What Caused the High CI-38 Radioactivity in the Fukushima Daiichi
Reactor #1771
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This is a first for The Asia-Pacific Journal: publication of a technical scientific paper
addressing critical issues pertaining to the leakage of radioactive water at the
Fukushima reactors. Our goal is to make this information available to the Japanese
and international scientific communities, to Japanese government authorities, and
TEPCO as they address the formidable issues of cleanup and safety. But we also
believe that the information is of importance to informed citizens and the press in the
face of further dangers that have gone unmentioned not only in government
statements, but also in the press. Arjun Makhijani’s introduction provides a lucid
explanation of the problem and the issues, followed by F. Dalnoki-Veress’s paper.
Asia-Pacific Journal
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Introduction by Arjun Makhijani
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The presence of highly radioactive water in three turbine buildings at the Fukushima
Daiichi nuclear plant is widely understood to be from the damaged fuel rods in the
reactors. This has rightly raised concerns because it indicates several problems
including extensive fuel damage and leaks in the piping system. Less attention has
been paid to the presence of a very short-lived radionuclide, chlorine-38, in the water
in the turbine building of Unit 1. The following paper evaluates whether its presence
provides evidence of a serious problem — one or more unintended chain reactions
(technically: unintended criticalities) — in the reactor. Such chain reactions create
bursts of fission products and energy, both of which could cause further damage and
aggravate working conditions that are already very difficult.
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Chlorine-38, which has a half-life of only 37 minutes, is created when stable
chlorine-37, which is about one-fourth of the chlorine in salt, absorbs a

neutron. Since seawater has been used to cool, there is now a large amount of salt —
thousands of kilograms — in all three reactors. Now, if a reactor is truly shut down,
there is only one significant source of neutrons, namely, the spontaneous fission of
some heavy metals which are created when the reactor is working and remain
present in the reactor fuel. The most important ones are two isotopes of plutonium
and two of curium. But if accidental chain reactions are occurring, it means that the
efforts to completely shut down the reactor by mixing boron with the seawater have
not completely succeeded. Periodic criticalities, or even a single accidental one,
would mean that highly radioactive fission and activation products are being (or have
been) created at least in Unit 1 since it was shut down. It would also mean that one
or more intense bursts of neutrons, which cause heavy radiation damage to people,
have occurred and possibly could occur again, unless the mechanism is understood
and measures taken to prevent it. Measures would also need to be taken to protect
workers and to measure potential neutron and gamma radiation exposure.
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This paper examines whether spontaneous fission alone could be responsible for the
chlorine-38 found in the water of the turbine building of Unit 1. If that could be the
only explanation, there would be less to be concerned about. However, the analysis
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indicates that it is quite unlikely that spontaneous fission is the sole or even the main
explanation for the measured concentration of chlorine-38. Presuming the reported
measurements are correct, this leaves only one other explanation — one or more
unintended chain reactions. This paper is presented in the spirit of encouraging
discussion of whether further safety measures might be needed, and whether
supplementary measures to bring the reactors under control should be

considered. Itis also presented as a preliminary analysis for scientific discussion of
a terrible and technically challenging nuclear crisis at the Fukushima Daiichi plant.

COWMXTHORHERIT, 1 SHOBFEYKNORESN-IERIBDRERAE L TEALNSDIFE
RGEBRAREZITEDONENSICETHD, TERLAFRAELTEZONLDTHNIE, TIIEFED
BEgHZ&TREHAGL, LML, COMIXDAMTIE, FHRISI-IERI 8DRERF. BENGRIR
AHE—DREETHSECHN., TELFERTESZALVAIREATSNEWVNSI ZLEEZTET S, HESH
TWAHEHAMENEHTHASERET HE. BEN-FAREEF—DO ARGV EIZHED, ThiF. 1H
NENULDEFERETHD. CORXIE. RERDS LLBLBRIEADELGDON, £f=. FFFZER
ESEHAODEMRABELZONEVWSHERHNL ETRTILTWS, Tz, BEE—REICS
(75, HEBT. ZMWICHLERHALGROBHED. BEHBROTFROSTERBRITILDOTHS,

