well, using the
experimental renormalizations as a guide. This fully-renormalized data set is
denoted here as Data Set IV. Data Sets II, III, and IV thus serve as
comparison sets to the standard Data Set I. Our goal here is to invastigate
the sensitivity of the calculated ratios Rz, RY’ and Rv {Eas. (3)

and (4)) to these various choices for the input cross section sets.

Data Sets I and II initially contained cross section values that span a
range of neutron energies, However, since a thermonuclear explosion produces
a pulse of neutrons centered rather sharply at 14 MeV, it is a reasonable
approximation to use a one-energy-group cross section for each (n,2n) and
{(n,n*) cascade channel. To accomplish this, a computer code UNITY was
written8 that multiplies each calzulated cross section by a standard neutran
weighting spectrum.9 The neutron weighting spectrum extends from 8 to
15 MeV, with a prominent peak at 14 MeV. The calculated cross sections were
binned inte 0.1 MeV intervels for multiplication with the weightiné spectrum,
and then processed with the UNITY code.

For the calculation of the Y and Zr cascades, an iterative cascade code,
CASITER, was set up.8 The procedure used in the cascade calculations is as
follows: (1) a set of one-energy-group cross sections is set up that includes
all of the various (n,n') and (n,2n) channels shown in Figs. 3 and 4; (2) a
total integrated neutron flux value is chosen, where the pulse length is
assumed to be short as compared to the isomeric lifetimes; (3) the total‘
neutron pulse is divided into 100 subpuiseé; (4) the production and depletion
of each level is calculated for a single subpulse; (5) step {4) is iterated

over the 100 subpulses; (6) short-lived isomeric states are assumed to cascade

-6-



back down to the corresponding ground states at the end of the calculation.

Table I shows the results of the Y and Ir cascade calculations for the
Data Set I cross sections (Y581 aqF Zr280). In each célculation, a sequence
of six integrated neutron pulse values was used, ranging from target
depletions of 60-70% for the largest pulse values down to essentially zero
depletion for the smallest pulse values. For the Zr cascade, the'ratio RZ
{Ea. (3)) is shown, and for the Y cascade both of the ratios Ry and Rv

{Eq. {4}) are shown, where 8m

Y is a ]B'hour metastable state. As can be seen
in Table I, the ratios RZ’ Ry, and Rv‘are strictly proportional to the
integrated flux for target depletions’of less than 1%. These ratios exhibit
1% nonlinearities at target depietions of 10%, and they exhibit 10-20%
nonlinearities at target depletions of 60-70%. Thus an accurate cascéde
calculation is required for target depletions of 10¥% or more, but not for
smaller target depletions. .

Table 1] shows the cascade resu{ts for the "first principles" Data
Set 11. Since this data set was ot matched to experiment, it represents a
"worst case" éomparison. The three ratios RZ, RY' and Rv in Table II are

; 75%, 70%, and 63%, respectively, of the corresponding ratios in Table I, at

: the highest flux values. Thus the use of a completely theoretical set of
cross sections results in errors of 25-37% in the Zr and Y R-ratios.

Table III shows the cascade calculations fpr the partially-renormalized

Data Set III. The R-ratios RZ’ RY’ and Rz, as compared to Table I, are now

93%, 88%, and 86%, respectively, at the highest flux values. Table IV shows

the cascade calculations for the fuliy-renormalized Data Set IVY. The
high-flux R-ratios, as compared to Table I, are 94%, 86%, and 85%, and the
low-flux R-ratios are 96%, 90%, and 89%. (It should be noted here that the

8

data renormalizations” carried out in Data Sets III and IV were made solely
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with respect to the experimental cross section data, and not with tﬁe aim of
making the R-ratios agree.} ‘

