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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-
t~on 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
T@ inspect the irradiated fuels discharged from a reactor,

both the burnup and cooling time of an assembly should be veri-
fiec?. The burnup measures the number of fissions that has
occurred in the fuel residing in the core; the cooling time
indicates how long the fuel has been discharged from the reactcr
core. This repert discusses the methods for cooling-time deter-
mination in general and describes two methods using data from
high-resolution gamma-ray measurements to determine the cooling
time: one is useful when the Irradiation history information &
available, the other when the irradiation history information
is not available. We have applied both methods to Omega West
-r (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 cmling time nondestructively it is neces-

sary to measure the activity ratio of two radioactive fission
product nuclides. Activity ratios can be measured easily with-
out knowing”the absolute detector efficiency.

Consider a fission product nuclide that is ‘Jhm~-nupmonitor
after a cooling time of tc~ These nuclides are produced
directly from fission (or have very short-lived precursors) and
have small absorption cross sections. The detector-efficiency-
corrected activity (A”) of a particular gamma-ray branch

3emitted from the nucl de having an absolute branching ratio of
B~ is given by

Aj =AjNj Bje -Ajtc
(1)

where k is the decay constant of the nuclide and Nj the
number Jf atoms of the nuclide at the time Gf dischhrge. For a
different burnup monitor nuclide~ we have

.4i= ~i Ni Bi e-A~t=

If the decay constants of the two monit@rs are different, we
can divide Eq. (1) by (2) and solve for t= te obtain an

(2)
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equation for the cooling time

!!+?
‘C”+ln Aj (3)

This
%?
uation

11
valid for a 95Zr/137Cs isotopic ratio.

The 1 Rh and 4pr are short-iived isotopes tha
:::i~~~;~;~3~ith longer-lived parents. Forthe~Og~~/1~7Cs

Cs activity ratjos, the coollng-time equation
becomes

(4)

Ai-A. “1lp

where Ni t e numt~erand decav constant of the

!;;e~&6~~\~~~C~:~~:~~4~~~~~~~r 144Ce)8
Notice that it is

Cs nuclide ratio that enters
Eq. (4). When Ai >> Ai ~ Eq. (4) becomes the same as Eq.
(3) except the number o~ nuclides and the decay constants of
their respective parents should be used. The a

?!4
!16i

cximatinn cf
(3) is valid to better than 0.01% for both Ru and

Cq .
Another isotopic ratio of jnte

coolin~-tjme ‘determinationis the 63;:,JP:: ;:;j:e ‘E?:bfer
is

!l? 45
t a d ect fission product and arises-only f~om the decay

of Zr. Nb decays with a 34.97-day half-life and emits
a gamma ray at 765.84 keV that ca
the reactor is in operation, the

g5easJ~y remeasured. When
Zr/- Nb approaches a

fg,?~Nb ratio approacheB5a differentnst nt ratiol when the fuel is removed from the core, the
constant because of

the ceased production of Zr. The cooling-time equat~on for
this ratio is

A. B Ai
1A+

1 ~ Bi 1 h
tc m in.~.-~

15P- ‘i
*+=

Equat~ons (3-5) can all he used for coo?~nq-time Fptern7!9pt!~r.

III. CALCULATION OF NUCLIDE RATIOS AT DISCHARGE
‘ To determine the coolina time of the spent fu~!, it is

necessary to know the ratie at the time cf disck=re~ rf tI..sr
bLIrrup mcmjt~r nuclides ha~’inqsubstantial’y tiff~rent !-r’.f-
Iives. This nuelii!eratio can be calculated, in some CPSPS
ppFj,~vcalculated Assume that the reactcr is eper~td F’
cc.nstantp-owerover an irradiated peric~ of ti.nr: nrslw,’

(5)
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that only one fissioning nuclide (235U, for example) is
dominant in the fuel. The number N

2
~f jth nurlide at the

end of irradiation is proportional o

(6)

where u is the fission cross section and Yj is fission
yield o! the nuclide. The ratio of the jth and ith nuclides is
proportional to

