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ABSTRACT

Radioactivity and biological dose calculations have been performed for
the target chamber of the Target Development Facility (TDF). Two conventional
shield designs are considered. One has the target chamber submerged 3 m from
the surface of a borated water pool, the other has the chamber surrounded by
approximately 250 cm of concrete. The first wall materials, A1-6061-T6 and
2-1/4 Cr-1 Mo steel and the ion beam targets, one made from Be0 and W and the
other from CH, and Au, are investigated. Shielding designs are presented that
reduce the dose from each of these choices of shield, first wall and target
material to acceptable levels. Another option examined to lower the biologi-
cal dose rates is the placement of an ISSEC (Internal Spectral Shifter and
Energy Converter) structure in the interior of the target chamber for the
moderation of the high energy neutrons. Two ISSEC materials are considered,
one made of H-451 graphite and the other of titanium hydride. Maintenance
schedules are presented that are based on the allowable average dose of 1.25

rem per quarter and the graphite ISSEC-aluminum chamber wall computations.



1. INTRODUCTION

The Tight ion beam fusion target development facility (TDF) is an experi-
mental facility proposed to verify the feasibility of using 1ight ion beams to
initiate thermonuclear burn within fusion targets. It is intended to test ap-
proximately ten to twelve 50-800 MJ fusion targets per day over a period of
five years (~ 15,000 shots over its lifetime). This large number of high
yield shots makes the TDF one of the first inertial confinement fusion experi-
ments where radioactivity induced by fusion neutrons could represent a signi-
ficant biological hazard which would require some form of radiation shield.
Therefore, the preliminary design of the facility has the target explosion
chamber submerged in a borated water pool below the operating floor as shown
in Fig. 1. Because the water shield might be lowered for periodic maintenance
either in the chamber's interior or exterior and because workers performing
this maintenance may be required to come in close contact with the first wall,
it is important to determine the biological doses the workers would be receiv-
ing near the target chamber.

As an alternative to the borated water pool shield a design where the
target chamber has been enclosed within concrete as shown in Fig. 2 has been
investigated. Also, the use of an ISSEC (Internal Spectral Shifter and Energy
Converter) structure placed in the interior of the target chamber for the
moderation of the high energy neutrons has been examined. Two ISSEC materi-
als, H-451 graphite and titanium hydride, were considered. Calculations of
radiocactivity induced in A1-6061-T6 and 2-1/4 Cr-1 Mo steel walls and in
fusion targets, one made from Be0 and W and the other from CH2 and Au, have
been done. The resultant biological dose of the accumulated radioactive tar-

get debris and first wall structure has been computed. These results repre-
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sent improvements on early ca1cu1ations(1) which did not consider the effects
of the activated target debris and which contained some inaccuracies in the
first wall dose rate results.

Section 2 contains a brief description of the codes and data libraries
employed for the calculations and of the calculational model used for the
target and chamber wall computations. In addition, the calculational schemes
used to compute the dose rate for the facility are outlined in this section.
Section 3 contains the results of the target activation analysis, target and
chamber wall dose rate computations and the ISSEC and chamber wall dose rate
calculations. Also contained therein is an outline of the maintenance
schedule for the facility and a brief discussion of some peculiarities associ-
ated with the pulsed nature of the facility. A brief summary of the results
is then given in Section 4.

2. METHOD OF SOLUTION

2.1, Target Design

For the radioactive target debris analysis, two ion beam targets are con-
sidered. Both are based upon a target design published by Bangerter and
Meeker(2) (see Fig. 3). The targets are composed of a 1 mg DT region sur-
rounded by a Be0 pusher and a W tamper or a CH2 pusher with a Au tamper. The
mass of material contained in each zone is given in Table 1 and the nuclide
densities in Table 2. The compressed target configuration used for the
neutron transport and neutron activation calculations is shown in Fig. 4. A
fuel burnup fraction of 30% was assumed giving approximately 100 MJ of re-
leased fusion energy with 71 MJ of that being in neutrons.