Arjun Makhijani March 30, 2011
7—2av-3I¥xPvy—= 2011H£3HA30H
(2 A ARG

| have been consumed over the last few weeks by the events unfolding in Japan. |
keep alternating between complete disbelief and acceptance of the gravity of the
situation, but mostly disbelief. And | am not the only one. Most of the nuclear
physicists and engineers with whom | have spoken since the incident cannot - will not
- believe that it is possible that some of the fuel that is melting could somehow
produce little pockets that could go critical. | believed them for the longest time until
the following appeared on the Kyodo news website (relevant text italicized below for
emphasis) and | did the following analysis. FD-V March 30, 2011
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“Neutron beam observed 13 times at crippled Fukushima
nuke plant
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Tokyo Electric Power Co. said Wednesday it has observed a neutron beam,
a kind of radioactive ray, 13 times the Fukushima Daiichi nuclear plant after
it was crippled by the massive March 11 quake-tsunami disaster.
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TEPCO, the operator of the nuclear plant, said the neutron beam measured
about 1.5 kilometers southwest of the plant's No. 1 and 2 reactors over three
days from March 13 and is equivalent to 0.01 to 0.02 microsieverts per hour
and that this is not a dangerous level.
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The utility firm said it will measure uranium and plutonium, which could emit
a neutron beam, as well.
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In the 1999 criticality accident at a nuclear fuel processing plant run by JCO
Co. in Tokaimura, Ibaraki Prefecture, uranium broke apart continually in
nuclear fission, causing a massive amount of neutron beams.
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In the latest case at the Fukushima Daiichi nuclear plant, such a criticality
accident has yet to happen.
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But the measured neutron beam may be evidence that uranium and
plutonium leaked from the plant's nuclear reactors and spent nuclear fuels
have discharged a small amount of neutron beams through nuclear fission.”
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Also, on March 25", TEPCO made public a measurement of the contributions of
different isotopes to the extremely high measured radioactivity of the seawater used
to cool reactor #1. The reasons why these measurements were taken so late in the
crisis (or why the information was released so late) is unclear at present.
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http://english.kyodonews.jp/news/2011/03/80539.html
http://www.yomiuri.co.jp/feature/20110316-866921/news/20110323-OYT1T00534.htm

Radioactive Nuclide Concentration (Bg/arr)

Cl-38 1.6e6

As-74 3.9e2

Y-91 5.2e4

I-131 2.1e3

Cs-134 1.6e5

Cs-136 1.7ed

Cs-137 1.8e6

La-140 3 4e2
Bt tERiE IREE(Bg/cm®)
Cl-38 1.6x10°
As-74 3.9x10°
Y-91 5.2x104
1-131 2.1x10°
Cs-134 1.6x10°
Cs-136 1.7x10%
Cs-137 1.8x10°
La-140 3.4x10°

Table 1. The contribution of different isotopes to the radioactivity from a
sample taken in the turbine building of reactor #1

£ 1 1 5@ —EVRETHREMSN-BSEICHITIBLORMEDFE [RE
FRRUXHTIebIGEENO)1GEEZRERT DM, RXPTEIREICEEHA =, ]

The measured levels of Cesium and lodine, Cs-137 and I-131, were expectedly very
high. The very high concentration of one isotope however — CI-38 — was the figure
that drew my attention. Why worry? CI-38 has a 37-min half-life beta decay; in a
couple of days it will be gone. However, the fact that it was there at all, and in such
high concentration, puzzled me. Could it be that the incident flux of neutrons
converted the 24% CI-37 present naturally in salt to CI-38 through radiative neutron
capture (a simple reaction: add a neutron give up a gamma, and you have

CI-38)? Wohat flux could have produced the observed radioactivity? In what follows, |
attempt to calculate the neutron flux that would have been able to produce the
observed radioactivity. There is a bit of math, but you can skip to the conclusions. All
calculations assume that the TEPCO measurements reported in Table 1 are correct.

OO LET DR, Cs-137 L -131 DAIEEFFERBYKRES M ofz LMLERIED—
D.CI-38. DEEDENRESVNCENFDFEEZE V-, MIHKIZESDH, CI-38 D
R—FRRIROEFHEAIL 37 THY. LA DSBITHBELTLESZAS, LHL. ZOREML
AR ZIICHEHELECEZDEBR, ZLTEARICERE THEAEL TV =CENEY

7


http://www.japanfocus.org/data/9619_table_1.PNG
http://www.japanfocus.org/data/9619_table_1.PNG
http://www.japanfocus.org/data/9619_table_1.PNG

BSE- HEFARITFIVIANRADIERTIC 24%FET 5 C-37 TSP EFHH
B (EMTRIS: PEFERYAALT O HEEBRH T NI C-38 21545)T CI-38 [TEKHL
f=o ELSTEMNEIYREIDIEAID0, EDLKLLDITFZ VI RGLEBISN -G REZ &
BLTEREAIM UTIC, BRSNS EEEER T S ENTRETHATEFIFVY
ADEHZEHA D, HENDLHEHN, RIFL TRHERITITENTED, TRTOFHET
K1ICHLONTOWAIREBEDAEMBENELVLELDEREL TS,

First we calculate the number of CI-38 nuclei that are present that would explain the
observed radioactivity. The half-life of CI-38 = 37.24 min which corresponds to a
decay constant of Azg = 0.00031021 s, So that: dN3zg/dt = -A3gN3s where, dNsg/dt

= 1.6e6 s and N3g = 5.16€9 CI-38 nuclei. This means that the activity measured is
consistent with the production of 5.16e9 CI-38 nuclei. The next question is how much
CI-37 was present in the seawater in the first place? The mass of chlorine in seawater
is 19345 mg/kg = 19.345¢ Cl/kg?l. Also, the fraction of CI-37 in natural Cl is = 24.23%
(see Table 2 below).