(7)

For multiple irradiation cycles
is proportional to

as shown in Fig. 1, the ratio

(8)

where ~ is the averaged neutron flux in the reactor and ‘k is
the time from the end of the kth irradiation cycle to the time

1 For constant power, single cycle irradiation,of discharge..
the nuclide ratio is independent of the reactor flux and
fission cross section but depends on fission yields and the
irradiation history. For multiple cycles, the nuclide ratio is
dependent on the flux or power level ratios between cycles, not
the absolute flux in the reactor. Therefore if the irradiation
history of the reactor is known (cycle length, relative power
level, and shutdown time), the nuclide ratio at the time cf
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 N I’Ninuclide rati~ is more

Jinvolved, and a computer program C LDET has been written to per-
form the calculation. The program was patterned after a code
developed at the Battelle Pactific Northwest Labo

~;~ ~~~gram takes
into acceunt the fissioning of 535&55$:,

Pu and the absorption of the neutrons bv t!?e fission
products during the irradiation. (The neutron flux is assumed
to be constant during each irradiation cycle.) But the salient
feature of the nucl.ideratio remains; it is rather independent
of the absolute flux of the reactor and the f~ssinn cross
sections.

To investigate the sen~itivjtv of the nuc?ide ri?tie~t~ tk~
flux and to th; operational histcry of the reactor, we hav~
performed the foil.owinc!calculations uainq the CCIJ?ETcede.
Thermal cross sections were used. First, fer a fixe?

..



irradiation history, we calculated the nuclide ratio at

~;~cB~~~~lgYC~rY~ ~~e~~~7~~~xl~&~/~~9~s~oa~~oh5 ~~~Q!~bn/cm2“‘•
ratios vary by less than 4%, even though the absolute number of
each nuclide has increased substantially. Th~s 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 and 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
nucl.ideratios at the time of discharge for each of the four

; ‘ra;;:t~??C:;?8?::e;; 6a? f16;;;l~~;:1::t;:: ::::l$e:oin ‘ablei
m;re than 2% indicating they are rather in= nsi “ e to the

Wai*5
d irradiation history, whereas the ~~zr/~3YCs ant!

Zr/ Nb ratios vary substantially indicating these ratios
require accurate detailed irradiation history to determine the
cooling time.

TABLE I

NUCLIDE RATIOS AT DISCHARGE
BASED ON VARIOUS IRRADIATION HISTORY

Nuclide Ratio
Irradiation
History 95zr,137c~ 144Ce/137CS 106Ru/137C~ 95zr/g5Nb

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 0.560 0.045 2.407



the shutdown is relatively small and is considered neg
iii

ible
in the approximation. he approximation is
(half-life of parent 14~ce, ~~4a4 days] an~ ~!~~: :::~f-~::e,
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
cons=tantpower from the time the fuel is inserted into the
reactor until the time of discharge. Under this approximation,
the cooling time of the nuclear fuelcan be obtained simply by
inserting Eq. (7) into (3)

A. Y.B. ‘Aj5c)1tc . ~--~ in 4= (i - e

ji Aj YiBi -At
(l-e 1 k,

(9)