For a comparison between target debris dose rates and the first wall ma-

terial doses, the radioactive target debris from each pulse during a 1 year



Table 1. Target Constituents and Their Masses

Target 1 Target 2
Region Comp. Mass Comp. Mass
1 DT 1 mg DT 1 mg
2 CH, 2.36 mg Bel 2.36 mg
3 CH, 14.42 mg BeO 14.42 mg
4 Au 123.32 mg W 122.55 mg

Table 2. Nuclide Densities of Target Constituents

Target 1 Target 2
Region Isotope Density [atoms/b-cm] Isotope Density [atoms/b-cm]

1 D 22.225 D 22.225
T 22.225 T 22.225
2 c 7.860 Be 4.409
H 15.720 16 4.398

179 1.675 x 1073

18y 8.993 x 1073

3 C 1.322 x 1072 Be 7.417 x 1073

2.644 x 1072 16 7.399 x 1073

174 2.819 x 1076

18 1.513 x 107>

4 197y 5.908 x 10°3 180y 8.177 x 1076

182, 1.654 x 1073

183y 8.944 x 1074

184y, 1.929 x 1073

186y, 1.799 x 1073
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Fig. 3. Reference ion beam target as depicted in Ref. 2.
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operation span 1is accumulated onto the interior surface of the first wall.
The radioactivity decay between each pulse and accumulation of the debris is
computed by a small computer code which treats the target debris radiocactivity
produced by each pulse as a delta function in time. The pulse sequence is as-
sumed to be 12 shots per day for 5 days per week for 52 weeks per year which
amounts to 3120 shots per year.

2.2. Chamber Wall Design

The neutrons emanating from the target are considered as sources for the
first wall neutron transport calculation with the energy spectrum of the
fusion neutrons shown in Fig. 5. The energy spectrum consists of a large peak
at 14.1 MeV due to the uncollided flux of neutrons escaping the ignited tar-
get. This amounts to 70.75% of the released neutrons. There is also some
local peaking of the energy spectrum at 2 and 4 MeV caused by backward elastic
scattering of 14.1 MeV neutrons with deuterium and tritium. The low energy
continuum spectrum consists of neutrons scattered elastically and inelastic-
ally within the target and of neutrons produced from (n,2n) and (n,3n) re-
actions. For additional information on the determination and shape of the
spectrum, consult Refs., 3 and 4.

The cylindrically shaped target chamber is approximated by spherical
geometry and hence the results represent conditions at the midplane of the
chamber. The target chamber has an inner radius of 3.0 meters while the first
wall is 3.5 cm thick for ferritic steel and 14.8 cm thick for aluminum. The
first wall thickness has been determined through fatique lifetime ana]ysis.(5)
A 3.0 m thick water shield having a boron content of 2000 wppm is assumed for

the water pool design. A schematic of the target chamber with the aluminum

first wall and borated water shield is displayed in Fig. 6. The alternative



10 " T T T T LR B i ]
ESPECTRUM OF NEUTRONS 1 E
; " LEAKING FROM TARGET ’
S | ]
[1%]
z - -
o
2107 -
w 7
~ -
O .
EE -
x .
<
w -
)
2 0-2
OIO =
[+ 4 7
- 4
= ]
W -
z ol -
10-3 ] oLl ! Lol L

108 108 107
NEUTRON ENERGY (eV)

Fig. 5. The spectrum of neutrons leaking from the ion beam target normalized
to one fusion neutron.

!
(=3
O' o o o
o o (\i o~
RADIAL DISTANCE {(cm) 89 9
FROM CAVITY CENTER ©m o e
CAVITY FW BORATED WATER SHIELD

COMPOSITION KEY
F.WY: Aluminum-6061-T6
SHIELD: Water + 2000 wppm Boron

*Note: The chamber wall thickness used for the computations is calculated
as follows: the wall thickness , 314.80 cm, plus 10% additional
material mass for structural support of the wall. The result is
. chamber wall thickness of 316.20 cm.
Fig. 6. One-dimensional schematic of the Target Development Facility aluminum
chamber and borated water shield used for the neutronic and activa-

tion calculations.



design has the target chamber enclosed by a concrete shield containing a boron
frites-barytes concrete,(ﬁ) 95% vol., and a carbon steel (C1020), 5% vol., as
concrete reinforcement. The materials examined for the ISSEC structures are
graphite H-451 and titanium hydride (Tin). The primary ISSEC design is a 1
meter thick, 40% porosity graphite structure. The thickness of the TiH, ISSEC
structure is chosen such that the mass of the T1H2 structure is equivalent to
that of the 40% porosity graphite structure. Since TiH2 is a powder, we
choose to can the powder in the same material as the chamber wall (aluminum or
steel). For the ISSEC designs, Bora1(7) sheets (a B4C-A1 mixture and effici-
ent thermal neutron absorber) are placed on either side of the chamber wall.
Schematics of the aluminum chamber with the ISSEC structures, boral sheets and
borated water shield are displayed in Figs., 7 and 8.

