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ABSTRACT

Calculations have been performed which indicate the possibility
of reducing below ten years the effective half-life for transmutation

137(33 placed in a CTR b1ankét. The blanket

of massive loadings of
studied is a modification of the cy11ndr1ca1 "standard blanket" .
calculational benchmark, hav1ng 1T cm of Nb wall mater1a1 followed by a
20 cm target zone, 70 cm of moderator and a 6 cm absorber of Li. The
"standard blanket" source yielding a wa]]iloading of ]d Mw/m2 of 14 MeV
neutrons is assumed. Neutron production by (n,2n) reactions in a Be
moderator is used to‘increase the thermal flux. For an 80% target zone

]37Cs, a trénsmutation rate of 290 kg pér“year'per.meter of

loading of
CTR Tength is obtained, with a half-life (inc]uding radioactive decay)
of 9.9 year§ At this 1oading,the transmutation rate in roughly one
percent of the length of a CTR b1anket would balance the production

rate in a f1ss1on reactor of the same power.



INTRODUCTION

Calculations have been performed to'study the feasibility of trans-
} .

muting fission products by neutron—inducéd'reactions in the blanket
. region of a controlled thermonuclear fusion reactor (CTR). More

specifically, attention was focused upon the possibility of significantly ‘

137 137CS

shortening the 30 year half-life of Cs by this process. Because

_is copiously produced in both plutonium and uranium fissions, accelerating
its decay could help to ease the radioactive waste problems attendant
upon nuclear power generation. Further, because it has the Towest thermal

neutron capture cross section of the moderately long-Tived fission

137

products, Cs represents a "worst case" for this technique.

137

Because of the very low neutron capture cross section of Cs, a

high thermal neutron flux is required to transmute it at a rate equal to its

(1)

. natural rate of radiocactive decay. Specifically, an integrated 1/v
flux of 7 x 10" n-cm™2 - sec™! is required. Initial calculations were
performed using source and blanket configurations related to the "standard

blanket" calculational benchmark defined at the ORNL Fusion Technology
(2)

These calculations showed that flux traps could be designed

to produce 1/v fluxes exceeding 10]6 n-cm-2 - secf].

Conference.
Consequently, interest-

ing transmutation rates could be expected for infinitely dilute loadings

137

of Cs.

"In order for transmutation to be useful for the reduction of fission
product inventories, it must be possible to transmute siynificant quan-
tities of target material at interesting rates. Therefore, calculations

were performed to study the transmutation rate for macroscopic loadings of

137Cs in a model CTR blanket. The results of these calculations indicate.

137

that a blanket region can be designed in which Cs is transmuted more
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than twice as fast as it decays natura]]y; even at 1oading§'exceeding
509% by volume. At such loadings the transmutation rate in roughly 1%
of the blanket region of a CTR would balance the production rate in a

fission reactor producing the same power.

CALCULATIONS AND RESULTS

The CTR "standard b]énket“(z) is a cylindrical annulus (perhaﬁS'a'
section through a torus), with inner and outer radii of 200 and 300.cm
respectively. Its functions are to absorb the kinetic energy of the
14 MeV fusion neutrons, breed tritium, and shield the outer (presumably
superconduéting) magnets from neutrons. The blanket zones are.éy]indrical
annuli, starting with an inner Nb vacuum wall 0.5 cm thick. This fs |
followed by a 3 cm 1ayef of Li "mix" (94% Li,.6% Nb) which represents a
coolant zone. A 0.5 cm Nb wall separates this from a second zone of Li
mix which is 60 cm thick. This is followed by a graphite fef]ector 30 cm
thick and a final zone of Li mix 6 cm thick. The specified DT fusion
neutron source of the "standard blanket" is a 14 MeV neutron current at

14 2

the vacuum wall of 4.43 x 10° " n-cm -sec'] corresponding to a neutron

2

energy transport of 10 MW-m . A1l calculations reported herein were

normalized to this wall loading of fusion neutrons,

The concept explored in these calculations is to replace the central
layer of Li mix with pure moderator as shown in Figure 1, to produce a
high thermal flux. Becau;e neutronics ca]cu]ationslof the standard blanket
have indicaled a tritium breeding rate in excess of 1,25,(3) adequate
tritiuh supplies for the CTR are assumed available. Tritium production is

ignored here, except as a by-product of the outer neutron-absorbing layer

of Li mix which protects the magnets from neutrons leaking through the

et dmyrye < em— > o Pyt i
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moderator. (Due to more effective moderation of fast neutrons this blanket
reduced neutron leakage to the magnets by at least a factor of four below

levels calculated for the standard blanket.)