The results shown {n Tables III and IV are very similar to one another,
Comparing the results to those of Table 1, we can draw the following
conclusions: (1 The high-fTux Ir ratio shown in Table IV is only 6%
different from the éﬁrresponding Table I ratio, and the low-flux Zr ratio
differs by just 4%. Thus it is unlikely that there are any errors in the
Zr280 cross section sét which would lead to an error of as much as 5% in the
RZ ratia. (2) The high-flux Y ratios shown in Table IV are about 15% lower
than the corresponding Table I values, and the low-flux ratios are about 10%
lower. Thus it is unlikely that there are any errors in the Y581icross

section set which would lead errors of more than 10% in the RY and Rv

ratios.
(There is of course no evidence from the present studies for any errors in
either the Zr280 or Y381 cross section sets.) (3) The Table III and Table IV

results for the RZ’ Ry, and RM ratios are in every case lower than the

Y
corresponding Table I results. Thus if we compare the accuracy of the
zirconium R-ratio with the accuracy of the yttruim R-ratios, the present
analysis indicates that thase arc in agreement with one another at an accuracy
level of 5% for law-flux results, and at an accuracy level of about 8% for
very-high-flux results. Hence any discrepancies between Y and Zr deter-

minations of 14 MeV flux values which are larger than 10% should not be

ascribed to inaccuracies in the basic (n,2n) and (n,n') cross section sets.



IV. Cross section sensitivity calculations

In constructing a set of Y or Zr ca;cade cross sections, it is important,
as Poppe has emphasized,] to single out the cross sections that are the most
important, so they can be given the most attention, This can be accomplishked
with sufficient accuracy by a straight-forward single parameter sensitivity
analysis. We ;tart with the Data Set I solutions of Table I for the Y and Zr
cascades of Figs. 3 and 4, and then vary each cross section value up and down
so as to produce 1% increases in the calculated values for RZ {Ea. (3)] and
Ry {€q. (42)). The results of this procedure for high flux values are
displayed graphically in Figs. 5 and 6, and the dominant (most sensitive)
reactions are summarized in Table V.

As can be seen in Fig. 5 and Table V, the (secondary) 88Y(n,2n) 87MY
cross section dominates the Y cascade: a 1.9% change in this cross section
produces a 1% change in the RY = 87Y/88Y ratio. .Similarly, as can be-seen in
Fig. 6 and Table V, the (secondary) 89Zr(n,Zn) BBZr cross section dominates
the Zr cascade: a 1.1% change in thié cross section produces a 1% change in
the RZ = 88Zr/BQZr ratio. It would seem at first glance that the
primary 89Y(n,Zn} BBY and gOZr(n,Zn) 892r cross sections would also be
dominant. However, a change in the primary I] - 12 cross section in‘a
1 + 25 3 reaction sequence affects the amounts of both of the subsequent
isotopes 12 and 13, whereas a change in the secondary cross section only
affects the amount I3 of the last isotope. Hence, in calculating the ratio
R = 12/I3, this ratio is (roughly speaking) linearly proportional to the
second-order cross section, but only proportional in a higher derivative to

the first-order cross section.

89M

As can be seen in Fig., 5, the transition to the Y isomeric state

&7

rather then to the “'Y ground state is the dominant reaction in this cascade.
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The reason for this can be ascertained by studying the la2vel populations at
the end of the neutron bombardment. These are shown for Y in Figs. 7 and 8,
and for Zr in Figs. @ and 10. As can be seen in Figs. 7 and 8,

the 87“Y metastable level is more heavily populated than the 87Y ground state
at the end of ;pe bombardment, for both hiéh and moderate flux leveis. Far
the Zr cascade, dn the other hand, the 892r and 882r ground states

dominate the secondary-isotope production. At high flux levels, both the

M 90M22r metastable levels are heavily populated, and hence must be

Y and
included in accurate cascade calculations.

