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Abstract

The induced radioactivity and afterheat in five recently presented
fusion reactor blanket designs have been calculated. These designs differ
in the choices of structural material. Nevertheless, the radioactivity levels
and in the use of a neutron multiplier and yet the radioactivity levels
at shutdown after two years of operation are within a factor of four of each

other and clustered about 1 Ci/Wt However, the long term radioactivity

e
(greater than 200 years) is greatest for Nb structures and least for Al.

For Nb, the level of long term activity is about 5 x 10.5

Ci/Wth whereas for
Al, the level drops to approximately 10—7 Ci/Wth just several weeks after
shutdown. This last result will be modified by the inclusion of

trace elements and impurities. Afterheat levels are found to vary from

1/2 to 5 percent of the thermal operating power, depending on design and the
choice of structural material. Importantly, however, the afterheat power
density is only about 0.2 W/cm3 at most and this is roughly a factor of

10 to 60 less than the afterheat power density in fast breeder reactors.
BHP values are calculated for all designs by the pessimistic approach of
dividing the activity in Ci/kWth by the lowest MPC value, in Ci/km3 of air
presented in A.E.C., rules, title 10, part 20. 1In all cases, the BHP

nevertheless drops below 1 km3/kwt 20 years after shutdown following two

h

years of operation. The key isotopes contributing to radioactivity,

afterheat, and BHP are listed for future reference.



I. Introduction

Radioactivity and afterheat resulting from neutron induced reactions will
be an important consideration in the design of future controlled thermonuclear
fusion systems, particularly those based on the deuterium-tritium fusion reaction.

There have recently been several analyses of this problem for particular fusion

(1-5)

reactor blanket designs. In addition, there have been studies of

radioactivity and afterheat reported as part of several rather complete

(6-11)

conceptual designs of fusion power reactors. It appears from the

results of these initial studies that D-T fueled fusion systems will have

induced radioactivity levels on the order of lO6 C:'L/MWt that afterheat

h’
levels at shutdown will be about 1% of operating power, and that particular

(10) (12) based alloys, appear

structural materials, namely aluminum and vanadium
particularly promising from the viewpoint of minimum long term radioactivity.
With the appearance recently of relatively complete conceptual fusion
reactor designss6_1o) (in some sense, a first generation set of designs), it
is of interest to examine comparatively the radiocactivity and afterheat in
these systems. It is:of particular interest to study the impact of different
choices for the structural material and to see if the different blanket
designs themselves have any real affect on the radioactivity and afterheat

(13)

levels. A previous paper by two of the authors has already investigated
other important characteristics of these systems, such as tritium breeding
ratio, nuclear heating, and gas production and atom displacement rates.

Thus, these papers together constitute a fairly complete comparative study

of the neutronics related aspects. of these five fusion blanket designs.



IT. Blanket Designs and Calculational Procedure

The blanket designs studied here were developed as part of an overall

(6)

conceptual design of a fusion reactor by groups at the University of Wisconsin,

(7)

the Oak Ridge National Laboratory (ORNL) , the Princeton Plasma Physics

Laboratory (PPPL)(B), the Lawrence Livermore Laboratory (LLL)(g), and the

)(10)

Brookhaven National Laboratory (BNL . Table I summarizes these designs

in a format used for the neutronics calculations. The Wisconsin design,(6)
called UWMAK-I, and the LLL design(g) both use 316 type stainless steel as
the structure and liquid lithium as the coolant, moderator, and tritium
breeding material. Natural lithium is used in UWMAK-I while the lithium in
the LLL blanket is depleted to 4 a/o 6Li. The PE-16 alloy used as the structure
in the PPPL blanket(s) is approximately 43 w/o nickel, 39 w/o iron, and 18 w/o
chromium. The coolant is helium and the moderating and breeding material is
flibe (LiF—BeFZ). The ORNL blanket(7) uses niobium, a refractory metal, as
the structural material, natural lithium for cooling and breeding, and is
designed for very high temperature operation. The BNL design is based on
SAP, (sintered aluminum product) a material in which pure aluminum is strength-
ened by the addition of 5 to 10 w/o A1203 finely dispersed throughout the
aluminum matrix. SAP was originally proposed for fusion reactors by Powell
et.al.(lo) on the basis of its low long term radioactivity. The breeding
material dis LiAl, a solid material, and the coolant is helium. Be is
included for neutron multiplication and the lithium is enriched to 90a/o 6Li
to increase tritium production.