BN, BRlESNn-RETaE%HEETE 5 CI-38 D FHEHZETE T 5, CI-38 DE A
=37.24min [ZERIRTE SR A, = 0.00031021 s [ZHRIET Do TAVEK : dNyy/ dt = = A 1Ny T2 T
dN/dt=—-16x10° s 22D T N,; = 516 X 10° CI-38 % TH 5, CHILBITE S - st RE
EREIL 516X 10 EDKRERMITHETHIIEEEKRT S, ROMEITZITBAKBIZE
NIZITD CI-37 BNFEELEZNTH S, BKPDIERDEEIE 19345 mg/kg = 19.345¢
Cl/kg®. TH D, Flz. RAD CIHFD CI-37 DEIE1£=2423% (T DR 2% R &), [(REF:
[RXXD dNyy/dt=16e6 s DARBIZIZIAFTRAEBE-IBNDBETHD, HH. EZNSHFA
Z/-OT. BRXFDHEBGRY IFERX P TIEETEZ KL=, ]

Isotope Molar Mass %
Cl-35 34.9688527 75.71
C1-37 36.9659026 24.23
Rl faz ELHE %
Cl-35 34.9688527 75.77
Cl-37 36.9659026 24.23

Table 2: The isotopic abundance and molar mass of chlorine
&2 BRORMEEFELLEELNLEER

The mass of CI-37 can then be found to be 25% (we must account for the difference
in molar mass of the two isotopes: it is a very small difference but it adjusts the
fraction CI-38 by mass to be 25%) of 19.345 g Cl/kg = 4.89¢g CI-37/kg. Using
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Avogadro’s number we can calculate the total number of CI-37 nuclei/g of seawater to
be N3; = 7.96e19.

C-37TDEEIXLI=HN2T19.345 g Cl/kg M 25.26%(Z DD REIGIIADEILEENEZEE
[CANETNIEESEL: EIFBDH T/INSULVAS, CI38 DEEE|S DIEIEIE(T 25.26%(27%
%) =4.89g Cl-37/kg 15 BT EN M D, TARAROEZERWNTHEKFB D C-37 DEEHEL.
BE#/g X N, =796 X 10°.LHEHHTES, [RE T - BEETNESDEEMEITEHEEIZIL 25.26%:,
CODE., BLMIEIBE R AL 25.3%F ALV = RENEKXD 4.89¢ Cl-37/kg, LERFEIMA
D 25%%F5& 4.84 g Cl-37/kg &755, LEEANH D 25%Id. 25.26% 8% [E 25.3% &7
REEA5,]

We now know that N37 = 7.96e19 CI-37 nuclei/g of seawater, and we observed that
5.16e9 of these have been converted to CI-38. The question then becomes what flux
could have produced this many CI-38 nuclei?

IOLTHEBKED N, =796 %x 10" CI-37 ##/g THAHZENDHMY ., ZLTINLD 5B
516 X 10° HY CI-38 [ZTEMEIN TSI EFEAIL -, THEMREIL. Cf=IT%<D CI-38
BEERBRLIISUIRIIELSNENSTEITHS,

We now assume CI-38 was produced as the seawater was being circulated through
the fuel. What is the flux of neutrons we need to produce the observed N3g?

SEIX. CI-38 (LKA MM DB ERIRSEoNTWERIZERSN=, LRET D,
RIS Ny ZERT BICIEENLE TR EFIZVIANBE,

Since CI-38 is radioactive with a decay constant given by Asg the rate of change of the
number of CI-38 nuclei is given by:

dN3g
dt @ 0(yn)N37 — A3gN3g
Cl-38 & A, THEAONBDRRIEEMDIMEGTAELD T, CI-38 DD EILDRE(F

dN;g
dt

= @ O(yn)Na7 — A3gNag

TEZbN%,
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This is the familiar equation of series decay where one isotope is being produced and
at the same time is decaying. This equation can be easily solved (see for example I.
Kaplan, Nuclear Physics, 1958, p 463.):

O(ym)N37 _
Nsg(t) = |22 (1 ehaet)
38

CHIE—DDRAENERSNDERBICHRIET RIBRED SRR THD, O
[FBERICBLIENTEDIBIZENT I %MEZE. 1958 4. pd63 SH),

O(yn)Na7 _
Nsg(0) = || (1 ehaet)
38

Where, ¢ is the flux in n/em®.s, and o, = 383.7mb is the radiative capture
cross-section which would result in the production of CI-38 at the Maxwellian
distribution average temperature. Note that the thermal neutron cross-section is not
very different at 432 mb so similar results would be obtained if we assumed that all
the neutrons are thermalized.