In Table V we have summarized thé sensitivities of the deminant (n,2n)
cross sections in the Y and Zr cascades, and also the accuracias to which
these cross sections are known experimentally. Of the i3 reactinr channels
shown in Table V, seven have been measured with reasonable experimental
accuracy {at 14 Mev), whereas six are dependent on thesreticai calculations,
since they invoive highly unstable levels for which no targets are available.

fhe sensitivities of these cross sections depend *o some extent con the
magnitude of the neutron f1lux. Tabielﬁ shows the Y sensitivities for high,
medium, and low flux values, and Table 7 shows the corresponding Zr
sensitivities. Tables 6 and 7, which are based un the cascade solvrtions
displayed in Tabie 1, extend the resylts shown in Figs. 5 and 6.

The principal conciusions to be drawn from these sensitivity studies are
that (1) many of the isomeric levels are only of marginal importance, and (2}
we should obtain the best possibie experiment values for the 88Y(n,2n) and
89Zr(n,2n] reactions. Fortunately, measurements of these cross sections do

16 and these, when combined with the theoretical

exist at 14 Mev,
calculations of M, Gardner and E. Arthur, give reasonable representations of

the cross sections over the entire range of neutron energies.

=10~
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V. The {n,p) and (n.y) burnup and burnback channels.

For a complete evaluation of the Y and Zr neui.on-induced cascades, {i,p)
and {n,y) cross scctions should aiso be taken into account. Their effect on
the cascades’is i]]ustrated’in Figs. 11 and 12. The (h,p) reaction is
essentially a burnup (removal)‘procegs; although it can cause cross talk from
the Zr to Y isotopes {see Figs. 13 and 14) if both nf these elements are
inciuded in the experimert, The (n,y) reaction is a burnback process that
works in oppositior to the (n,2n) effect.

The difficulty in including {(n,p) and {n,¥) reactions in the present
studies is that, in contract to the (n,2n) reactions, many of these (n,p) and
{n,y) cross sections do not have high-:nergy neutron thresholds. For the
nuclei 89Y gnd QOZr, which have "normal" neutron-to-proton ratios, the
(n,p) cross sections have energy dependences very similar to those of the
corresponding {n,2n) reactrons. But in the cases of the neutron-deficient

88 87Y, and 892r (for which no (n,p) measurements exist),

nuclides Y,
theorecical calculations indicate that these cross sections are{?phanqed at
low neutron energies. The (n,y)} cross sections, which are very small-at

14 MeV, are also greatly enhanced at low energies. .Thus sup one-energy-gfsup
calculations, which are centered at 14 MeV, may grossly underestimate the
effects of these competing (n,p) and (n,y) channels. An accurate
determination of these effects in an actual experiment involves a knowledge of
both the 14 MeV neutron fluxes and the low-energy fission fluxes, which is
beyond>the scope of the present studies. However, we can gain sore measure of
the importance of (r,p) and (n,y) effects by employing cne-energy-group
calculations and simply increasing the magnitudes of the {n,p) and (n,y)

cross sections. Table VIII shows some typical results of this procedure for

Y, and Table IX shows similar results for Zr. In Table VIII, the topmost

-11-



salution features BBY and B7Y(n,p) cross sections based on calculations of
Arthhr,‘l together with the measured 89V(n,p) cross section, and with (n.y)
cross sections also.based on calculations of Arthur. '2 The next solution
has the (n,y} cross sections all increased by a factor of 10, As can be
seen in Table VIII, this change in the assumed effective values for the
{n,y) crass sections has only a small effect on the cascade calculations,
since the cross sections are smail, Arbitrarily increasing the 88Y{n,p)
cross section by a factor of 10 raises the Ry rat{o by 5% for the high~flux
case and by 0.5% for the intermediate flux case. Increasing the 87Y(n,p)
cross section by a factor of 10 decreases the RY ratio by 8% for the high-flux
case ;nd by 1% for the intermediate flux case. ‘Téus {n,p) effects can be
importanﬁ.at very high flux levels. v