Neutron transport calculations for each of these systems were performed
(14) (13)

in the S8—P3 approximation as described earlier. In

all cases, the nuclear data for the transport calculations are from ENDF/B3

using the ANISN program

and have been processed using



(15) (16)

the programs SUPERTOG and MUG Other cross sections relevant to

radiocactivity and afterheat calculations were also obtained from ENDF/B3 and

(17)

processed with the MACK program. The exceptions are the neutron cross

(18)
(19)

sections for fluorine which are from the GAM-II library and some calculated

cross sections for radioactive nuclides provided by BNL. In addition,
cylindrical geometry is used for the UWMAK-I, ORNL, PPPL, and BNL designs.

The LLL design is for application to a mirror confinement system and spherical
geometry is used. The resulting neutron fluxes were used to calculate the
induced radioactivity in each system. Double capture events are generally

not included because of the low fluxes in these systems. Exceptions to this,
however, include the double capture on 58Ni, which is dimportant in stainless
steel systems, and several successive captures in niobium. Further, several
reactions can lead to metastable states in the product nucleus. Important
examples are the (n,Y) reaction in 93Nb leading to 94mNb(spin 3, tl/2= 6.26 m)

and 94Nb(spin 6, t

2

2
l/2= 2x104y) and the (n,2n) reaction on 7Al leading to

6Al(spin 5, tl/2= 7.4x105y) and 26mAl(spin 0, t1/2= 6.4 s8). For this last

reaction, the branching ratio is taken as 0.5.

In general, the branching ratio to such product nuclei is not well

(1,4,5)

known and various authors have made different assumptions. We have

therefore considered two different cases for Nb and the sensitivity of the
results to such assumptions will be discussed shortly. An additional difficulty

is that the capture cross section of 94Nb is not well known. This reaction

transmutes the long lived isotope 94Nb to 95Nb and 95mNb, both of which have

short half lives. Since the thermal capture cross section and the reso-

(20,21) __ 94

nance integral Nb are about 15 times the corresponding values

93 (1,5)

for ""Nb, several previous studies have assumed o(n,Yy) for



4

4 . , .
? Nb to be 15 times o(n,Y) in 93Nb. This, however, clearly remains conjecture.

Depending on exposure time, this assumption may predict too much burnout of

94Nb and lead to higthNb and 95mNb concentrations.

(22)

Muir and Dudziak have recently examined the sensitivity of afterheat

)(ll)

and radioactivity in the Reference Theta Pinch Reactor (RTPR to the

uncertainty in the 94Nb(n,Y) cross section. They have constructed hypothetical
cross sections which tend to minimize or maximize the capture rate while preserving
the value of the resonance integral at 125 barns above 50 eV. They have found
that the "times fifteen" assumption overpredicts afterheat (by burning 94Nb to
95mNb) and therefore yields lower values for the long term radioactivity. They
give results only at shutdown and find differences can be as much as 60% for 5
year and longer exposures. We have considered only the sensitivity to the
"times fifteen" assumption on 94Nb(n,Y) after 2 year exposure and find that the
only significant change occurs at times close to the half life of 95Nb, namely
around 35 days after shutdown. Both the short term (less than 1 week)

and the long term (greater than 1 year) radioactivity is found to be insensitive

(within 3%) to these two possibilities.

ITI. Results and Discussion

A comparison of radioactivity in the five systems outlined in Table I
is given in Figure 1 following shutdown after two years of operation.