Since the DKR radioactivity code is a continuous irradiation code, the
chamber wall dose rates are computed using an average steady state neutron ir-
radiation flux. The average flux is obtained by averaging the total number of
neutrons in the 3120 shots per year over the one year operation period. Thus
the dose rate values given assume a continuous one year irradiation of the
chamber.

The compositions of the ferritic steel and aluminum walls in weight per-
cent are listed in Table 3 with densities given in Table 4. Impurities con-
tained in the chamber wall materials and included in the activation calcu-
lations are listed in Table 5. The compositions of the concrete shield and
reinforcing carbon steel are presented in Table 6. Table 7 lists the concrete
and borated water shield densities used in the transport and activation calcu-
lations. The compositions of the graphite and TiH, ISSEC structures and boral

sheets in weight percent are listed in Table 8 with densities given in



Table 3.

Composition of Chamber Wall Materials

Element Chamber Wall Material
[wt.%]
2-1/4 Cr-1 Mo Steel Aluminum-6061-T6
density: 7.82 g/cmd density: 2.7 g/cm3
C 0.11 -
Mg --- 1.0
Al —-—- 96.55
Si 0.40 0.60
P 0.02 -
S 0.02 -—-
Ti 0.03 0.15
v 0.03 -
Cr 2.2 0.30
Mn 0.50 0.15
Fe 95.5 0.70
Cu 0.2 0.30
n - 0.25
Mo 1.00 ---




Table 4. Chamber Wall Constituent Densities

2-1/4 Cr-1 Mo Steel Aluminum-6061-T6
Element Density [atoms/b-cm] Element Density [atoms/b-cm]

C 4.3135 x 1074 Mg 6.6889 x 10™4
3 6.7080 x 1074 AT 5.8192 x 1072
P 3.0413 x 107° Si 3.4741 x 1074
5 2.9379 x 107° Ti 5.0925 x 1072
Ti 2.9499 x 107° Cr 9.3827 x 107°
v 2.7737 x 107° Mn 4.4401 x 107°
Cr 1.9928 x 1073 Fe 2.0383 x 1074
Mn 4.2866 x 1074 Cu 7.6781 x 107°
Fe 8.0452 x 1072 In 6.2193 x 107°
Cu 1.4825 x 1074

Mo 4.9093 x 1074

Table 5. Trace Elements (Ref. 8)

Trace Element | Chamber Material Element
(in wppm) Fe cr Mn

Nb 1 -—- -—-

Mo 3 0.4 0.4

Ni 60 3 ---
K 4 1 4

Cu 10 --- 0.9

Ba 2 --- ---

10



Table 6. Composition of Concrete and Reinforcing Steel

Element Material
[wt.%]
Concrete Carbon Steel (C1020)
density: 3.1 g/cm3 density: 7.93 g/cm3
H 0.56 ---
B 1.04 ---
C === 0.20
0 33.80 ---
F 0.23 -—-
Na 1.21 ——-
Mg 0.23 ---
Al 0.64 -
Si 3.31 0.25
S 9.15 -
K 0.10 -—-
Ca 6.26 -
Mn 0.02 0.45
Fe 2.19 99.10
Zn 0.66 ---
Ba 40.13 -—-

11



Table 7.

Concrete and Borated Water Shield Constituent Densities

Element or 95 vol.% Concrete + 5 Vol.% Carbon- 2000 wppm Borated Water
Isotope Steel Density [atoms/b-cm] Density [atoms/b-cm]

H 9.8553 x 1073 6.6865 x 1072

10g 3.4130 x 1074 2.2284 x 107°

11p 1.3652 x 1073 8.9136 x 1075

c 4.1132 x 107° -—-

0 3.7473 x 1072 3.3432 x 1072

F 2.1474 x 1074 ——-

Na 9.3357 x 1074 ——-

Mg 1.6786 x 1074 -

Al 4.2074 x 1074 ---

X 2.1125 x 1073 ---

S 5.0624 x 1073 ---

K 4.5367 x 107° ---

Ca 2.7704 x 1073 ---

Mn 3.6691 x 1072 ---

Fe 4.9333 x 1073 -

Zn 1.7906 x 1074 ---

Ba 5.1832 x 1074 ---

12



Table 8., Composition of ISSEC Materials and Boral

Element Material
Graphite H-451 TiH, Boral
(wt.%) Density: 1.74 g/cm3 Density: 3.76 g/cm3 Density: 2.53 g/cm3
H --- 4.04 ---
B --- - 15.7
C 100 --- 4.3
AT —— --- 80.0
Ti - 95,96 ——-

13
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Table 9. The impurities contained in the graphite which are included in the
activation calculations are listed in Table 10.