In Table IX, the topmost solution features {unmeasured) 892r and
BBZr'(n,p) cross sectipns which are set approximateiy equal to the measured
90Zr(n,p) cross section. The {n,y)} cross sections are from calculations
of Arthur;]3 and have little effect on the Zr cascade. Increasing the |
88Zr(n,p) cross section by a factor of 4 in Table IX brings it into line
with the calculation of Arthur,T] and it causes a high-flux decrease in the
RZ ratio of 5%. Thus an accurate knowledge of this cross section is of some
importance. Theoretical ca1cu1at1‘onsn indicate that the BQZr(n,p)'cross
section is enhanced at lower neutron energies, whereas the golr and
8SZr(n;p) cross sections are not., Increasing the 892r (#,p) cross section in
Table IX by a factor of 10 to reflect this possibility increases RZ by B% at
nigh flux values and by 0.8% at intermediate flui values, Hence an accurate
knowledge of this crass section is also of importance.

Table X illustrates the modifications to Table I that occur when the

topmost solution of Table VIII and the secend solution of Table IX are added

-12-



to the cascade calculations, with the smaller values used for the {n,y)
cross sections. A comparison of Tables I ard X shows that thg addition of
these "reasognable" (n,p) and (n,y)‘effects to the cascade calculations
decreases the RZ ratio by 5% at thelﬁigﬁest flux value, and decreases the
and RM ratios by 1.3% at the highest flux value. These results do not

Y Y
take into account possible low-energy neutron flux enhancements.

R

Figures 13 and 14 indicate-the changes that occur in the Y occupation
diagrams of Figs. 7 and 8 when {nyp} and (n,y) effects are included.
Figures 15 and 16 indihéte the corresponding changes in the Zr occupation
diagrams, as compared to Figs. 9 and 10. Figures 13 and 14 also show the
cross-talk contributions.from the Zr(n,p) reaction, assuming equal target

gOZr, and assuming the Zr{n,p) cross section values

loadings of 89Y and
used for Figs. 15 and 16 (see Table IX). As can be seen in Figs. 13 and 4,
the cross-talk effects are small even at high flux Tevels.

We conclude from these studies that (n,p) effects can influence the
measured Y and Zr R—raiios by a few percent at very high flux levels. (n,p}
cross sections are already contained in the Zr280 and Y581 cross section sets,
either explicitly or else lumped together with other "removal” cross
sections. The (n,y) effects appear to be substantially smaller than the
(n,p) effects, due to the smaller overall magnitudes of the (n,y} cross

sections. However, the presence of a large thermal neutron camponent in the

experimental flux could alter this conclusion.
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VI. Summary

The neutron flux pulse from a thermonuclear explosion characteristically
features a sharp 14 MeV spike superimposed on a low energy fission
background. The Y and Zr radiechemical detectors are based on induced (n,2n)
reactions which are dominated by the 14 MeV {D,T) spike. It is mainly these
reactions that we have examined in the present study. The (n,2n} cross
sections, and also the associated (n,n'y) isomeric cross sections, appear to
show consistency between the Y280 and Zr581 data sets at an accuracy level of
5-10%. Burnup effects due to (n,p) reactions are appreciable (a few percent.)
at the highest flux levels, whereas (n,y) burnback effects on the (n,2n)
cascades appear to be much smaller. However, an accurate evaluation of these
effects cannot be done with a one-energy-group approximation to the neutron
spectrum. Sensitivity studies single out the 88Y(n,Zn) 87Y reaction as
dominating the yttrium cascade, and the 89Zr(n,2n) 882r reaction as
dominating the zirconium cascade (Table ¥). Fortunately, the cross sect.ons
for these reactions are based on a combination of theoreticaliy-calculated
shapes combined with 14 MeV experimental values to anchor the normalizations.
Most of the isomeric levels in the target isotopes play only small roles in
the cascace processes, even at high flux levels. (n,p) processes in zirconium
can cause "cross-talk" production of yttrium isotopes if both of these target
materials are present. However, as shown in Figs. 13 and 14, cross-talk
effects are quite small, In cases where appreciable numbers of high-energy
protons are present, {p,n} reactions in yttrium can also cause cross-talk.