The two year operating time has been consciously chosen in light of recent

(1,23)

studies of the radiation damage to fusion reactor structural materials

which have shown that in the designs studied here, the expected life of
the first wall (and the first 20 cm of the blanket thickness) will be

approximately two years for a 14 MeV neutron wall loading of 1 MW/mz,



This means the blanket segments must be removed and this first 20 em replaced
in order to insure integrity of the blanket structure. There has been a
recent proposal for blanket designs which can extend the life of the structural

(24)

material but these concepts were not employed in the blanket design studies
here. As such, operating times longer than two years would not be consistent
with the radiation damage analysis. The effect, however, may be of interest and
we refer to reference 4 for a discussion of radicactivity and afterheat

in a specific fusion reactor design where results were computed following

10 years of operation.

The radioactivities shown in Figure 1 have been divided by the thermal
operating power to provide a basis for comparison. At shutdown, the radioactivity
levels are within a factor of four of each other and clustered about a value of
lO6 Ci/th. However, after only several weeks, the radioactivity in the
aluminum based BNL design has dropped by more than six orders of magnitude.

The radioactivity in the two stainless steel systems and the high nickel based
alloy, PE~-16, system of PPPL are about the same. The somewhat higher
radioactivity in the PPPL design is due in large part to the thicker first
wall in that system. The niobium ORNL system has the highest radioactivity

94

levels at times greater than 200 years because of the Nb (T = 2 x 104y)

1/2
activity.
The radioactivity in the first wall is a dominant contributor to

the overall radiocactivity. As such, we have tabulated in Tables 2A through

2E the major isotopes leading to the radioactivity in this zone. One can thus



readily see which isotopes are the major contributors at various times after
shutdown. In the UWMAK-I, PPPL and LLL designs, the short term activity is

dominated by 55Fe(T
6

= 2.6 y) while at long times, the main isotopes are

1/2

53

?’Ni(Tl/2 = 92 vy), Mn (T =2 x 106y) and 59Ni(t1 = 8.4 x 104y). In

1/2 /2

the niobium system of ORNL, the short term activity is dominated by 92mNb(tl/2 =

10.14 d) while the long term activity comes from 94Nb(t = 2 x 104y).

1/2
For the BNL system, 24Na(tl/2 = 15 h) and 27Mg(tl/2 = 9.5 m) dominate at early
times while 26Al(tl/2 =7 x lOSy) is the main long term contributor. Note
that some of these decays are by nuclear capture of atomic electrons and,
as with 55Fe, may not emit any gammas. Such decays, while contributing to
the curie level, do not pose a biological hazard. This will be brought out
shortly in a comparison of biological hazards potential.

Turning now to a discussion of afterheat, a comparison is shown in
Figure 2 with the afterheat given as a percentage of the thermal operating
power. The values at shutdown differ by more than a factor of 10. The
UWMAK-I and LLL stainless steel designs yield approximately the same results
while the PPPL results are higher. This is again due to the thicker first
wall in that design and to the higher Ni content. The low value of
afterheat in the niobium ORNL system is partly due to the low percentage
of structural material (1%) in the tritium breeding zone compared to the

other designs. (See zone 4 of the ORNL design in Table I.) This, of

course, also affects the radioactivity results for that system.



Since the short times immediately following shutdown are most relevant
for accident studies, we present in Figure 3 a plot of afterheat at times
from 0.6 sec to 100 min shutdown. The niobium system, which has the best high
temperature properties, has the lowest afterheat values at early times.
Conversely, the aluminum based SAP system has a relatively high afterheat
value, about 2% of the thermal operating power, and it remains roughly
constant at this value for several minutes after shutdown. Since SAP does
not have the good high temperature propterties of either stainless steel or
refractory metals, this is an important point to note.