Using the ANISN code(4) the initial calculations explored ways to
produce a high 1/v flux in the moderator region. Reactor density graphite
was tried first; then beryllium was tried for its better moderating properties
and its Tow threshold energy for neutron production through (n,2n) reactions.
In the calculation for Be the reflector zone was also filled with Be. Both
moderator and reflector zones were loaded to an atom density of 65% that
of metallic Be. These calculations indicated considerable neutron Josses to
the inner coolant layer of Li mix. Consequent1y,‘it was decided to postulate
gas cooling and remove the mix from that zone. The results of both sets of
calculations are listed in Table I, and indicate the possibility of achieving

high average fluxes over an extensive region of moderatorq(s)
In addition to neutron cépture, ]37Cs will undergo transmutation to

136

the stable isotope “°Ba in the high-energy neutron flux yia the (n,2n)

reaction to 136

Cs followed by rapid (13 d) beta decay. The ca]cu]ated fast
neutron flux near the inner edge of the blanket plus an assumed (n,2n) cross
section of 1.5 b would give an additional infinitely dilute specific
activity of 0.021 per atom per year. Even though the high energy neutron
flux'decreases rapidly with penetration into the moderator, this process
should enhance transmutat%on rates significantly if fission product Toadings
are confined to the inner portion of the blanket (which is also the high
thermal flux region). Consequently, further calculations using model ]37Cs

cross sections were undertaken,

B e e i o o e TR
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Integrated 1/v flux calculated. for modifications of
the CTR "standard blanket" discussed in the text.
Also shown are specific activities calculated using
the 137Cs thermal neutron capture cross section.
Averages are over the blanket region between radii
204 and 264 cm. The !37Cs specific activity due

to radioactive decay is 0.023 per year.

'¢]/V_(Cm—2—sec—1) ; < o¢ > (per year)

. Max. Ave. Max. Ave.
2.8 x 101° 1.7 x 1012 0.010 . 0.006
7.6 x-10"° 4.7 x 10"° 0.026 0.016
7.4 x 10'° 4.3% 10 0.026 0.015
2.2x10'% - 1.1x1008 0.076 0.038
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137

The ENDF/B-II11 descriptipn of Cs (MAT 1230) is not adequate to

perform the neutronics calculations.” This description not only does not
contain an (n,2n) cross section,but all of the calculated non-elastic
cross section other than capture is attributed to inelastic scattering.

Therefore, in order to obtain a reasonably valid neutron transport

133

calculation the microscopic cross sections of the nearby nucleus Cs,

as given on ENDF/B-III (MAT 1141)(6) were used to build a model for

137 o 133

Cs cross sections. Th Cs description contains (n,p), (n,e) and

(n,2n) reactions in addition to capture, and elastic and inelastic

137 137

Cs

scattering. 1In order to build a Cs cross section file only the

capture cross section of MAT-1230 was substituted for the 133

Cs capture
fite.(7)

137

The calculated specific activities for neutron captuée on “'Cs are

due almost ehtire]y to the thermal group. There has apparently been only

one determination of the 137

Cs thermal capture cross section. This
measurement was the cross section to produce the 32 min']389Cs activity.
The value obtained was 0.110 + 0.050 b.*' Thus the calculated neutron

- capture rates are uncertain by some fifty percent due to the uncertainty

in the cross section.

137Cs

Calculations were performed for various loadings of the model
in the blanket for the most favorable case of the initial study - the Be

moderated case with a Beé reflector, with the inner Li layer replaced by

* The error of + 0.033 b quoted in BNL -325, 2nd Ed., Suppl 2, Neutron
Cross Sections Vol II B was only the randam error assigned by
Stupegia.(a) Stupegia estimated the total error to.be the value given
in the text.
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void. For these calculations the atom density of Be was taken to be 80%

of metallic, with void space assumed for gaé cooling. Figure 2 presents
the results of two studies in which the Cs was loaded into the inner 20 cm
-qf blanket (between radii of 204 and 224 cm). In one study, the region

was filled to 80% by volume, with Cs and Be, in varying propdrtions. In
the other study, only Cs in three different volume fractions was placed

in this region.