2.3. Codes and Data Libraries

The transport of neutrons and gamma photons, both in the burning target
and throughout the facility, is performed with the one-dimensional discrete
ordinates code ANISN.(10) A combined RSIC DLC-41B/VITAMIN-C(11) and bLC-
60/MACKLIB-IV(12) 25 neutron-21 gamma group cross-section library containing
48 isotopes with a P; Legendre expansion of the scattering cross-sections is
used in the calculations. The library is based on ENDF/B-1IV.

For the activation calculations the DKR(13) computer code is employed.
The DKR code assumes continuous neutron irradiation when computing radio-
activity levels and gamma photon sources for selected time periods after shut-
down from the scalar flux distribution within the fusion target and the fa-
cility. The scalar flux is provided by ANISN., The decay data library used is
DCDLIB(14) which contains isotopic radioactive decay and neutron transmutation
cross section data from the ENDF/B-IV library, the Table of Isotopes,(ls) and
selected nuclide data from the ACTL 1ibrary.(16)

2.4. Calculational Procedure

Two calculational schemes are used to compute dose rates at various po-
sitions within the Target Development Facility. The separate computational
steps involved are shown in the flowchart diagrams of Fig. 9 for the forward
scheme and in Fig. 10 for the adjoint scheme.

The forward scheme is composed of four separate steps to compute decay
gamma dose rates. The first step is the determination of the steady state
neutron flux throughout the reactor using the one-dimensional transport code

ANISN. The input to ANISN consists of neutron sources, neutron cross-

15
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Table 10. Graphite H-451 Trace Elements (Ref. 9)

Trace Elements Impurity Content (wppm)
B 2
Na 10
Mg 1
Al 4
Si 21
S 1
Ca 22
Ti 1
v 1
Fe 3
Pb 7

17
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sections, gamma photon cross-sections, and prompt gamma production data. The
second step involves the use of the DKR code to compute material activation
resulting from neutron transmutation reactions and the computation of the de-
cay gamma source. Determination of the decay gamma source involves multiply-
ing the disintegrations per second of an isotope by its gamma spectrum per
decay and summing over all isotopes. The input to DKR consists of the neutron
flux, isotopic reaction rate cross-sections, isotopic decay gamma production
data, and isotopic decay data (decay constant, mode of decay). The third step
is the calculation of the steady state gamma flux throughout the facility
using the decay gamma sources and the ANISN transport code. Input for the
gamma flux calculations consists of the decay gamma sources computed by the
DKR code and the gamma photon cross-sections. The fourth and final step is
the multiplication of the gamma flux at a position, r, by the tissue flux-to-
dose conversion factors to obtain the dose rate at the position, r. This
operation is performed by the auxiliary code DOSE. The neutron and prompt
gamma dose rates can be directly computed from the neutron and gamma fluxes
throughout the facility by use of DOSE and the tissue flux-to-dose conversion
factors (see Fig. 9). A separate DKR and gamma photon transport calculation
using ANISN is not required for this calculation.

The adjoint scheme also uses four separate computational steps for the
determination of decay gamma dose rates. Steps one and two are identical to
those of the forward scheme. Step three is the determination of the adjoint
dose field throughout the facility using the ANISN transport code. The input
consists of the flux-to-dose conversion factors at the position, r, and the

gamma photon adjoint cross-sections. The fourth and final step is the multi-

20



plication of the adjoint field by the gamma decay sources, which are computed
by the DKR code in step two, to obtain the dose rate at the position, r.

The forward scheme is used if it is of interest to obtain the dose rate
as a function of position throughout the facility at a specific time after
shutdown. The adjoint scheme is employed if the dose rate at a given posi-
tion, but for various times after shutdown of the facility, is required.
Thus, depending on the nature and particular requirements of the problem, the
forward or adjoint scheme is chosen. If the dose rate at one position, r',
and at one time after shutdown, t', is required, then usually it is more ad-
vantageous to use the forward scheme as it provides additional dose rate in-

formation at other positions.