ZCT ¢ [En/em’is TRLEIIVYIRATHY. 0,,=383Tmb [IXV RV HENR
ETO Cl-38 Z4E I HMGHREMEE THS . P EFHEBEXENITEENITEL
432mb THAHZEITER T HE. TRTOPUFIFBFEFILINTOSERET NIEFE
CEIGHRRENFONDIET THS,

Now, we know that after activation we produced Nsg(t) = 5.16€9 CI-38/cm3, so we let t
= T, the time when activation stopped so that Nzg(T)=5.16e9 nuclei/cm®. We also
know the value of the factor o(,nNz7/A3g = 0.098445192.

LIAT, k2 Nyt) = 5.16 X 10°CI-38/cm’ ZHE R LI=CENHI>TNDD T .t =T,
RN IEFE ST=BER EB &L Ny(T) = 5.16 X 10°CI-38/cm* TH B, b IXF =R DE
Ty N/ A 3= 0098445192 oMo TLVB,

So that the flux can be expressed very simply as a function of irradiation time T:

5.2415¢10
T (1—e7ael)

LIzA o T ISV I RIEIRETEEME T OBBMELTREBEICUTOLIITKRT ZENTE
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¢ =5.2415% 10" /{1-exp(~ A 45 7))

We assume that the production of CI-38 started with the deliberate introduction of
seawater on March 23" (according to the TEPCO press briefing!) into reactor #1.
Therefore, since the measurement appears to have been done on March 25" it
means that we have a maximum activation time of 2 days. In fact, we really have two
regions of flux that are significant. The first region is where the denominator is < 1
(corresponding to activation time T0.4 days).

EDONIXCI-38 DERIE 1 SHOREFIFICERIEKEEALIZ3 A 23 B(REDE
EREYIIR-OITIRFESTERET D, > T AIEIE 3 A 25 BISiTHhN=&5HD T,
RREMHEREL 2 BEATHLIEEERT D, RRICIEIZDDEEHTDIZVIANE
BETHD. F—DHEEBIEILEXDOD BN OBEBTHAHCEMILRRM T0.4 BIZRIET
D)o

A lower limit in the flux is set when T is long (i.e. > 0.5 d) so that the denominator
approaches unity. We call this flux (¢ = 5.241e10 n/cm?.s) and it is the lower limit of
the flux that could have produced the CI-38 nuclei radioactivity observed.

D9 ZANTRIZEDZDIE T ARG HDHE > 05 dHDEA 1 ZIEDIKEETHD, Ch
#7599 AR(p=5241%x10"n/cm’s)EMESE, ZHIE CI-38 D ERBISN-MEHREEE
RTBEDTEDISVIRDTRTH S,

What might have caused the concentration of CI-38?
CDCI-38REZHT=-5 LI=-DEfIn?

The first possible explanation to consider is that the seawater was circulated among
the core intercepting neutrons from natural spontaneous fission of the used nuclear
fuel. The second possible explanation to consider is localized criticalities.

AIREEDHAHRALL TE—ITEBZADINEI L B FRSA T -RAHDEA
DEEBARDOREAELEDEFERELGALIFDERIESEON TNV =CETH D,
AIREMEDHHFRMAELTEZITER T ANELE, BATMLGERRTHS.

Recall that nuclear fuel changes its isotopic composition upon irradiation in a reactor.
This is the reason why we are concerned about plutonium production in nuclear
reactors from a nonproliferation point of view. We investigated this by calculating the
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number of spontaneous fissions from a typical BWR with 4% enriched fuel after 45
MWdth/kg burnup (see IAEA-TECDOC-1535, pg. 74). The inventory we get for 1
metric ton fuel for the primary neutron producing isotopes are shown in Table 2.

FRFFFTERAINDIIONTRAB I ZORGMAMERZEZASEFRIMECES, &K
OB RERFFRTOT IS LEFIZRAEROBE S MBI L EH > BEENAIIICH
%, Bhild 4% BB MAEEEL - B E A4 BWR DBRBEE 45 MWdth/kg
(IAEA-TECDOC-1535, p74 Z R K DMHE Mo D BEZAHRDBEZTHE T HILTINE
AR = —REMFEHRETBRMMKIZDONT, BE 1 P TREOFEEEEZER 2
279, [ER&E T : MWdth/kg =megawatt days thermal/kg]

Isotope Number of | Brgg=SF . esay Neamber of
Half- Life | Constant neutrons

Isotope Rventony Salape figiope =T of isotope | produced/sec

Miso=# Nudkeiig | Branching in vela_rs = A5 in s-

g/MTHM =Piso Ratio (%) ? =

Pu-238 2.66E+02 2.53E+21 1.85E-07 8.77E+01 2.51E-10 9.35E+05
Pu-240 2.57E+03 2.51E+21 5.75E-06 6.56E+03 3.35E-12 3.72E+06
Pu-242 6.79E+02 2.49E+21 5.54E-04 3.73E+05 5.89E-14 1.65E+06
Cm-242 2.02E+01 2.49E+21 6.37E-06 1.63E+02 1.35E-10 1.29E+06
Cm-244 2.26E+01 2.47E+21 1.37E-04 1.81E+01 1.21E-09 6.49E+08