In order to understand the calculated results shown on Figure 2,
it should be recognized that while the mass ‘densities of elemental Be and
Cs differ by less than 2%, the atom density of Cs is less than 7% that
of Be. One result of this is that, on a volume percent basis, Be is a
much better moderator. Andther result is that even a full yolume loading
of pure Cs is so dilute that there is little attenuation of the high energy
neutron flux. Thus, when 6n1y Cs is present in the target zone the
(n,2n) reaction probability is weakly dependent upon Cs concentration.
When Be is loaded with the Cs, however, the decrease in Cs'(n,2n) reaction

probability with increasing Be loadings is rapid.

In the cases where the target zone was filled to 80% by volume with
varying Cs/Be fractions, the systematic decrease in the Cs (n,y) absdrption
probability with increasing Cs fraction'follows from the decreasing ability
of tﬁe mixture to attenuate the high energy neutron flux. The radius at
which the thermal flux reéches a maximum.increases with increasing Cs

fraction, decreasing the probability of (n,y) absorption per Cs atom.

Table 2 lists both average and maximum reaction rates in the target

zone and the corresponding effective half lives (including radioactive

S e s YT e gse g T
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TABLE 2. Calculated Transmutation Rates '
of Cs-137 in the Blanket of a
Tokomak Fusion Reactort

Average ‘Maximum
Reaction Reaction Total Reaction Reaction .
4 .16 Rate - Rate Total Transmutation Rate Rate Total
Volume ¢(]/V)X]O_ o S0 <997, on Effectlve Rate” ¢(]/v)x10']6 0>, L S99, o, Effective
Fraction 2 fraction fraction = T-1/2 1. 2 fraction fraction T-1/2
%Cs/%Be (Neut/cm”-sec) (year) (vear) (years) (kg-m -yr ')  (Neut/cm -see) _(year) (year)  (years)
G/80 1.19 . 0.0428 0.0115 9.0 0 . 1.26 0.0450 0.0266 7.3
5/75 1.16 0.0419 0.0119 9.0 ' 20 1.23 - 0.0440 0.0267 7.4
25/25 1.05 v0.0379‘ 0.0137 - 9.3 | 95 1.13 | 0.0402 0.0273 7.6
50/30 0.874 - 0.0321 0.0168 9.7 185 0.958 0.0349 0.0281 8.1
50/0 0.743 0.0275 0.0241 9.3 190° 0.763 0.0282 0.0292 8.6
89/0 : 0.671 0.0250 0.0221 9.9 290 0.702 0.0262 0,0290 8.9
100/0 0.633 0.0238 0.0209 10.3 350 0.668 0.0252  0.0289 9.0
100/0++ 1.29 0.0470 0.0268 7.2 500 - 1.31 0.0478 | 0.0387 7.0

- _
[ncludes radioactive decay activity of 0.0229 per atom per year..

TThis device produces 200 MW(t) per meter of CTR device length.

b wall material (1 cm thick) removed.
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decay). Also shown are the integrated 1/v fluxes and the total trans-
mutation rates per meter of CTR device 1ength; The bottom row of this
table 1ists the results of calculations for a case in which the Nb wall
‘material is removed. It is 1n$1uded to indicate the upper limits of.

improvement obtainable by redesign of the inner wall region.

Since the inclusion of void space for coolant will doubtless be

-

necessary in the target zone, 80% volume fraction loading of pure Cs

in the target zone with the Nb walls in place may be the most rea)istic
case. The calculated transmutation rate of 290 kg per year per meter of
device Tlength for this case 1is such thaf transmutation in roughly 1% of
the length of a CTR blanket would ba]anée the production rate in a fission
reactor of the same thermal power. This transmutation rate, with an

effective half-1ife of 9.9 years, is deemed interesting.