The afterheat plotted in Figure 3 is the total afterheat in the blanket
and shield. We have not presented detailed space dependent heating rates.
As such, gammas produced on radioactive decay are assumed to deposit their
energy at the point of origin. For a specific study of a particular accident
situation, one would of course transport the gammas to determine the exact
space dependent heating. It should be noted, however, that the maximum power
density in a fusion reactor blanket during operation is typically between 10 and 20w/cm3.
This is roughly ten times lower than the power density in light water fission
reactors and a factor of 60 less than the power density in a fast breeder
reactor. Therefore, the afterheat power density in fusion reactor blankets will
be 10 to 60 times less than that in fission reactors even though the total
afterheat at shutdown is similar for both systems.

Another relevant comparison between these systems is shown in Figure 4
where the biological hazard potential (BHP) is given as a function of time
after shutdown. The BHP is defined as the activity in curies per thermal watt

divided by the maximum permissible concentration (MPC) in Ci per km3 of air.



For consistency, we have used in all cases the lowest MPC values from U.S.A.E.C.
rules, title 10, part 20. The high values for the niobium system at early

. 92mNb . . .
times come from for which the rules as stated in title 10, part 20 have

been applied. The rules require the MPC value to be 10_10

uCi/ml since this
nuclide is not explicitly listed. However, 92mNb decays primarily by electron
capture and has a relatively short half life. A similar isotope, 58Co, which
also decays primarily by electron capture and has a longer half life than
92mN . . -8 ..

b, is assigned an MPC value of 3 x 10 "uCi/ml. For these reasons, the

93mN -7 -8 . ,

MPC value for b should actually be between 10 to 10 "uCi/ml. Previous
1,5)

authors have in fact used estimated MPC values in this range and the

corresponding BHP values are much reduced. We have shown this in Figure 4
by including a BHP curve for the ORNL system using an MPC value of 3 x lO_7
uCi/ml for 9szb. The authors believe this latter case reflects the actual
situation more realistically and that this will be supported when A.E.C. rules
and regulations, title 10, part 20, are made to explicitly include an
evaluated MPC value for 92mNb. Returning to the discussion of Figure 4,

note that the aluminum and stainless steel systems are fairly close in value
at shutdown but after one week, as with the comparison of radiocactivity, the
SAP system of BNL has much smaller values than any other system.

To examine the sensitivity of these results to the assumed branching
ratio, we have examined two cases for Nb. In the first case, we assumed the
(n,2n) reaction in ZiNb branches two thirds of the time to 92mNb and one third
of the time to 92Nb. Captures in 93Nb and 94Nb are assumed to lead to the
metastable state 907 of the time. These branching schemes have been used
by other authors previously(1’4’5) For a comparative case, we have assumed all

branching ratios are 0.5. The results for radiocactivity and afterheat are given

in Table 3. Clearly, the first case gives conservative results since it produces



the metastable state more frequently, thus adding to the short time activity.
Yet it will yield the same long term activity as the second case since the
metastable state simply decays to the longer lived ground state. Interestingly,
while the radioactivity can be higher by ~40%, the afterheat using
either branching ratio assumption is much less sensitive. The reason is
the low average decay energy associated with 94mNb and 95mNb.

In summary, all these designs have radioactivity levels of about

106Ci/MWt at shutdown after two years of operation. The aluminum based

(10)

structure is clearly best from the viewpoint of long term radiocactivity with
values of about 0.1 Ci/MWt at times greater than a few weeks following shutdown.
The niobium structure, on the other hand, may have radioactivity levels on the
order of 100 Ci/MWt even after 2000 years. However, definitive results here must
await better measurement of the capture cross section of 94Nb and the

93Nb(n,Y) reaction.

determination of the proper branching ratio for the
Afterheat levels in these systems differ by more than a factor of 10 at shutdown
with the PE-16 design of PPPL and the SAP design of BNL being the highest. The
thicker first wall in the PPPL design to some extent accounts for the higher
value in that system as compared to stainless steel systems. The high

afterheat in the SAP system is approximately 2% of the thermal operating power
which can be important in accident situations since SAP does not have good

high temperature properties. The niobium design of ORNL has the lowest afterheat
at shutdown but this is partly due to the design choice of low percentage

structure (1%) in the tritium breeding zone. Other designs typically used

a value of 57 or more for the percentage of structural material. Compared



10

on the basis of BHP, the niobium system has the highest value at long times after
shutdown (because of 94Nb) while the BHP values of a SAP system become

extremely small in just several weeks. The values for the SAP system may increase
sharply, however, when trace elements and impurities are included.
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Figure Captions

Radioactivity as a function of time after shutdown following

two years of operation for the five designs studied.