The present studies are sufficient to specify the nature of the yttrium
and zirconium 14 MeV-neutron-induced cascades in the case where large thermal

neutron fluxes are not present. Accurate calculations when thermal neutron
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effects are important should be based on a multigroup representation for the

neutron spectrum.
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Table I  Calculation of isotopic R-ratios (Egs. {3) and (4)} for the Y

and Zr cascades of Figs. 3 and 4, plotted as functions of the

integrated neutron flux ¢, and using Data Set I (Y280 + Zr581)

with a one-energy-group approximation.

Deple- Deple-
b 887,89, tion 87y /88y 87M, 88y tion

n/cn? RATIO of 07y RATIO RATIO o 8%
10 | 0.2673 x 107 - 0.4163 x 107> | 0.2962 x 1072 -
1020 | 0.2673 x 107% - 0.4163 x 10°% | 0.2062 x 107 -
187 | 0.2673 x 1073 0.1% {0.4184 x 1673 | 0.2962 x 1073 0.1%
1022 | 0.2675 x 1072 0.9% [0.4169 x 1072 | 0.2967 x 102 | 1.2%
1023 | 0.2696 x 107 9.0% | 0.4227 x 107 0.3013 x 1071 { 11.3%
102% | 0.3023 61.2% | 0.4998 0.3608 70.0%
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Table I1 The same plot as in Table I, but using the "first principles" STAPRE
Data Set II as the cascade cross section set.

6 887, 8%, o 87y /88y B7My B8y Do
n/cn’ RATIO of *0r RATIO RATIO or &9y
10'% | 0,215 x 1075 - 0.3068 x 10°° | 0.1959 x 1072 .
102° | 0.2115 x 1074 - 0.3068 x 104 | 0.1956 x 1074 -
1°Y | 0.2115 x 1073 0.1 | 0.3068 x 16°3 | 0.1958 x 1073 | 0.1%
102 | 0.2115 x 1072 1.1% | 0.3070 x 1072 | o0.1961 x 1072 | .3
1023 | o0.2118 x 107 10.3% | 0.3098 x 1077 | 0.1981 x 1077 | 12.0%
1024 | 0.2281 §6.6% | 0.3496 0.2264 72.3%

e
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Table III The same plot as in Table I, but using the partially-renomalized
STAPRE Data Set 111 as the cascade cross section set.

" 88,89 piiee 87y B8y 87, ,88, Deon
n/cn? RATIO of 20zr RATIO RATIO of &%
10'9 | 0.2481 x 107 - 0.3604 x 107> | 0.2527 x 107° -
100 | 0.2081 x 1077 - 0.3604 x 1074 | 0.2527 x 107° -
102" | o0.2482 x 1073 0.1% | 0.360¢ x 1073 | 0.2527 x 1073 | o0.1%
1022 | n.2484 x 1072 1.0% | 0.3611 x 1072 | 0.2532 x 1002 | 1.1%
1023 | .2504 x 107 9.2% | 0.3671 x 1071 | 0.2576 x 107" | 10.3%
102% | 0.2606 62.0¢ | 0.4391 0.3093 66.3%
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Table IV The same plot as in Table I, but using the fully-renomalized STAPRE

Data Set IV as the cascade cross section set.

give closely-similar results.