Beryllium has not been widely used as a moderafjng material in nuclear
fission reactors. This is apparently due to the manufacfuring expense
related to Be toxicity, and due to the poor structural stability of Be

under neutron irradiation. Consequently, calculations haye been\%ade to

determine the extent to which the Be content of the blanket can be replaced

by graphite without losing the flux enhancement obtained through Be(n,2n)
reactions. These calculations were carried out for the case wifh a 25% Cs,
55% Be loading in the taréet zone. No change in the Cs trahsmutation rate
was found when the outer 50 cm of Be was replaced by graphite; replacement
of the entire 70 cm Be zone external to the targét zone decreased the
Cs(n,y) transmutation rate by less than 10%. Thus large quantities of Be
in the blanket may not be nécessary to achieve the desired neutron

multiplication,
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A seéond result of lesser importance was also obtained in étudying
the combination Be-graphite moderator. The tritium production per source
neutron due to 6Li(n,y) capture reactions in the outer absorber layer
"increased from 0.18 for the pure Be moderator case tol0.42 when all Be
external to the target zone was replaced by graphite. This indication
that tritium production may be achieved simultaneously with transmutation
led to a calculation for which the target zone was followed by 20 cm of
Be, and the remaining 56 cm of the blanket was filled with the Li-Nb
absorber mix. Tritium production increased to 0.94 per source neutron with
a decrease of only 20% in the Cs(n,y) transmutation rate below the rate
for the full Be blanket case. Thus, optimization of both tritium production

and transmutation rates seems possible.

Other aspects of the relative merits of beryllium and carbon as
moderators in CTR blankets include the gas production rates, which strongly
determine structural stability, and the induced radioactivity. These
effects might be expected to differ in the 14‘MeV neutron source flux of
the CTR from the same effects in a fission reactor neutron flux. Conse-
quently, these relative effects have been estimaéed for the DT fusion

reactor.

Gas Production

The neutron multiplication of the beryllium blanket through the (n,2n)
reaction is achieved at the expense of helium gas production via the

reaction:

9Be(n,2n) 88e ————— 2 - He.



. and 0.2% yr~

-12-

With the neutron spectra produced by the 14 MeV DT source, additional

helium and tritium gas are also produced by means of the reactions -

9Be(n,4He) 6Li

7

Be(n,3H) “Li

and the secondary reaction

) 4He.

6Li(n,3H
Helium is produced in the graphite blanket by the }eactions:‘

12 4 9

C(n, "He) “Be

12 4

C(n,n') 3 THe.

Calculations, which are reported e]sewhere,(g) have been performed
for 100 cm blankets of pure Be and pure graphite at 80% theoretical density.
The production rates of helium and tritium in the first cm of a Be blanket,

given in terms of percent of initial blanket atoms per year, are 4.5% yr']

], respectively. In a graphite blanket the correspohding

“helium production rate is 2.2% yr .

The calculated helium production rates in‘graphite are about half of
the bery]]ium:va1ue$. Nevertheiess, the gas production in the beryllium
blanket is actually less than in the graphite per. thermal neutron av§i1able
for transmutation. In ény event, the gas production rates in both materials
are so high that neither material would have any structural stability. To
be used in a 14 MeV DT neutron flux of this magnitude either material
would have to be encased in a structural material with a greater resistance

to radiation damage.
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Induced Radioactivities

The activities of the radicactive daughters produced in the same

. blanket have also been estimated. In beryllium the only long-term

activity is the 1.6 x ]06 yr beta emitter 10Be produced by neutron capture.
Calculations indicate a buildup per day of 5.4 curies per meter of length

for the full blanket thickness. In graphite, ]OBe activity is also

13

produced by the (n,a) reaction on the 1.1% "°C isotope. Since there are

no experimental determinations of this cross section, a value was obtained

13

for this activity by assuming that the “C(n,a) cross section was equal

to the sum of the ]ZC(n,a) and ]ZC(n,3a) cross sections. Thus the value,

0.015 curies per day per meter, may be erroneous by a factor of several,.

- This is not of particular importance since the dominant activity in graphite

is that of the 5730 yr beta emitter 14¢ produced by neutron capture by-]3c,

14

This ' 'C production rate is initially 0.83 curies per day per meter. It

is actually time dependent since there will be appreciable buildup of 130
during irradiation by neutron capture in ]ZC.A However, this will be

compénsated in part by the (n,2n) reaction on 13C which has a threshold

energy of 5.3 MeV. The analysis of the effects of these secondary reactions _

has not been carried out. These calculated values of activity do not

indicate any particular problems.

‘Thus, interesting transmutation rates may be obtained for massive

loadings of 137

Cs in a CTR blanket. Transmutation of significant quantities
of Cs appears feasible at these interesting transmutation rates. Centraj

to this achievement is the inclusion of Be in the inner b]apket regions,
although large amounts may‘not be necessary. Problems associated with the.
use of Bé as a modcrator appear not to be much worse than similar ones

associated with the use of a graphite moderator.
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