3. RESULTS AND DISCUSSION

3.1. Target Radioactivity Analysis

In this section the activation results of the two ion beam targets are
analyzed. Since the DT fuel load is 1 mg and the fractional burnup is assumed

30%, the results presented are for approximately 100 MJ of released fusion

energy and for one ignited target.

The results of the BeO-W target constituents are shown in Fig. 11. The
formation of gHe (1:1/2 = 0,810 s) and 1$N (t1/2 = 7.10 s) in the target leads
to the very high initial activity of 6.10 x 10° curies which decays to the
level of 0.3 curies after approximately 2 minutes. The other short lived
isotope produced in the target is gLi (t1/2 = 0,178 s) which decays away in
less than 1 minute. For times greater than 3 minutes the activity is due to
the radioactive isotopes formed by neutron interactions with the W isotopes.
Not shown on the figure is the low level long term activity of 1gBe (t1/2 =

1.62 x 106 yrs) and lgc (t1/2 = 5734 yrs) which have initial activities of

21



4.86 x 1011 curies and 1.29 x 10715 curies, respectively. For additional
details on the production of the radioactive isotopes and the resulting stable
isotopes see Table 11. The activity of the unburnt tritium (dashed line) is
shown for comparison.

Figure 12 displays the results of the CH,-Au target constituents. The

6
2

isotope gLi is also produced with an initial activity of 18.7 curies. After

high initial activity of 1.13 x 103 curies is due to He. The short lived

approximately 3 minutes both isotopes will have decayed away. The remaining

radioactive isotopes shown are from neutron interactions on lggAu with the
major contributors to the activity after approximately 2 minutes being 1?gAu

and 19?gAu (isomeric state of 1?gAu). Both are produced by an (n,2n) reaction
with 1?;Au. As with the BeO-W target, the low level long term activity is

again due to the 1SBe and lgc isotopes which have initial activities of 1.11 x

10713 cyries and 2.07 x 10714 curies, respectively. The unburnt tritium
activity (dashed Tine) is shown for comparison. Additional information on the
production of the radioactive isotopes and resulting stable isotopes can be
found in Table 11,

A point to note about the results given above is that for times after
shutdown of interest for the facility (1 day, 1 week, 1 month after shutdown),
the activity of the targets is solely due to the high-Z tamper material. Thus
for the chamber wall and target debris dose rate analysis, only the gamma

photons emitted by the decay of the activated tamper materials are considered.
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Table 11. Nuclear Decay Chains Considered in the Target Activation Analysis

isotope

isotope

isotope

isotope

BeO Pusher-W Tamper Target

9 6 - .

4Be(n,a) oHe » decays by B, t;,, = 0.810 s » SL1

%Be(n,p) JLi » decays by 87, t;,, = 0.178 s » B

4 e\n,p 3 Yy Yy ’ 1/2 = . S 4 e

9 10 - _ 6 10

4Be(n,Y) 4Be > decays by 87, tj;, = 1.62 x 10° yrs » 5B

16 16 - _ 16

8O(n,p) 7N > decays by B7, t;,, = 7.10 s » g0

16 13 13 14 - _ 14
8O(n,a) C 6C(n,Y) C > decays by B, ty,, = 5734 yrs > "N

1§iw(n,p) lggTa + decays by B™, ty/ = 115 days » 1?2“

1?iw(n,Zn) lgiw > decays by EC, ty,, = 121 days » lgéTa

2y n,1) 8% Bun,nt)p 195Ta » decays by 87, ty), = 115 days » 152
l?iw(n,Y) 1§Zw > 1§2W(n,p) lggTa > decays by B, t;;, = 5.0 days » 1?2”

l?iw%g:g?)p l?gTa + decays by B, ti/ = 115 days » 1§§w

lgiw(n,p) lggTa + decays by B, ty/, = 5.0 days » lgiw

1?Zw(n,Zn) lgiw > 1§iw(n,p) lggTa > decays by 87, ty;, = 115 days » lgzw
l?iw(n,Zn) 1§§w > lgiw(n,Zn) lgiw + decays by EC, ty,, = 121 days » lgéTa
1§Zw(n,Y) lgiw > 1§:H(n,a) 1§éHf + decays by B7, ty,, = 42.7 days > lgéTa
1§2w(n,Y) l?iw > 1§jw§2:ﬁ?)p lggTa > decays by 87, ty;, = 5.0 days » 1§Zw
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isotope

isotope

183 184, , 184 84 184

1 -
74w(n,Y) 74W 74w(n,p) 73Ta + decays by 87, t1/o = 8.7 hrs » 74w
183 184 184 185 - _ 185
74w(n,Y) 744 * 74w(n,Y) 744 * decays by B7, ty/2 = 75.1 days ~» 75Re