Afterheat as a function of time after shutdown following

two years of operation in the five designs studied.

Afterheat at short times after shutdown. The low values
for Nb arepartly due to the low percentage structure

assumed in the ORNL design.

BHP values as a function of time after shutdown following
two years of operation. The MPC values are in uCi/ml. The

92 . .
reason for the two values for mNb are discussed in the text.
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Table 1

Description of Various Blanket Designs#*

UWMAK—I(6)(Cylindrical Geometry)

7
ORNL( ? (Cylindrical Geometry)

z outer outer
n radius Compositiont radius Compositiont
(cm) (cm)

1 500 Plasma 280 Plasma

2 550 Vacuum 350 Vacuum

3 550.4 Stainless Steelb 350.25 Niobium

4 567.4 95% Li + 5% SS 380.25 99% Li + 1% Nb

5 584.4 95%Z Li + 5% SS 380.5 Niobium

6 601.4 95% Li 4+ 5% SS 420.5 Graphite

7 616. 4 Stainless Steel 420.75 Niobium

8 621.4 95% Li + 5% SS 450.75 99% 1i + 1% Nb

9 623.4 Stainless Steel 451.0 Niobium

PPPL(S) (Cylindrical Geometry) LLL(Q) (Spherical Geometry)a

1 290 Plasma 320 Plasma

2 360 Vacuun 480 Vacuun

3 366 16.4% PE-16 480.1 Stainless Steel

4 376 0.731% Flibe + 5.7% PE-16 481 Lithium

5 376.36 | PE-16 490 85% Li + 5% SS

6 388.36 | 78.8% Flibe + 4.5% PE-16 510 85% Li+ 5% SS

7 388.72 PE-16 510.9 Lithium

8 408.72 82.0% Flibe + 3.8% PE-16 511 Stainless Steel

9 409.09 PE-16 512 Graphite
10 439.64 | 91.27% Flibe + 3.8% PE-16 540 40% Li + 40% C + 10% SS
11 440.0 PE-16 580 40% Li + 407 C + 10% SS

(continued on next page)
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Table 1

Continued

BNLCKD ( Cylindrical Geometry) a

~Noy N

250 Plasma

300 Vacuum

302 SAP (sintered aluminum product)

332 17% SAP + 11% A1203 + 10% Li Al + 45% Be + 177 He
357 20% SAP + 117 A1203 + 10% Li Al + 42% C + 177 He
382 20% SAP + 117 Alzo3 + 10% Li Al + 42% C + 17Z He
462 (Shield) 20% SAP + 117% A1203 + 527 Ti Hl.5 + 17% He

a - The UWMAK-I, ORNL, and PPPL designs utilize natural lithium (7.56% 6Li). In

LLL design the lithium is depleted to 4.0% Li and in BNL design lithium is
enriched to 90% 611.

All these blankets were followed by shields. While these shields were included
in our calculations, their description is not given here as they do not significantly
affect the results.

All composition percentages are by volume.

In the UWMAK-~I des'gn the comgosition of stainless steel was taken as 0.006,

.014, and 0.009x10 atoms/cm® for Fe, Cr, and Ni respectively. In the LLL design thw
atomic densities per cm3 were taken as .0672x102%4 for iren and 0.0168x10 for
chromium plus nickel.