B REA FEEED Brse=SF F$EH# RGHD  hFER
FEE ®EH BHIfE =T FRIREH  Bsec
Miso =# *3’2/9 oLt B & =Ns
g/MTHM  =piso (%) Bifi : s
Pu-238 2.66x10%> 2.53x10%*' 1.85x10" 8.77x10' 2.51x10%° 9.35x10°
Pu-240 2.57x10° 2.51x10%5.75x107 6.56x10° 3.35x10?* 3.72x10°
Pu-242 6.79x10% 2.49x10%554x10* 3.73x10°> 5.89x10* 1.65x10°
Cm-242 2.02x10* 2.49x10%'6.37x10° 1.63x10® 1.35x107%° 1.29x10°
Cm-244 5.26x10* 2.47x10%'1.37x10* 1.81x10* 1.21x10°  6.49x10°

Table 2: The isotopic inventory, nuclei/g, branching ratio for spontaneous
fission, half-life, and decay constant for different neutron producing isotopes
present in spent nuclear fuel. The largest flux comes from even Pu isotopes
and Cm. Note: MTHM= metric ton heavy metal and refers to the active
component of the fuel SF= spontaneous fission. Isotopic inventory obtained
from IAEA-TECDOC-1535, pg 74.

x2 FAFBRBHDPICHFETSELAODMFERRLUED . FAAAFER. B8/,
BRERESRICHT 7L, B, RUBEEH. BRKOIS VI ANEIZTPUH
KU Cm BEIFEMSELTLS, 5F : MTHM=metric ton heavy metal(E€E 1 +
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I THREOFEER S 2% T, SF=spontaneous fission(HEZ L H). RIMEEFEER
(& IAEA-TECDOC-1535, p74 ™5 5|IALT-1E,

The neutron production rate from spontaneous fission can be calculated for each
isotope by summing the contribution of spontaneous fission by each isotope.

ENENORLUKIZONT, BRZD RN D HEFERBRE XERLED B RZS
KOLDEHEEZEHLTELRTHIENTES,

(dN__n)/dt=> i=1.iso[AiMi0i(Bri sp)/100)vi]; where v is the average number of neutrons.
We will assume that all neutrons will be thermalized and about 3 neutrons are
produced per fission. The total neutron production rate found is 6.56e8 neutrons/sec
for 1 metric ton. However, the full mass of fuel in the core is 69 metric tons. Therefore,
the source strength of the core due to spontaneous fission is 4.53e10 neutrons/sec.

(dNn)/dt=2 _, [ A M0 (Brs/100) ], ZZT v ISP EFDFHETH S, PHEFIET
RTHEPHEFTHY . 1 BHARHZY SEOFHEFIERINDIERELLS, RESN T
S FERREIL 1 ho 272l 655X 10° hiEFH/sec THD, LML FLDELEE
(X 69 b2 THD, LI=D 2T, BEBDRICKDFDDIRIRREIX 453 X 10" hEF 5
/sec TH5, [REE:RXLEDRA. (Br,e)/100)[TEAFDORACHEIL) 1 ZHIBRLT-
(Br,s/100)MIEELLNE DD, ]

At this rate we can use the formula for simultaneous production and decay to
calculate the number of CI-38 produced as a function of time.

O(y.m)Naz _
Naa(®) = [ =52 (1 - e7he)

COREET, £ d Cl-38 DHZERRDOERMELTHEE T H7-0I1Z, RIFFERAREIC
X ARXEANSIENTES,

O(y.n)Na7 _
N3o(©) = ¢ [22=] (1 - e~aet)
38
However, knowing the source strength does not tell us the flux. To determine the flux
we have to know the configuration of the fuel with respect to the seawater. This is

difficult to determine given the little information that is known about the status of
reactor #1. To get an estimate we will consider several hypothetical scenarios:
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LAL. RIFBREZMOTEISIVIREOMNLLEN, TIVIRERET DICIFBKNCR
FERBHOEREZHMSETNIEESEN, 1 SHOKEICOVTHONTLSIERIEIFE
AWEBNCENL, CNERET D EIERHETH D, HEBZFH=DITEOIOMRELE:
VFIFEEZS:

1) Scenario 1: The fuel has melted, and has assembled in the bottom of the
inpedestal and expedestal regions of the reactor vessel (the “bulb”) as shown in
Figure 1. The seawater is assumed to come into contact and cover the melting
fuel as shown in Figure 2. This scenario was predicted in C. R.Hyman’s report
(“Contain calculation of debris conditions adjacent to the BWR Mark | drywell shell
during the later phases of a severe accident”, Nucl. Engin. and Design., 121, 1990,
p 379-393.).