where tk is now defined as the irradiation time as shown in
Fig. 3. The cooling time, the irradiation time, and the
activity ra “
a measured

~~~C:;~4~imply related, asi.ndicated in Fig.4. For
Pr activity ratio (deduced from t?e 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 !NlOWR SPENT FUEL.
A. Cooljng Time if Complete Irradiation Historv lS Known

We have calculated the coolinq time of OWR spent fuels
using the operator-declared irradiation history ~nd the COLDET
program; the results are summarized in Table II. The relative

!l?i
ector e

fii
ciency was determined by the various gamma rays of

Cs and Pr using the established branching ratios.
For each of the September and January exercises, data from
three fuel elements were averaqed to obtain the relative detec-
tor efficiency curve. The efficiency curve was then used to
correct the peak ar

8flr~Y55~~~Y~~~~/~q7~~~ Yfl&lflY~s@finterest. For the
activity ratios the efficiency-corrected -peak-area raties of
756 keV/662 keV, 69

8 4t
keV 62 keV, and 622 keV/662 keV were used

The 5Zr/ Nb ratio was not used because cfrespectively.
the relatively long cooling time en

W:::i$$
(500-1500 days).

From the table we observe that the Cs activity
ratio gives the best cooling-time determination with an averaaed
Difference of 3.0%. This is the best activity ratio to use for
cooling times between 400 and 1500 a s It should be cbserved
that for shorter cooling time the 9~z~/137Cs actjvit~ ratic

can also be used to determine the coel
4?

g time of spent fuel
with goed precision. The activity of Zr drops off rapidly
because of its 65-day half-life and after 800-1000 days, there
is hardly any 95Zr activity tc be measured, resulting in I:rae

~?j~~~j~~e ‘inferences
of cooling time determined with the

J s activity ratic.

..



COOLING TIME
MEASURED

Element Cooling Time _

TABLE II

BASED ON ACTIVITY RATIOS
WITH Ge(Li) DETECTOR

Cooling Time Based an
Activity Ratio

1
(Dav)

95Zr/~37CS 4Prl’1d7Cs “06Rh/13iCs.- .
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

370 091 902 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 -34.0 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

374 438 438 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

Averaged Percent Difference 17.4 3.0 11.5

B. Coolinq Time if Complete Irradiation History is Net Known
The procedure outlined above is useful if the detailed

irradiation history is known. Hawever, in various situaticms

the irradiation history may not be available. In such a case
the approximate method described by Eq. (9) that requires min!-
mal irradiation history information and yet has reasonable
precision is useful for the cooling-time determination. T!IiP
eqdation is simple to apply because it does pot require 5sta or:
either the shutdown or the powef level of the reactor. one rust
know cnly the total time interval from the time t!l~ fue? ~ “’
inserted jnto the reactcr core ur.tilthe time o? ?!sc}ar:~,
namely the irradiation time. It i!?interesting tc see !:P-- w!,’
this simple approximate method vorks.



Table III lists the results of applying this simple method
to the OWR data. In general the agreement with the declared
cooling times is quite good. The main reason .that the percer.:-
age difference is large for fuel element 374 is that this
●lement 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 by only 1.40 (Table III).

TABLE III

Irradiated Measured Declared Measured Percent

Element Time ~ 137Cs) Cooling Time Cooling Time Difference

(Day) ~ ?.44pr (Day) (Dav)

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 48.240 998 1041 4.3

373 903 40.805 858 924 7.7

374 1266 19.878 438 492 12.3

375 1023 27.960 683 727 6.4

379 995 22.912 662 (552 -1.:

Average? Percer?t Difference 4.:.



v. CONCLUSION

f+ ‘e ‘etfiip;;599
iatio~ history is available, then either

95zr~ 3 Cs or 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. detail
irradiation history is not available, then the 14i:rj?97cs
activity ratio still can be applied pro

Ii
ded 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 sliuhtly less accurate than the more exact method,
is of value to inspectors because it requires 1sss information
from the operator. The method can be easily applied durng the
inspection exercise to obtain a preliminary cooling-time deter-
mination. In the case of incomplete irradiation history infor-
mation, the approximate method may be the onlv methad th=t can
be used.

wv~siting Sf--ff Memberm Japan Atomic Energy Researeh
Institute, Tokai Research Establishment, Tokai-mura, Naka-gun,
Tbaraki-ken, Japan.
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FIGURE CAPTIONS

1. Irradiation history for a typical spent fuel assembly.
2. Several hypothetical irradiation histories.
3. The irradiation time is the time the fuel starts to be

irradiated until it is discharged from the reactor.
4. Th co ljng time versus the irradiation time for var~cus

13~Cs/~44pr activity ratios, for the simple mofiel.
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