0T XE =1 + B se peal aq pTnoys ‘dz-yz ‘SoTqe3 Tt UI SIaqunNy
F .
9+761" 8+T/E* | OT+/8L"| TT+6%9° | €T + w¥z* | €T + 0Lz | €T + v6z* | [ =o/sda] TVLOL
| £ X UN
m+mmm. | p ooaxm €c
+ . ! N
9T | qoa 8 6C
8+69€ " | 6+YET" £ 26 Ny
. w e
IT + L% £°C H<wm
|
¢T + 9€T° w /g A
W ¢T + 10%° ¢t + 109° ¢T + 879° uge* ¢ cZom
m ¢T + 91¢° ¢T + 91¢" ¢T + 91¢° P e 1L oowm
: : - 0
: T + 06¢ IT + TLS 0T osoo
i
0T+08T | TI+ELT" | (TT + ¢ee*) | (IT + ¢zz)| (OIT + 22T°) x92°¢ g
TT+IST® IT + L68° 1T + 68" 1T + L68° P 0.7 OUNm
HH+m¢¢.m ¢l + €2 ¢l + £¢¢ ¢T + €¢¢* P €0t qzqm
¢l + 02%° ¢l + T¢ve ¢T + T¢v- P 8°LT Hon
0T+%6S "] CTIHOLG® ¢T + 9%6° ¢T + 9%6° xCT + 9%6° £ 9-¢ mmmm
s1£ 0002 s1£ 002 s1£ 07 | s1k ¢ SIH £°T W 0T 0 ®3TT-FT®H SPTTONN
NMOQLAHS ¥HIAV HWIL
(uoTjeasdo aeof 7 1933Jy SSurpeoT TTBM W/My T 10 wo 19d D95 1ad suoTlIwIZSJUISTIP UJl)

4 €
I-AVAMO 40 (€ ENOZ) TIVM 1S91d NI ALIAILOVOIAVY OIJdIDHEAS

V? dJ749V1L




18

- 6+GLT"  0T+96€°  0THOT6" ! €T+20L" €T+8LL" €T+876 " | [(wo/saal Tvior

6+%91"

6+%791"° 6+7/T" 6+G/T" 6+G/T" £ _QOHxN @qum
0T+8LE" | OT+€06° £ 9°€T Wy

TI+6TL° q 06 Wy

TT+ST6° TT+0€6° TI+2€6° ] %9 06

m ZI+YEL” €1+€2C" W 9z°9 Wy,
€T+8.9 €T+189 CT+I89 ! P %T°0T Wy

| “ S

s1£ 000¢ sak 00z SIL Q7 si1k ¢ °sIy /°T WOT 0 93TI-FT®'H SPTTONN

NMOALAHS ¥YHLAV HWIL

(uotaeaado aeek 7 1933V {SurpeOT TTBM NE\BZ T 103 . wd 13d J9s xad suoriria8ojursTp uy)

€
u3TsaQ TNYO Fo (€ Puoz) TTBM ISITI UT A3ITATIDBOTPERY OIFToadg

g¢ dATdVL



19

G+.€8

8+007° OT+99T° TTI+EI8" rACIS LN ZT+H08%°  ZTI4GTIG* Hmau\mma_ TVIOL
E o e me
w B 66
; +66T" 8+6T7L" £ 76 HzMo

. o e

TI+€02 L€ A,
TT+9%¢ " TT+6TS | TT+ZHS* Yy 86°¢ az©m
0T+8%6° OT+GL6°| OT+8.6° q 9¢ ™,

. . u c- o
TI+EGT*| TT+96¢C S*0T oaoo
ZT+19T* CT+T9T*| CTI+I9T* P €°'TL ouwm
6+/€6° | OT+T06" TT+91T" TT+9TT"| TTH9TT" £ 97°¢ oooo
0T+208" TT+9LY" TT+9L%° | TTH9LY%* p 0.2 OUNm
OT+E6T" 0T+.56° OT+.S6° | OT+LG6"° P €0¢€ q2qm
TT+9%9° TT+L%9° | TT+LY9" P 8L Hon
6+G%9° | TT+819° ZI+E0T" CT+HEOT " | TTHEOT" £ 9°¢ mmmm
s1£ 000¢ s1£ 007 s1k 0z s1f ¢ q /[°T w T 0 2 TI-3T®H 9PTTONN

