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COOLING-TIME DETERMINATION OF SPENT FUEL
S. T. Hsue, C. R. Hatcher, K. Kaieda~*
Los Alamos Scientific Laboratory
Los Alamos, New Mexico

ABSTRACT

Two methods to determine the cooling time using
data from high-resolution gamma-ray measurements are
discussed; one is useful when the irradiation history
information is available, the other when the irradia-
tion history is not available. We have applied both
methods and found that the cooling time can be deter-
mined to within an average of 3% and 4.1%, respectively.

I. INTRODUCTION

Te inspect the irradiated fuels discharged from a reactor,
both the burnup and cooling time of an assembly should be veri-
fied. The burnup measures the number of fissions that bhas
occurreé in the fuel residing in the core; the cooling time
indicates how long the fuel has been discharged from the reacter
core. This report discusses the methods for cooling-time deter-
minatiorn in general and describes two methods using data from
high-resclution gamma-ray measurements to determine the cocoling
time; one is useful when the irradjation history information is
avajlable, the other when the irradiation history information
is not available. We have applied both methods to Omega West
Reactor (OWR) spent-fuel elements, which are 93 per cent
enriched initially, and found that the cooling time can be
determined to within an average of 3% and 4.1% respectively.

II. METHOD OF COOLING-TIME DETERMINATION

To determine the cooling time nondestructively it is neces-
sary to measure the activity ratio of two radivactive fission
product nuclides. Activity ratios can be measured easily with-
out knowing the absolute detector efficiency.

Consider a fission product nuclide that is » bLu~nup monitor
after a cooling time of t.. These nuclides are produced
directly from fission (or have very short-lived precursors) and
have small absorption cross sections. The detector-efficiency-
corrected activity (A4) of a particular gamma-ray branch
emitted from the nucllde having an absolute branching ratio of
Bj is given by

Ay = Ay Ny By e Mte (1)

where Ay 1s the decay constant of the nuclide and Ns the
number Of atoms of the nuclide at the time cf discharge. For a
different burnup monitor nuclide, we have

'Aitc

Ay = Ay Ni Bi e (2)

If the decay constants of the two moniters are different, we
can divide Eq. (1) by (2) and solve for t. to obtain an
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equa+ion for the cooling time

1 i 75 -3
te=y——3 1n xl—i (3)
This sguation ii valid for a 952:/137Cs isotopic ratio.

The 196pp and Pr are short-iived isotopes thai pre 13
equiii?riuT3yith longer-lived parents. For the 0 Rh/ Tes

and Pr/*?'Cs activity ratios, the cooling-time equation
becomea

A A N B.
1 i s A | (4)
te " T =3 -1 x —XJ__N. By
i "ip
where N; ? and A are t e number and decay constant of the
o

pare nucli 144Ce) Notice that it is

the Essnu/i§9Cs or gs"Ce/lgL’Cs nuclide ratio that enters

Eq. (4). When Ay >> Ajpr Eq. (4) becomes the same as Eg.

(3) except the number o? nuclides and the decay constants of
their respective parents should be used. The agegoximation cf

Eﬂ& (3) is valid to better than 0.01% for both Ru and
Ce

Another isotopic ratio of inte ?at cen be ug gé for
coolinu-time ‘determination is the Zr/ Nb ratio.
t a d&gect fission product and arises only from the decayv
Nb decays with a 34.97-day half-life and emits
a gamma ray at 765.84 keV that ca eas %y be measured. When
the reactor is in operation, the zr/' Nb approaches a
Sgnstent ratioy) when the fuel is removed@ from the core, the
Zr/' Nb ratio approacheg a different constant because of
the ceased production of Szr. The cooling-time equation for
this ratio is

A. B A
i jg
- A. N A
jp i - i ‘} + . i_
jp jp ip n

Equations (3-5) can all be used for coolina-time Ffeterminatieon,

III. CALCULATION OF NUCLIDE RATIOS AT DISCHARGE

" To determine the coolina time of the spent fuel, it ies
necessary to know the ratic at the time of cdischarar of suve
burrup monitor nuclides having substantial'y cifferent bholf-
Tives. This nuclide ratio can be calculated, ir rome casec
rasilv calculated. Assume that the reacter is cpereted =*
cencstant power over an irradiatec periof of ti ars assune



that only one fissioning nuclide (2350, for example) is
dominant in the fuel. The number Ny ¢f jth nuclide at the
end of irradiation is proportional Io