Data Sets III and IV

A 88,, 897, Peple- 87y /88y 87My 88y Deple-
n/cn? RATIO of 0zp RATIO RATID of3%
1019 | 0.2553 x 10°8 - 0.3751 x 107 | 0.2626 x 1070 -
1020 | 0.2883 x 107 - 0.3757 x 1074 | 0.2626 x 1074 -
1027 | 0.2553 x 1073 0.1% |0.3751 x 1073 | o0.2626 x 1073 | 0.1z
1092 | 0.2554 x 1072 0.9% [0.3752 x 1072 | 0.2629 x 1072 | 1,1%
1022 | 0.2570 x 107 9.1% [0.3782 x 1071 | o0.2654 x 1077 [ 10.3%
1070 | 0.2852 61.5% | 0.4304 0.3069 66.3%
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Table V The dominant (most sensitive) reaction channels in the yttrium and
zirconium cascades of Figs. 3 and 4. A1l channels are listed in
which a +25% or less variation in the cross section would change
the corresponding R-ratio (Zg. (3) or (4a)) by 1%, Also shown
are the experimental accuracies at 14 MeV with which these cross
sections are known. Six of the cross sections have not been
measured, '

Experimental
Reaction Sensitivity Accuracy
88y (n, 2n)87My + 1,9% +8%
88y (n, 2n) 870y + 5.5% 9%
88M2y (n, 2n) 876y £ 6.3% -
85y (n, 2n) 886y + 6.5% n:13%
B8y (n,2n)8My +10% -
88My (n,2n) 876y 1% -
8% (n,2n) 88y +16% 2 15%
8My (n,2n) 8Nz y +17% i
89M7 ¢ (n,2n)88zp + 1.1% 5%
8M71(n,2n)882¢ + 6.4% -
9021(n, 20)8%37, +10% Nt 14%
QOMZZr(n,Zn)BQGZr :19% -
%07v(n,2n)8Mzp +22% nt 20%
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Table VI The high-Flux (¢ = 10°n/cn?) sensitivities of Fig. 5 extended to
include medium-flux (4 = 1023) and low-fiux (¢ = 1019) values.
The isomeric channels 38, 40, 41, and 56 become completely unimportant at

low flux values,

] High Medium Low
Chanae :]:xloz"' .;]:xlo” ;]:xlo‘g

] 6.5 +35,-25 +130,-82
2 t16 +26 27

3 +60,-50 21 +20

4 £5.5 5.4 5.3

] +1.8 +2.0 +1.9

6 +12.6 .211.5 +11.4

7 £10.0 +9.2 9.2

8 *+35 64 +68

g +6.3 +11.3 +12.3

38 +30 +161,-100 +o, =100
40 +275,-100 +1900,-100 4o, -100)
41 +17 +108,-100 +w, ~100
56 +61,-37 +155,-100 40, =100
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Table VII The high-flux (¢ = ]024n/cm2) sensitivities of Fig. 6 extended to
include medium-flux ($ = ]023) and low-fiux (¢ = 10]9) values, Only
channels 9, 10, 37, and 38 are of importance at low flux values.

. High Medium Low
Chaal” ;]gxm‘?”' _£]:x1023 :]:xlow
9 +22 +26 +26
10 £10 | +300,-37 +35,-22
1 4w, ~100 +5600,-100 +,-100
12 +100,-48 +300,-100 400, =100
13 +600,-100 +1560,-100 4, -100
17 40, -100 +o,-100 4, -100
18 +4700,-~100 +m, ~-100 4o, =100
21 +20,-17 +85,-88 +0, ~100
22 +280,-100 +2900,-100 +e0, =100
25 +1900,-95 " +820,-100 +0,-100
27 +4800, ~100 +0,-100 40,100
37 +1.1 1.2 11,2
38 6.4 6.3 6.3
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Table VIII The effect of burnup (n,p) and burnback [n,y) channels (see Fig.

11) on the yttrium cascade of Fig. 3. Calculations are done for
twao different sets of (n,y) cross sections with each set of {n,p}
cross sections; as can be.seen, the {n,y) crass sections have
little effect an the ytt.oium R-ratie. Eg. (4a]). Both high

(102 } and medium (102 ) flux values are considered for each

set ot (n,p) cross sections. Increases in the (n,p) cross sections
by factors of 10, to mock up low energy neutron effects, produce

substantial effects on the R-rutio at high flux i vels.