NMOQLAHS ¥YHIAV HWIL

(uorjeaado a9k 7 1913V fSurpeOT TTBM NE\BZ

u3Tsa(q Tddd 3Jo (g Puoz) TTBM 3ISITI UT

JC HI9VL

T X103

A3TATIOROTPERY OTJTo°dg

€

wo 19d d99s 19d suoTIeIZDIUTSTP UT)




20

9+6¢C*”

8+hGh* 0T+L6L" [A5429°D eT+L8T" £ T+60C ° ET+STIC” ﬁmﬁo\mmmu TVLOL
+ . £ X
G+7TZ g0T*¢ Meg
-+ . £ X T
9+80¢ qoa 8 .ZQm
A N
greer | 6479T" ce €9
AR A% ¢cI+916 " (AR 049 U 8¢°¢ azom
T1+9¢C" TT+ceC” T1+E€C" 4 9¢ ﬂme
CT+60%° CT+60%" ¢T+60% " P £°'TL oowm
. . o . o
TT+69¢ TT+ETL ¢°0T Uﬁoo
0T+9¢2° TT+.T2" TI+6LC" TI+6LC " TT+6LC° A 97°¢G ouoo O
, TT+L(8T" CT+TITIT CI+ITT CT+TTIT® P 0L¢ oomm !
{
T1+€0¢” cT+10T" CT+T0T" ¢T+T0T° p €0t nZ¢m w
TT+%LE° TT+7LE" TT+9LE " P 8°/(C HUﬁm w
OT+71G” cIt+e6y” C1+618° cT+618° CT+6T8" £ 9°g mmmm
s1£ 0002 sak 00¢ sak 0g sik g q LT 01 0 °JTI-ITEH 9PTTonN
NMOQLNHS ¥HIAV HWIL
(uot3zeaado umm% ¢ 10313V {3urpeol TTem W/MA T 10 wd 19d d99s 1od suor3leiBe3ursTp uy)

udrsaq TTT Fo (¢ 2uoz) TTEM ISITI UT AITATIOBROTPERY OTIToadg

[

az

HT19VL

€



21

9+%8T" 9+¥8T" 9+#%8T1" 9+487T" Z1+89S°  CI+878° ET+GCT " Hmso\mmmH TVLOL

i
9++8T" 9+%81" 9+%8T " 9+78T* L OTXL Wy,
. g T+
TT+69T 1L Ny:
. S e
| TT+%66 79 [
: TT+C1L” w g g e,
i
AL TATA CT+HISY” wG6 sz
~ CT+L9S"| ZT+809° ZTHETY Y GT ey,

s1£ 0007 814 007 saf Q¢ siesk 7 y /1 w01 0 9FTT-3TBH 9PTTONN

NMOQLAHS ¥HIAV HWIL

(uoraeaado aeek g 1937V {SurpeOT TTBM NE\BZ T 103

udrsag INd Jo (£ @2uoz) TTBM 3ISATd Ul AITATIOBOIPERY OTIIoadg

€

d¢ J19VL

wd 19d o9s aod suorjeaSejUTSTP UT)



22

Table 3

Effect of Branching Ratio Assumption on

Radiocactivity and Afterheat in Nb

Radioactivity Afterheat
(Ci/wt) (Percentage of thermal
Time Operating Power)
After Case 1 Case 2 Case 1 Case 2
Shutdown
0 1.365 1.10 .217 .211
10m .85 .76 .21-1 .186-1
1.7h .71 .65 .16-1 J16-1
1 Wk 41 41 .99-2 .98-2
10 Wk .12-1 .12-1 . 26-2 .26-2
2y .13-2 .13-2 .49-4 .49-4
200 y 454 .45-4 A7-4 JAT7-4
.93 94
Case 1: Captures in ““Nb and Nb are assumed to lead to the metastable
state 907 of the time
Case 2: Captures in 93Nb and 94Nb are assumed to lead to the metastable

state 507 of the

time.
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