1) 2FIA 1 EBREHEERL. K1 ISRENDESICEFFRFT/NILT NOBERES
KU HIFF SN BB DIEICHEIBEL -, iBKIEE 2 TREIND LSRR LIEMLTES
EIRET D, DI FIAIE C. R NAIUDE|ETEKREHEZLRME TD BWR Mark
I FADTILKKIZET 2EXBZDOEEYMDETE L. Nucl. Engin. and Design.., 121,
1990, p 379-393)DHFTFEINT-LDTHS,

EXPEDESTAL
REGION
=102.2 m?

INPEDESTAL
REGION
=29.9 m?

51 fR B

14


http://www.japanfocus.org/data/pressure_vessel.png
http://www.japanfocus.org/data/pressure_vessel.png
http://www.japanfocus.org/data/pressure_vessel.png

=102.2m?
RN R
=29.9m?

Figure 1: Figure showing the pressure vessel and Mark | containment and the

inpedestal and expedestal regions which are the regions where it is assumed

that the melted fuel would assemble (Figure adapted from C. R. Hyman, Nucl.
Eng. and Des., 121, 1990, Fig 2).

1:ENBEZREMark | RFFEMABE. DLV, BRL-RENRERTIENETHME
BTHAHERES FUHAERMEEZRTE(C. R. /\1<> . Nucl. Eng. and Des.. 121,
1990, & 2),

The flux is calculated by assuming a simple slab geometry as is shown in Figure 2
where the neutron source is assumed to rest underneath the layer of water and half of
the neutrons are expected to go on average up and half down. The flux is defined by
the number of neutrons that intersect a 1 cm? area which is half the source strength
divided by the area of the slab. We assume that the slab area is the sum of the
inpedestal and expedestal areas (according to C. R. Hyman op cit).

TP RAIEE 2 TRENDBEMGERSTIKEEEZREL TEHHEL., HHEFRIZKDE LY
TEBICINFEY ., FHLTHEFOFHL LEAIZFENTAIZAKEDERET 5, 7T7V7
AFEFEIecm’ ZEET I P EFHEERIN. REEED 1/2 ZRFTOEETEI-1=
LFDTHH, AZTEEIEHFEAS SVHEENEROBEBEOFMEMRET H(C. R. NI,
BEH. I2&B),
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®=Fluxin nfcm?.s
=(1/A[ecm?)

X (Source Strength [n/s]/2) MARK-1 DESIGN
1ecm?
face lcm
—

% Area A
| in cm?

s b || [ =
e | [TV

Assume as many neutrons go up

(on average as down). Molten Fuel on INPEDESTAL EXPEDESTAL
floorA=29.9m? Area = 102.2 m?
@=n/cm’s TRLEI75v4H X MARK-1 MREY
=(1/A[cm?])
x($RIR5EE [n/s]/2)
H lcm
1cm? N
1cm?® cm’TRLT=
[T RPV SFP
RFFEHBRR FERAFRET—IL
DW SCSW
FSAL4ox)L Ry )— MERKRE
@K Ww
A oy bzl
hEFEFEYLTE MERNEESOKRLEDOBEAE  BIESEEO K
TRHEKSAT ZERET S HE#=29.9 cm® E#=102.2 cm®

Figure 2: Figure showing how the neutron flux is calculated. We assume a
simple slab geometry where the seawater covers the fuel and % of the neutrons
source travels up and half travels down. The flux intersecting the neutrons is
the ratio of the area of 1 cm?®to the area of the slab which is assumed to be the
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sum of the inpedestal and expedestal areas (illustration of Mark-I adapted from
Wikipedia).

2 FEFISYIRDEEZETTE, BGERRK T, BKSBRHEEV RIS FHE

FD1/2 B EAITESNTAICASIERET S EONDPEFDIZVIXIE 1 cm® D

MAROEED. HEREHENOEBEOMERELTLDIRASTHEEICHTHLTH
A(Mark- 1 D& E (& Wikipedia MSEE->7=),

We use the familiar equation from before and find that:

9(y.n)N37 _
Naa(®) = ¢ [52T] (1~ e7et)

N3g(T) = 1.71e4 (1 = e—/lgsr)

HIZHITFENVENR-RERANSERDLILVES:
Ni() = ¢ Lo, o Nyy/ A gs] {1-exp(= A 358}
Nyg(T) = 1.71 X 10*1-exp(= A 35 N}
[ERFEE: o= (1/Alcm?]) X (Source Strength[n/s]/2)
=(1/132.1 x [(100cm)?]) x (4.53 x 10'°/2)=1.71 X 10*n/cm?s
L1=AS2T Nyl 7) = 1.71 X 10° X 0.098445192{1-exp(— A 55 7}
= 1.69 X 101-exp(~ A ;3 7))

LT BRXOHBTE 171 X 10°DRDOYIZTDIE 1.69% 10° ZERALT=, ]

Now, the maximum number of CI-38 nuclei are produced when T is long and is
maximum at 1.71e4CI-38 nuclei. As time increases as many CI-38 nuclei are
produced as decay and an equilibrium is established. So assuming that the seawater
covers the fuel in the floor of the “bulb” it is clear that in this proposed scenario not
enough neutrons are produced to account for a 1.6 MBq CI-38 radioactivity.

