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Eliminating the Possibility at Chernobyl 4 of Recriticality with Positive
Feedback

Charles D. Bowman
April 29, 1996

The magazine Science carried an anticle in its latest issue catitled, "The Explosion That
Shook the World" describing the status of the Chemobyl reactor core und the structure built
for protection and containment. A substantial part of the anticle described efforts underway
to monitor and avoid recriticality. We have recenty puhiished an anticle, "Underground
Supercriticality from Plutonium and Other Fissile Material,” in Science and Global Security
Volume 5. p. 279 (1996) in which we discuss means by which plutonium and other fissilc
material stored underground could reach criticality with positive feedback and therefore
explosive potential. This paper created a great deal of controversy because it introduced
concepts which were not current practice into the little studied science of criticality for
underground configurations. While there are still some reservations about our work after
one year, the insights we have brought to this subject are generally accepted by those who
have studied this work closely. The probability of the events deseribed s said w0 be low
but nobady scems willing to say whether they arc acceptably tow. In any case the study of
remedial actions are reccommended.

The Chermoble rubble involving hundreds of' tons of matcrial is similar in some respects o

. the systems analyzed in the paper. 1 thercfore read the scienee anticle with concern because
the px':n:nc!c.‘s1 there to control criticality may well increase the probability of a sccond event at
Chemobyl 4.

The only input I have on this is from the article, The key points of the story summarized
briefly arc as follows.

1. ‘The explosion at Chernobyl 4 left a mass of fuel combined with graphite, concrete,
watcr, and the materials dumped on the {acility by helicopter. The configuration is
uncertain as is the amount of fuel which remained inside the sarcophagus. ‘Thers arc a few
means for access inside the sarcophagus and onc of these was a room pardy under the fucl
mass. Neutron and gamma ray detectors were placed there.

2. The sarcophagus root has been leaking for some time and itis estimated that 3000 m3 of
water has niixed with the fucl. There was therefore a concern about possible recriticality.
The neutron monitors were in place to observe any increase in kegr and criticality itself it it
occurred,

3. Atter two waeeks of heavy rainfall in 1990, the neutron detector rate increased by a factor
of about 60 and stayed there for several days causing grost concern o the seicatific
oversight weam.

4. Finally a member of this team cimied in a solution of gadolinlum nitrite and poured it
over the arca where it appeared that the criticality might be reaching dangerous levels,
Upon pouring on this solution, the neutron rate decreasced as expocted.

S. In order to keep the system subceritical, one kilogrum of gadolinium in solution has been
sprayed around inside the s.nmopha)]zus‘ region every two woeks sinee that tine, I the
meantine dic roof has continued to leak.



6. The science team at Chemoby! belicves that the criticality problem would disuppear if
the water could be removed. Their inteation therefore is W pump it out as soon as a place
can be found to store it.

Criticality or near criticality

The increase of neutron rate by a factor of 60 is 2 strong indication that near-criticality or
criticality was reached in 1990. The neutron multiplication is given by 1/(1-kegr) and the
ratio of initial to final multiplication is (1-kg¥(1-k;). If there were no multiplication at all
initially (ki= 0), to achicve an increase in neutron ratc by a factor ¢! 60 would require ke =
0.983. Itis unlikely that the wuc k¢ could have risen frem zeco to (0,983 simply by the
addition of the water, It is much more likely that the kg of the fucl in the rubble was near
0.9. In that casc to rcach a multiplication by 60, ke must reach 0.9983, So the system was
almost certainly very near criticality. I'm sure that the scicntists on the sitc were aware of
this and that this concern prompted the remedial action involving the gadolinium.

The Science article stated that the neutron rate remained stable at the high level for several
days. 1f the system reaches criticality with negative feedback, additional heat would warm
the fucl and moderator, the water would expand, the moderator effectivencss would
decrease and the reactivity would start to docrease. But next the moderator would cool and
the reactivity would increase. The net responsc to all of this is that the neutron output
would remain fairly stable. These same principles operate in a reactor to keep the mcr
level stable. ‘The stable ncutron rate strongly suggests that the system actuatly reac
criticality and that kege was kept from rising higher by a ncgative temperature cocfficient
most likely associated with the expansion of the water as it heated. Such focdback would
have required at dcas? a few degroes rise in the temperature of the system: which must
involve at least scveral toas of material. The fission power therefore must have been in the
vange of 10 to 1000 KWL if Kegr were not quiie oue and i Kegr was changing, the neutron
rate would change also by a large ainount in response to a very small change 1o kegy. For
cxample if kegr had reached 0.99 and dropped back to 0.98, the neutron rate would have
docreased by two. If kery had increased from 0.99 w0 0.995, the ncutron rate would have
doubled. The fact that it increased by a very large factor (60) and then became stable
strongly suggests that the system actually went eritical with negative toedback in 1990,