¢ 2 BYY/88 c(n,p) barns m(n,y) barns
n/cn RATIO 38 87 89 88 87
122 | 4.2224 .02 .035 .06 0015 .002  .002
174 | 0.4934
1023 | 4.2221 015 .02 .02
1024 | 0.4919
1023 | 4.2456 02 .35 06 L0015 .002  .002
102" | 0.5205
1023 | 4.2452 015 .02 .02
124 | o518
1023 | 41062 02 .035 .6 .0015  .002  .002
10 | 0.4063
1023 | 41447 015 .02 .02
10?4 | 0.4052
1023 | 4.1677 .02 .35 .6 .0015  .002  .00Z
102 | c.4266
'3 | 41674 0150 .02 .02
102% | 0.4254
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Table IX The effzct of burnup {n,p) and burnback (n,y) chann2is (see Fig,

12) on the zirconium cascade of Fig. 4. The second set of {n,p)
cross sections shown liere (see the discussion in the text)
corresponds to the results that are displayed in Table X and in
Figs. 15 and 16. ‘

¢ 2 982r1892r o{n,p) bérns a(n,y) barns
n/cn RATIO 90 89 38 90 89 88
1083 | 2.6958 04 .05 .08 .001 .02 002
102* | 0.3016
1023 | 2.6953 .01 .02 .02
10%* | 0.3006
1023 | 2.6820 .04 .05 .2 .001 L2 .002
102% | .o2860
1023 | 2.6816 % ) .01 .02 .02
102% | 0.2851
1923 | 2.7160 06 .5 .05 .001 002 .002
1024 | 0.3249
1023 | 2.7164 .01 .02 .02
102% 1 0.3237
1022 | 2.7029 .04 .5 .2 .001 .002  .002
1024 | 0.3075
1092 | 2.70%5 .01 .02 .02
102 | 0.3064
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Table X The zirconium and yttrium cascade calculations of Table I as
modified by the addition of burnup and burnback channels from Table
YIII (top n,p cross sections) and Table IX {second n,p cross
sections).

Deple- Deple-
¢ 887, 8% tion 87y 88y B7My 88y tion
n/en? RATIO of 0zr RATIO RATIO or8%

10'% | 0.2673 x 1075 - 0.4163 x 107 | 0.2962 x 1075 -
1029 10.2673 x 107 - 0.4163 x 10°% | 0.2962 x 1074 -
1020 |0.2673 x 1073 0.1% |0.4166 x 1073 | 0.2962 x 1073 0.1%
102 10,2674 x 1072 .08 |0.4169 x 1072 | 0.2966 x 1072 1.2%
1073 10,2682 x 107 9.4 Jo.4222 x 107V | 0.3009 x 107 | sy
12*  |0.2850 62.8% |0.4934 0.3562 70.6%
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Figure 1. Isomeric levels in the yttrium isotopes. The notation 0 - -,
3~--, 4 ~-, etc, denotes the ground state, 1st isomeric state, Zﬁd isomeric
state, etc., for the isotope whose mass number is given by the second and
third digits. When tracing (n,2n) production processes that start from the

089 yttrium ground state, all of these isomeric levels should be considered.

Figure 2. Isomeric levels in the zirconium isotopes. The level notation
used here is described in the caption to Fig. 1. These figures give the

life-times, energies, and spins and parities of the isomeric Tevels,

Figure 3, Transition channels in the yttrium isotopes that are reached
by (n,n') and (r,2n) reactions. The channe? Tabeling follows a standard
notation. These are the channels that are important for high energy neutron

fluences.