184 181 _ X
7aM(n,0) “ooHF > decays by 87, ty,, = 42.7 days » ?%Ta
184, (n,d) 183 } ) 183
74%(n.nt)p 7372 > decays by B, t),, = 5.0 days > “ouW
184 184 184

74w(n,p) 73Ta + decays by 87, tyyp = 8.7 hrs » 74w

lgiw(n,Y) 1?2” + decays by B, ty/2 = 75.1 days » lggRe
1§2w(n,2n) lgiw > 1§2w§2:g?)p 1§§Ta + decays by B, t1/p = 115 days » lgiw
Bhitn,2n) 133 1B, p) 195Ta > decays by 87, 1y, = 5.0 days » 183y
1?iw(n,Zn) 1?2w > 1?2w(n,2n) 1§Zw > l?iw(n,p) lggTa + decays by B,
ty/, = 115 days > 150y
1§2w(n,2n) lﬁiw > 1§2W(n,2n) 1?2W > 1§2W(n,2n) 1§iw > decays by EC,
ty/, = 121 days > 153 Ta
1?Zw(n,p) lggTa + decays by B, ty2 = 10.6 min » lggw
lggw(n,Zn) 1§iw > decays by B, ty/p = 75.1 days > l?gRe
lgiw(n,Y) 1§Zw + decays by B, ty/p = 23.9 hrs » lggRe
l?gw(n,a) lgng > decays by B, ty/p = 1.06 hrs » 1?§Ta > decays by B,

_ 183
tl/2 = 5.0 days » 74w
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. 186,,(n,d) 185 - . 185 -
isotope 74w(n,n')p 73Ta + decays by B , t1/2 = 49,5 min » 74w + decays by B,

185
t1/2 = 75.1 days » 75Re

CH2 Pusher-Au Tamper Target

. 12 9 9 6 - _ 6, .
isotope 6C(n,a) 48 4Be(n,a) HHe > decays by 87, t;;, = 0.810s » 5L

¥

2Be(n,p) 3Li » decays by 87, tj, = 0.178 s » JBe

¥

12 9
6C(n,a) 4Be

9 10 - 10
4Be(n,y) " Be > decays by 87, t;;, = 1.62 x 10° yrs » “

¥

12 9
6C(n,a) 4Be

. 13 14
isotope 6C(n,Y) 6C

¥

decays by 87, t;, = 5734 yrs » 'oN

. 197 194 - _ 194
isotope 79Au(n,a) 77Ir + decays by 87, ty,, = 19.15 hrs ~» 7gPt

.

197 196 _ 196
79Au(n,2n) 7gAu > decays by EC, t;/, = 6.17 days > “JgPt
197 198 - _ 198
79Au(n,Y) 79Au + decays by B8, ti/0 = 2.67 days =+ 80Hg
197 196, * 196

79Au(n,2n) 79Au > decays by Y, tj/, = 9.7 hrs » 79Au + decays by EC,

_ 196
tl/2 = 6,17 days » 78Pt
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12, Isotopic activation versus time for the CHZ-Au target.
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3.2 Chamber Wall Analysis

A1l of the chamber wall and target debris dose rates presented in this

section are normalized to a target yield of 200 MJ and 3120 shots per year.

The biological dose rates of the accumulated target debris (BeO-W and CH,-Au
targets), and the steel and aluminum chamber walls have been compared at shut-
down and 1 day, 1 week, 1 month and 1 year after shutdown for the borated
water pool design., Table 12 presents the results for the biological dose
rates at the inner surface of the first wall upon which the target debris has
accumulated. Histograms comparing the dose contribution from the steel wall
and alternatively, the Au debris and W debris, as a function of time after
shutdown are given in Fig. 13. A similar comparison for the aluminum wall is
given in Fig. 14 and a comparison of the steel and aluminum walls is plotted
on Fig. 15. As mentioned in Section 3.1, only the gamma sources of the tamper
materials are considered in the calculations of the target debris dose rates.