A%, 1 (6)

N, a ¢onj(l - e

3

where o¢ 18 the fissior cross section and Yj is fission
yield of the nuclide. The ratio of the jth and ith nuclides is
proportional to }

'Ajtk

N A,Y
3 a iy (1 -e ) (7)
Ni 34 (1-e Aitk

For multiple irradiation cycles as shown in Fig. 1, the ratio
is proportional to
AL 6 /RN (L - & 3K e 3
§7i®"k "'k (8)
o -A-t ->\ e
5 /(1 - e i k) i’k

e Vol

where ¢ is the averaged neutron flux in the reactor and 6, is
the time from_the end of the kth irradiation cycle to the time
of discharge.1 For constant power, single cycle irradiation,
the nuclide ratio is independent of the reactor flux and
fission cross section but depends on fission vields ané@ the
irradiation history. For multiple cycles, the nuclide ratic is
dependent on the flux or power level ratios between cycles, not
the absolute flux in the reactor. Therefore i1f the irradiation
history of the reactor is known (cycle length, relative power
level, and shutdown time), the nuclide ratio at the time cof
discharge can be calculated@ and the cooling time of the fuel
can then be determined by Eq. (3-5).

When there is more than one dominant fissioning nuclide in
the fuel, the calculation of the N4/Nj nuclide ratic is more
involved, and a computer program COLDET has been written to per-
form the calculation. The program was patterned after a code
developed at the Battelle Pactific Northwest Laboiggoriigez
The B;ggram takes into acccunt the fissioning of v, u,
and Pu and the absorption of the neutrons bv the fission
products during the irradiation. (The neutron flux is assumed
to be constant during each irradiation cycle.) But the szlient
feature of the nuclide ratio remains; it is rather independent
of .the absolute flux of the reactor and the fission cross
cections.

To investigate the sensitivitv of the nuclife ratics te the
flux and to the operaticnal histery of the reactor, we have
performed the followina calculations uvaing the CCLDET coce.
Thermal cross sections were used. First, for a fixed



irradiation history, we calculated the nuclide ratic 3at 2
discharge var flux om 4 to 6.0 n/cm-s.
The BgZr/1g¥ !£2Ce/ 7Cs 16830/{3,CS and §5Zr/85Nb

ratios vary by less than 4%, even though the absolute number of
each nuclide has increased substantially. This calculation
demonstrates that the nuclide ratios at discharge are not very
sensitive to the flux or power level of the reactor.

To investigate the sensitivity of the nuclide ratios at
discharge to irradiation history, we have performed the follow-
ing calculation. OWR fuel is allowed to burn up to 29% of the
initial fissile content according to a continuous arnd uniform
irradiation cycle (irradiation history A) or according to inter-
mittent irradiation cycles (irradiation histories B, C, D) as
shown in Fig. 2. The COLDET code was used@ to calculate the
nuclide ratios at the time of discharge for each of the four
irradiatj hi ries, a the sulte are tabulated in Table
I. The i?HCe/ﬁ?cs and Tgsl!u/]j?('.‘s ratios varv by no
more than 2% indicating they are rather inq n=1i§¥e to the
ggtaiagd irradiation history, whereas the Z'/ Cs ané

2r/°°Nb ratios vary substantially indicating these ratios

require accurate detailed irradiaticn history to determine the
cooling time.