Figure 4. Transition channels in the zirconium isotopes that are reached
by {(n,n') and {n,2n} reactions. The channel labeling follows a standard
notation. If low energy neutrons are present in appreciable numbers, then
(n,vy) burnback reactions should be added to the reactions shown here (and in
Fig. 3) in order to obtain accurate isotope production ratios. Reactions such
as (n,p) can cause cross talk between yttrium and zirconium production

cascades.
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Figure 5. Sensitivity test of the yttrium cascade, using the Y280 cross
section set isee Table I). The & number beside each reaction channel
denotes the percentage by which the corresponding cross section must be raised
or lowered in order to produce a 1% change in the ratio RY = a7Y/83Y. Channel 5
is the most sensitive. Channel 40 is the least sensitive, and its removal
would change the R-ratio by less than 14. The sensitivities shown here are
for the highest-flux value in Table I. Sensitivities for Tower-flux values

are given in Table VI.

Figure 6. Sensitivity test of the zirconium cascade (see Fig. 5 for
yttrium)( Channel 37 is the most sensitive, Channels 11, ?3, 17, 18, 22, and
27 could be individually removed without changing the ratio RZ = 88Zr/SQZr by
as much as 1%. The sensitivities shown here are for the highest-flux value in

Table 1. Sensitivities for lower-flux values are given in Table VII.

Figure 7. Yttrium 1éve1-occupancies at the end of the neutron
irradiation pulse for the highest-flux solution (p = lozan/cmz) of Table I.
As can be seen, the 13 hour metastable 387 level is more heavily populated

than the 80 hour 087 ground state. The initial 089 target Tevel is 70%

depopulated. No burnup or burnback channels are included here {see Fig. 13).

Figure 8. Yttrium level-occupancies {see Fig. 7) for the medium-flux
solution (¢ = 10%%n/en) of Table I. The initial 089 target level is
depopulated in this case by 11.3%. The population ratio of the 387 and 087
levels is essentially the same here as in Fig. 7. The corresponding case with

burnup and burnback included is shown in Fig. 14.
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Figure 9. Zirconium level-occupancies for the highest-fiux solution
(6 = 10°%n/cn?) of Table I. The initial 090 level is 61.2%
depopulated. The 390 and 590 metastable levels are only of minor importance
in this cascade reaction., The corresponding case with burnup and burnback

included is shown in Fig. 15.

Figure 10. Zirconium level-occupancies for the medium-flux solution
(¢ = 1023n/cm2) of Table I. The initial 090 leve! is depcpulated by
9%. The corresponding case with burnup and burnback included is shown in

Fig. 16.

Figure 11, Burnback (n,y) and burnup {n,p) neutron reactions that
affect the yttrium neutron-induced cascade of Fig. 3. In assessing the
significance of these reactions, we assign the same cross section values to

all isomeric levels of the same jsotope.

Figure 12. Burnback (n,y) and burnup (n,p) neutron reactions that
affect the zirconium neutron-induced cascade of Fig. 4. If zirconium and
yttrium foils are included in the same experiment, (n,p) reactions on

zirconium can produce “"cross-talk” production of yttrium isotopes.

Figure 13. Changes produced in the yttrium level-occupancies of Fig. 7
when {(n,p) and (n,y) burnup and burnback'channeis (top solution in Table
VIII} are added to the yttrium cascade calculations. Also shown are
cross-talk contributions from Zr (n,p) reactions, assuming equal yttrium and

zirconium target loadings.
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Figure 14. Changes produced in the yttrium level-occupancies of Fig. 8
-
when (n,p) and (n,y) burnup and burnback channels are added. Also shown are

cross-talk -ontributions from Zr{n,p) reactions.

Figure 15, Changes produced in the zirconium Tevei-occupancies of Fig. 9
when (n,p) and (n,y) burnup and burnback channeis (Table IX} are added to

the zirconium cascade calculations.

Figure 16. Changes produced in the zirconium level-occupancies of Fig. 10
when {n,p} and {n,y) burnup and burnback channels {Table IX} are added to

the zirconium cascade calculations.
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