Several points to note are:

1. A comparison between the dose rates of the accumulated target debris shows
that the dose rate of the Au debris is approximately two orders of magni-
tude higher than that of the W debris through 1 month after shutdown.
This changes as the activity of the Au debris decreases rapidly after ap-
proximately 3 months (see Fig. 12). At 1 year after shutdown the dose
rate of the W debris is 2.5 mrem/hr whereas that of the Au debris has
become negligibly small.

2. The dose rate of the a]uminum chamber wall is Tlarger than that of the
steel up to approximately 1 day after shutdown. After a period of 1 week

the dose rate of the steel exceeds that of the aluminum.
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Table 12.

Dose Rate {(mrem/hr) at Inner

Surface of First Wall

Aluminum First Wall
Au (with Al F.W.)

W (with A1 F.W.)

Steel First Wall
Au (with Steel F.W.)

W (with Steel F.W.)

Aluminum + Au
Aluminum + W
Steel + Au

Steel + W

T T =1 day T =1 wk T=1mo T=1yr
6.44 x 106 1.12 x 106 4.26 x 103 2.48 x 103 1.02 x 103
3.05 x 104 2.95 x 104 1.51 x 104 1.08 x 103 5.0 x 10714
6.25 x 102 1.88 x 102 4.07 x 101 2.42 x 10! 2.49
8.54 x 10° 6.39 x 10 5.96 x 10% 5.22 x 10 1.98 x 104
2.72 x 10% 2.63 x 10* 1.35 x 10* 9.57 x 102 4.4 x 10714
5.84 x 102 1.77 x 102 3.80 x 10} 2.33 x 10! 2.43
6.47 x 106 1.15 x 10 1.94 x 10% 3.56 x 103 1.02 x 103
6.44 x 10% 1.12 x 106 4.30 x 103 2.50 x 103 1.02 x 103
8.81 x 10° 9.02 x 10* 7.31 x 10% 5.32 x 10* 1.98 x 10%
8.55 x 10° 6.41 x 10* 5.96 x 10% 5.22 x 104 1.98 x 10%
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3. The dose rate of both chamber materials is seen to be considerably larger
than that due to the W debris, whereas the dose rate of the Au debris is
comparable to the steel at 1 day and 1 week after shutdown and is larger
than that of the aluminum at 1 week after shutdown.

Thus one can conclude that at the inner surface of the chamber, depending
on the target material composition, the dose rate due to the accumulated tar-
get debris can become comparable to that of the chamber itself. Since a liner
on the inside of the chamber wall is being considered for protection of the
wall from thermal effects of the target explosion, the condensable target
debris collected on the liner could be periodically removed, thereby reducing
the dose rate componént due to the target debris at the inner surface of the
chamber wall., Elimination of the Au debris would reduce the combined aluminum
wall plus Au debris dose rate to approximately 22% of its present value and
the combined steel wall plus Au debris dose rate to approximately 81.5% of its
present value at 1 week after shutdown. Even with this reduction, the dose
rate within the chamber remains too high for hands on maintenance.

It may be possible to perform underwater maintenance with the water
shield in place. The biological dose rate a diver would receive at the outer
surface of the target chamber is presented in Table 13. Histograms of various
comparisons are displayed in Figs. 16, 17 and 18. Here, as with the dose
rates at the inner surface, the target debris dose rate of the Au exceeds that
of the W until approximately 3 months after shutdown. Also, the dose rate of
the aluminum chamber exceeds that of the steel chamber, but after a 1 week
shutdown period, the steel chamber dose rate is larger. One notices now, how-
ever, that the target debris dose rate at the outer surface is considerably

lower than that of the chamber materials. This is because the gamma photons
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Table 13.