TABLE I

NUCLIDE RATIOS AT DISCHARGE
BASED ON VARIOUS IRRADIATION HISTORY

Nuclide Ratio

Irradiation
History z /137 144ce/137 106Ru/137CE QSZr/gsNb
A 0.237 0.559 0.045 1.814
B 0.261 0.568 0.045 2.808
C 0.240 0.552 0.044 3.077
D 0.264 0.568 0.045 2.407

We should point out that 1f the calculation were performed
on LWR spent fuels, the 8 g§9era1 trend shoulé prevail, vith
the exception that the 1 Ru/ Cs nuclicde ratio would be
more irradiation- history—depegggnt becsgge of the drasticallvw

different fisii? is;é from U and
That the Ce/ Ce nuclicde ratios are rather insensi

tive to the detailed irradiation histery suggests an apg-nx'-
mate method for the coolina time determiratior. The fo'lmina
discussion describes such an approximate methed. Fer nuclear

pcwer reactors, the shutdown tiime is nrerrmally ~ne 4o kve rent! -
per vear for refueling an¢ maintenance nurpoenﬁ. TE tha 2 al)f-
11Ln of the fission product is lorg compored vith the sivsTmwn
time of the reactor, the Jecay cof the Ticcicr pre’rry Tovirg



the shutdown is relatively small and is consicdered negligible
in the approximation. The approximation is Yg;id for
(half-life of parent 14%ce, 284.4 days) an@ '3/cs (half- 11fe,
30.12 yr) except for extremely long shutdowns. Therefore in
calculating the nuclide ratios involving these two fission
products, the reactor can be considered as operating at
constant power from the time the fuel is inserted@ into the
reactor until the time of discharge. Under this approximation,
the cooling time of the nuclear fuel can be obtained simply by
inserting Eq. (7) into (3)

(9)

where ty is now defined as the irradiation time as shown in
Fig. 3. The cooling time, the irradiation time, and the
activity rai59 imply related, as indicated in Fig. 4. For
a measured Cs/ Pr activity ratio (deduced from the 662-

to 696-keV gamma peak ratios, corrected for detector relative
efficiency), the irradiation time uniquely determines the
cooling time of the spent fuel.

IV. APPLICATION TO OWR SPENT FUEL.
A. Cooling Time if Complete Irradiation Historv .s Known

We have cal-ulated the cooling time of OWR spent fuels
using the operator-declared irradiation history and the COLDET
program; the results are summarized in Table II. The relative
fgiector efficiency was determined by the various gamma ravs of

Cs and Pr using the established branching ratios.
For each of the September and January exercises, data from
three fuel elements were averaged to obtain the relative detec-
tor efficiency curve. The efficiency curve was then used to
correct the peak areas ¢ espo ng the ma s of
interest. For the ngr/2§§Cs Thlf'r/ig-' YaERh/ﬁ};
activity ratios the effic1ency-corrected peak-area rat1os of
756 keV/662 keV, 698 keV‘EG2 keV, and 622 keV/662 keV were used
respectively. The 52 Nb ratio was not used because cf
the relatively long cooling time eniggnteig; (500-1500 cays).
From the table we observe that the Pr/ Cs activity
ratio gives the best cooling-time determination with an averaaged
difference of 3.08. This is the best activity ratio to use for
cooling times between 400 and 1500 gays It should be cbserveé
that for shorter cooling time the 9 Zr/ Tes activity ratic
can also be used to determine the cooléga time of spent fuel
with goo@ precision. The activity of Zr cérops off rapié!y
because of its 65-day half-life and after 800-1000 davs, there
is harély any 952 activity tc be measured, resu1t1ng in lzrae
gerceggsqe differences of cooling time determined with the
Ser/i3ics activity ratio.




TABLE II

COOLING TIME BASED ON ACTIVITY RATIOS
MEASURED WITH Ge(Li) DETECTOR

Cooling Time Based on

Element Cooling Time Activity Ratio

(Day) 2r/"" 'Cs Pr,/”” Cs ““"Rh/77 'Cs

Day &% Diff. Day % Diff. Day % Diff.

356 1350 902 -33.2 1368 1.3 1314 -2.7
359 1268 888 -30.0 1296 2.2 1481 16.8
361 1202 898 -25.3 1149 -4.4 1232 2 5
363 1204 879 -27.0 1225 1.7 1208 0.3
364 1091 936 -14.2 1133 3.8 1513 38.7
368 947 1075 13.5 940 -0.7 941 -0.6
370 891 902 1.2 849 -4.7 1025 15.0
371 890 854 -4.0 865 -2.8 1407 58.1
372 750 790 5.3 758 1.1 797 6.3
378 554 565 2.0 526 =5.1 666 20.2
357 1456 950 -34.8 1506 3.4 1479 1.6
359 . 1374 976 -29.0 1397 1.7 1351 -1.7
368 1053 1871 77.7 1057 0.4 1014 -3.7
370 998 904 -9.4 1021 2.3 1024 2.6
373 858 834 ~-2.8 918 7.0 915 6.6
374 428 438 0.0 432 -1.4 394 -10.0
375 683 687 0.6 728 6.6 785 14.9
379 662 678 2.4 689 4.1 629 -5.0
Averaced Percent Difference 17.4 3.0 11.5