CIT.THARVEICRARED CI-38 #ZMNERMIN ., RKIEIL 1.69 X 10°CI-38 #% &1 5,
B R DIZDONFRIRE T B RLILL . 2D CI-38 M ERKT D, - T, @AM

[NTIVIDERICHIBEESEREL T, ZIITRRLIZDF)A TIlE 1.6 MBq CI-38
DRGTREZ AT DI+ R HPEFIFERLBEWNIEIZBALSHINTH S,

2) Scenario 2: The second scenario is if the fuel partially melts but the core leaves
crevices through which the seawater can flow. In this case the 1 cm?® water is
assumed to be surrounded by a homogeneous neutron emitting fuel.

17


http://commons.wikimedia.org/wiki/File:BWR_Mark_I_Containment_sketch_with_downcomers.png
http://commons.wikimedia.org/wiki/File:BWR_Mark_I_Containment_sketch_with_downcomers.png
http://www.japanfocus.org/data/eq5.PNG
http://www.japanfocus.org/data/eq5.PNG
http://www.japanfocus.org/data/eq5.PNG

2) FIF2: F20IFIFIE BARITERSHISERLTOSHFEDIXIREZEEZLES
TRIKDTENDIENTED, ELVDELDTHD, CDIZE 1 om’ DKAFEFEHRE
TE—HRGEHBHICHENTVDERET 5,

The flux is calculated by calculating the ratio of the 1 cm® as compared to the
complete volume of the fuel. We know that the total mass of the fuel is 69 metric tons
and the density of the fuel changes considerably at high temperatures (see Figure 3).

IV REHEHDEREICHT D 1em DHZHBELTEH T 5. BHDEEEF 69 +
UTHAHLE BHOBEEATRTENMYELTEHZEIZRITLEHAODTND,

10,0 SoLip : Liourp
{ vo,
ANL |
o -
I
1
9.5k 1
b—e—DENSITY CHANGE
i l AT MELT
S l
- i | -8.8%
F
< I
g |
s.0} |
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ssl . ANL
nr‘
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Figure 3: Figure showing how the UO2 fuel density changes as a function of
temperature (Figure taken from W.D. Drotning, Thermal Expansion of Molten
Uranium Dioxide, CONF-81069601).

3 BEORE#HELTHO UO2RHZEEDE{LZRTR(REIEW.D. FOM=2Y | B
EEHS DR . CONF-81069601, M SE|FH)

We assume that the density is approximately 8.86 g/cm? at temperatures exceeding
3120 K so that the volume occupied by the fuel is 6.77e6 cm?®. Therefore the fraction
of the flux that is intercepted by the 1 cm® volume is 1.48e-7. We assume that the flux
through the 1 cm? volume is also proportional to this fraction. Therefore, the flux is
assumed to be = 4.53e10*1.48e-7 = 6703 n/cm?.s. and the number of CI-38 nuclei
can be calculated as before:

O(y.n)N37 _
Nag(t) = ¢[ VA;S ](1 i lgst)

N3g(T) = 658.8 (1 — e~%22T)

FEIL 3120K % 2 DB E TIXIFIZ 8.86g/cm® THAHD THERFE A HHBIKFEIL 7.79 X
108cm®* THAERTET D, L= >THEE 1em® ITE 2 TESND TSV IANE|E 1L 1.28
X107 THD. BONIIEBEIcm®E BB T 57597 RBIDE|SITLBITHERET S
KO TITSYIRIE=453%10""%1.28 X 107=5798n/cm?s. L T CI-38 #Z D ITHTD &
SIZETETES:

Ny(t) = ¢ [ Ty N/ A 31 {1-exp(= A 351}

Nyo(T) = 570.8{1-exp(= A ;3 D}

[ER&E: REANHDHHKIEITEE 69 b -2 E 8.86g/cm>=7.7878104 X 10°cm*>=7.79 X
10°%cm’ 155, LIzA > THRIE 1em’ (IC&>TELBNE TSV I ADEE41.28 X 107 TH S,
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£ TITYHIRIE=453%x10""%x128%x107=5798 n/cm’s &1i5, ZEE(IRRENDLE
= 69 % 60 FERFALTETELTLS, LWL, AT DFERICITE<EELAL, R
XDHFTIH. £EEX 69 M ELE-BDRREDHEEEZRAL, ]

In this scenario we find that the number of CI-38 nuclei reaches a maximum at 7x10?
which again is certainly not enough to explain the observed CI-38 radioactivity of 1.6
MBg. So this scenariois just as implausible as scenario 1 above, making it obvious
that spontaneous fission cannot account for the reported concentration of CI-38.