Remedial steps with gadoliniun

The gadolinium was added “in the heat of the moment” © reduce the reactivity and the
action succeeded. At that point the system was held suberitical by the gadolinium, but it
was an unfortunate choice. The absorption cross seetion for Gd decreases as the neation
velocity increases but it decreases mueh more rapidly than inversely with the veloeity of the
neutron. The reason for this is that gadolinium owes its large thermial absorption cross
section 1o two near-thermal resonances. The isotope 155Gd bas a resonance at 00268 eV
(0.4254 ¢V is 20 “C thermal encrgy) and the more important isowope **7Gd has a resonance
ut 00314 eV. Both resonances lic below the boiling point of water. Since tission cross
sections decrease mughl}' inverscly with neutron velocity, a rise in cmperature of the
modeaator as a result of {ission heat gencration will result in an increase in reactiviey with
increase in fission power. This Eosiuvc lecdback is unacceptable because it could fead w
uncontrolled encrpy release. Whether the feedback is positive or negative is crucial in that
criticulity with negative feedback in such a system is bothetsome but benign in some
respocts whereas one imust expect serious consequences from positive feedback.

Sinee the addition of the gadolinium reduced the peutron rate, it is clear that the reacivity of
tie system was brougint under control by the gudolinium, Gadolinium has been added
every two weeks since. Of course some ot the gadolinium dissolved in wawer might have



been carried away by water leaking away from the region of the fucl. Since additional
water has icaked into the system over the six years since 1990 and gadolinium has been
added. it is o longer clear that the reactivity 1s under the control of the gadolinium. It
might be under the control of the water in the sense of overmoderation.

Undermoderated and overmoderated systems containing water

The tact that the kegr increased and that the system apparently went critical with ncgative
feedback under the addition of water implics that the probable criticality event in 1990 was
of an undermoderated nature. In an undermoderated system the addition of more water
increascs the neutron moderation enhancing the fission cross sections seen by the ncutrons.
In an overmoderated systein the addition of water decreases the reactivity because the
ncutrens are already sufficiently well moderated by the water and other material already
present so that the additional water does not cahance the moderation. On the contrary, the
additional hydrogen in the watcr increases the neutron absorptive propertics of the system.
Whilc the system has been held subceritical first by the gadolinium over the past six years,
rains might have trunsformicd the system since from an undermoderated one (o an
overmoderated one.

The overmoderated condition may be one of strong positive reactivity tesdback, since
fission heat can decrease the water density when the temperature is telow the boiling point
and decrease it further when the boiling point is reached or excecided. Reduction in the
water content reduces the neutron absorption of the water which increases the reactivity, If
the system contained gudolinivin and was in an overmoderated condition as well, the
positive feedback from both afiects would be doubly strong.

Remedial steps by water vemoval
Scieatists at Cherpnt gl and their advisors blame the water for the reactivity problems, and
would like to rersove it. However a suitable storage place for this radivactive water with
volume estimated at 3000 m3 is not available. If the system is undermodcerated, these is
little danger in pumping away the water. I it is in an overmoderated condition, there is a
ignificant possibility of rcaching criticality with strong positive feedback if the water is
rcmoved. The water might be pumped away very slowly while the reactivity is moaitored
by measuring the neutron rate, If the reactivity down as the water is reimoved, this
would show that the system was in an undermoderatcd condition. If the ncutron rawe
increases as the water is removed, it might signify that the system is overmoderued and
that the removal of the war is not a practicul solution, Another danger in removal of the
water is » sudden slumping of the fuel resulting from some of the fuel weight no longer
being carricd by the buoyancy of the watcr or from other effects. A large introduction of
reactivity by such an event cven with negative feedback could have senous consequences.,

Suggestions for risk reduction

The proclivity wward positive feedbuck resulting ivom the addition of the gadoliniw
should be corrected if possible. Pechaps the best way to wecomplish this would be o
replace or overwheln gadolinium with cudruium, pechaps Cd Cla, It appeurs that if one
added as much absorptive power of Cd as that froms the Gd a'ready present, the net eflect
would be a negative winperature coefficient for the system with tespect to the neutron
absorbers, Sinoe the thermal cross section for Gd is 20 times larger than thu for Cd, 20
times as much Cd must be added 1o the system as Gd. Of course one must be concerned
that this poison replacement or mixing approach might il to soie degree sinee the Cd
added might not reach the same part of the rubble ss was reuched by the Gd. Whether o
rentove the water is a ditficult issue complicated by the uaceruinty of whethier the systewm is
overmodarated or undermoderated and by the possibility of sudden stumping causer) by the
physical changes associated with the reduction in the water content.



Closing comments

Itis of the greatest importance to learn whether the fecdback, if criticality were reached,
would be pasitive or negative and w take appropriate steps t assure negutive feedback.
The wddiaoa of the gadolinium cecuinly provided a source of pasitive feedback and
compenzating by adding cadmium should be considered. “The continued leakage of the
sarcophagus over the past six years sinee the first near critical or critical condition oceurred
might have increased the water coatent to the point of overmodcration with positive
feedback potential from that as well. The avoidance of positive feedback is of course u
roquirement in all modem deployable nuclear reactor designs, and the same conditions
should be established it at ail possible for the Chemobyl 4 rubble.
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