B. Cooling Time if Complete Irradiation History is Nct Known

The procedure outlined above 1s useful if the detailed
jrradiation history is known. However, in various situations
the irradiation history may not be available. 1In such a case
the approximate metliod described hy Eq. (9) that requires mini-
mal irradiation history information and yet has reasonable
precision is useful for the cooling-time determination. Thir
equation is simple to apply because it does rot require ¢fata on
either the shutdown or the power level of the reactor. O0One rust
knov only the total time interval from the time the fuel !
inserted into the reacter core urtil the time of é&iescharce,
namely the irradiation time. 1I* is interezting tc zee hr - vel?
thic cimple approximate method woris.




Table III lists the results of applying this simple method
to the OWR data. 1In general the agreement with the declarec
cooling times is quite good. The main reason that the percer..-
age difference is large for fuel element 374 is that this
element had been removed from the core for 314 days before
reirradiation, making the approximation no longer valid. It
should be noted that for this element the cooling time deter-
mined by including the shutdown decay correction differs from
the declared value bv only 1l.4% (Table III).

TABLE 1I1
e COOLING:J}ME ?9 ED ON APPROXIMQTE
IETHOD AND Pr/ Cs ACTIVITY RATIO
Irradiated Measured Declared Measured Percent
Element Time A(137C82 Cooling Time Cooling Time Difference

(ay) _a(*%pr)  (pav) (Day)
356 501 79.606 1350 1350 0.0
359 541 74.528 1268 1306 3.0
361 587 55.311 1202 1164 -3.2
363 553 64.895 1204 1244 3.3
364 636 57.145 1091 1159 6.2
368 751 40.317 947 970 2.4
370 764 32.129 891 870 -2.4
371 764 33.370 890 886 -0.4
372 903 28,212 750 769 2.5
378 995 16.003 554 500 -9.7
357 501 112.086 1456 1495 2.7
359 541 94.767 1374 1408 2.5
368 751 53.256 1053 1088 3.3
370 764 48.240 908 1041 4.3
373 903 40.805 858 924 7.7
374 1266 18.878 438 492 12.3
375 1023 27.960 683 727 €.4
379 005 22,912 662 652 -1,

Averagel Percent Difference <£.:



V. CONCLUSION

If ;he detii} 1rigqiation history is available, then either
952:/ 37¢cs or Pr/°/Cs activity ratios can be meas-

ured to determine the cooling time, the former applicable to a
cooling time range of 30 to 800 days and the latter suitable

for 150 to 1500 days (probably longer) cooling. if tRS detail
irradiation history is not available, then the 14 Pr/ Tcs
activity ratio still can be applied p:oxided the shutdown time
is less than half of the half-life of 1%%pr (284.4 days). we
feel that this simple method of cooling-time determination, ev=n
though it is slightly less accurate than the more exact method,
is of value to inspectors because it requires less information
from the operator. The method can be easily applied durng the
inspection exercise to obtain a preliminary cocling~time deter-
mination. 1In the case of incomplete irradiation history infor-
mation, the approximate method may be the onlv method thet can
be used.

*Visiting Staff Member. Japan Atomic Eneraqv Research
Institute, Tokai Research Establishment, Tokai-mura, Naka-gun,
Thbaraki-ken, Japan.
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FIGURE CAPTIONS

l. Irraldiation history for a typical spent fuel assembhly.

2. Several hypothetical irracdiation histories.

3. The irradiation time is the time the fuel starts to be
irradiated until it is discharged from the reactor.

4. Ths co$1ing time versus the irradiation time for var'ous
137cg/1l44p; activity ratios, for the simple mocel.
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