ZDIF)ATIE CI-38 #ZD TR AE 6x102I12FET BN, ThtFET- C-38 DRETEED
£LAME 1.6MBq ZEHBAT HICIXBALMNC+ 73 THEW, LTz > TR FIFH LD F1)
A1 LRk, HYEINL BEZASRITIESN TS C-38 DREFHRAT L LI
TERVWIENHESMNILE D,

To summarize: We can compare the calculated number of CI-38 nuclei determined
from the measured CI-38 radioactivity, to the upper limit of the number of CI-38 nuclei
assuming the two scenarios and express this as a percentage. We find that the
scenario where the molten fuel pours into the inpedestal and expedestal areas
suggests a ClI-38 number that is 3.3e-4% of what is needed to explain the observed
Cl-38 radioactivity. Also, the second scenario in which a small 1 cm3 sample is
embedded in a uniform neutron flux suggests a CI-38 number which is even smaller
at 1.3e-5%. Barring significant information that we do not possess, neither
spontaneous fission and seawater option explains the observed radioactivity.

FEDHHE  BHONITRIESNT- CI-38 DMSTREMNDRDONS CI-38 DY DEEEE.
ZONUFI)AEREL- CI-38 B D LRMBELBFRL T/ A—ET—OTRIIENT
E5, FIFEAEHBEN DI ITERMBEDNTRAT HELITF)A (L. CI-38 DRGTRE
EAMEZHEAT BITWELL Cl-38 B HD 33X 10°% THAHZEETET B, BFEIZ, 1em®
DIMEAEN LB D EFISVIRBPIZADTNDENSEZDIF AL, C-38 #%E L
LTESITINEL 1.1 X 107°% ELSEZRET 5, Kb A F-TUWVEWEELGIFERAG
FhiX. BREREIREEK, EL0DFBRZELMETEEDERRIEZEZERAT HELD TIEALY,
[EBREZ :EX®D 33x107%%, 1.3x 10°%ZRXDPTIEZENETN 3.3x10°%, 1.1 X
10°%&L 7=, ]

Conclusions

#EER
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So we are left with the uncomfortable realization that the cause of the CI-38
concentrations is not seawater intercepting neutrons from natural spontaneous fission
of the used nuclear fuel. There has to be another reason.

Li=A>THEDLNIZ, CI-38 REDRRIEFEASN TUOZBAHOBRISECSEHK
DRMODHPEFRTBKDHEEL-E=HTIEGL., EVSBIDMOENEHZ LT
(FTULS, tICEAMNGZTNEESEE,

Assuming that the TEPCO measurements are correct, this analysis seems to indicate
that we cannot discount the possibility that there was another strong neutron source
during the time that the workers were sending seawater into the core of reactor #1.
However, without knowing the details of the configuration of the core and how the
seawater came in contact with the fuel, it is difficult to be certain. Given these
uncertainties it is nonetheless important for TEPCO to be aware of the possibility of
transient criticalities when work is being done; otherwise workers would be in
considerably greater danger than they already are when trying to working to contain
the situation. A transient criticality could explain the observed 13“neutron beams”
reported by Kyodo news agency (see above). This analysis is not a definitive proof,
but it does mean that we cannot rule out localized criticality and TEPCO should
assure that the workers take the necessary precautions.

REDAENEETHAILRET & ERXELLNE | SHOFDITHEKEEYRAA
TWREEITH DRV P FERRENFELAREZIETERSCEN TSR, ESED
DERLTODEIICE OIS, LHL, FLDMEREFRE SVBKAFLEED KD

[CHEEARL =D h . FHA OIS TIL, HEZFOCLIRHETH D, CDRIBTHED
SEHBICLA EENITONTNSESITBEMGERRDAIRMENH LI LERENR
BLTWACERREETH D EITHEVNEERENFTREMNAAT=HIZEGZEINT
WAHEFZ, CNFETSOSN TV RIREYENGEY RELGRBIRIZSOSNESIEITESD,

EEERR L, HEBEERISFHRLFIPEFE—LIMN 13EBRSINCE(EEZRKI)ESR
BT A ENTEDMNLHNG N RO ITRERGER TIIEWNA, BRTHIERRERRN T
BHEETEGNILEZERTDELDTHY . REFEXENDELGFHRELDLEER
ALY RETHD.
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Notes
x

! Thanks go to Dr. Patricia Lewis (CNS, MIIS) and Arjun Makhijani (IEER) for carefully
reviewing this memo, and for thoughtful and stimulating discussions. Dr. Lewis may
be contacted at patricia.lewis@miis.edu.
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3 Dr. J. Floor Anthoni, The Chemical Composition of Seawater (2000, 2006).
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* Press Release (Mar 26, 2011) TEPCO News, Plant Status of Fukushima Daiichi
Nuclear Power Station (as of 8:00 PM Mar 26th): “At approximately 2:30 am on March
23rd, seawater was started to be injected to the nuclear reactor through the feed
water system.”

Y TFLAYY—R (2011 %£3 B 26 H)TEPCO =21 —R ., EBE—RFHEREFRD T
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