Dose Rate (mrem/hr) at Outer

Surface of First Wall

T = T =1 day T =1 wk T =1 mo T=1yr
Aluminum First Wall 2.75 x 106 3.61 x 105 1.29 x 103 7.18 x 102 2.84 x 102
Au (with Al F.W.) 4.84 x 102 4.66 x 102 2.36 x 102 1.66 x 10l 7.7 x 10716
W (with Al F.W.) 1.69 x 10! 5.32 1.27 9.17 x 1071 1.04 x 1071
Steel First Wall 6.69 x 105 3.82 x 10% 3.54 x 10% 2.94 x 104 8.90 x 103
Au (with Steel F.W.) 7.65 x 102 7.33 x 102 3.68 x 102 2.58 x 10! 1.2 x 10715
W (with Steel F.W.) 3.21 x 10} 1.02 x 101 2.38 1.78 2.02 x 1071
Aluminum + Au 2.75 x 10 3.61 x 105 1.53 x 103 7.35 x 102 2.84 x 102
Aluminum + W 2.75 x 10 3.61 x 10° 1.29 x 103 7.19 x 102 2.84 x 102
Steel + Au 6.70 x 105 3.89 x 104 3.58 x 10% 2.94 x 10% 8.90 x 103
Steel + W 6.69 x 105 3.82 x 10% 3.54 x 10% 2.94 x 104 8.90 x 103
Table 14. Dose (mrem/hr) at 27.5 cm from Outer Surface of First Wall
T=0 T =1 day =1 wk =1 mo T=1yr
Aluminum First Wall 5.75 x 10° 7.66 x 10% 2.14 x 102 1.01 x 102 4.06 x 10!
Au (with AT F.W.) 5.67 x 101 5.42 x 101 2.71 x 10! 1.90 8.79 x 10717
W (with A1 F.W.) 2.76 8.94 x 101 2.35 x 1071 1.79 x 1071 2.09 x 1072
Steel First Wall 2.32 x 10° 5.18 x 103 4.80 x 103 3.99 x 103 1.20 x 103
Au (with Steel F.W.) 1.02 x 102 9.71 x 101 4.82 x 101 3.36 1.56 x 10716
W (with Steel F.W.) 5.55 1.80 4.55 x 1071 3.49 x 107! 4.06 x 1072
Aluminum + Au 5.75 x 105 7.67 x 10% 2.41 x 102 1.03 x 102 4.06 x 10!
Aluminum + W 5.75 x 105 7.66 x 104 2.14 x 102 1.01 x 102 4.06 x 10!
Steel + Au 2.32 x 105 5.28 x 103 4.85 x 103 3.99 x 103 1.20 x 103
Steel + W 2.32 x 10° 5.18 x 103 4.80 x 103 3.99 x 103 1.20 x 103
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emitted by the accumulated target debris can be considered as emanating from a
surface source and hence are attenuated as they pass through the chamber wall,
decreasing the target debris component to the outer surface dose rate. Thus,
the dose rates exterior to the chamber wall can essentially be considered to
be that of the chamber wall materials. This is again seen in Table 14 which
presents the dose rates at 27.5 cm from the outer surface of the chamber wall
with borated water in between.

The dose rate a person would receive standing at the edge of the borated
water shield at shutdown is 10.2 mrem/hr for the aluminum chamber and 20.5
mrem/hr for the steel chamber. One day after shutdown these values are re-
duced to 0.25 mrem/hr for the aluminum and 1.7 x 1074 mrem/hr for the steel.
The values at shutdown reflect the activity of the borated water shield, in

16N isotope which has a 7.1 s half-life. After about 5 to 6

particular the 7

minutes after shutdown the activity of lgN is negligible, therefore the dose
rates will be reduced to approximately the values given at 1 day. Further
16

remarks regarding the production of 7N within the borated water shield are
given in Section 3.5,

From Fig. 19 one notices that even though the dose rates of the aluminum
and steel chamber walls differ approximately by 1 order of magnitude at the
outer surface at 1 day after shutdown, the difference increases to approxi-
mately 3 orders of magnitude at the shield's edge. This is a direct result of
the higher energy gamma photons released by the activated aluminum material.
This can be seen in Table 15 which presents the approximate gamma photon
source strength densities of each energy interval at 1 day and 1 week after
shutdown for the aluminum and steel chamber materials. The high energy gamma

24

photons released in aluminum are due to the 11Na radioactive isotope (see
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Table 15,

Approximate Gamma Photon Source Density of Chamber Wall Material

At 1 Day After Shutdown

Energy Interval (MeV) Steel Wall (y/cm3-s) Aluminum Wall (y/cm3-s)
3.0-2.5 --- ~ 107
2.5-2.0 ~ 10% ~ 102
2.0-1.5 ~ 10% ~ 103
1.5-1.0 ~ 100 ~ 10°
1.0-0.4 ~ 100 ~ 10°
0.4-0.2 ~ 10° ~ 10%
0.2-0.1 ~ 10° ~ 103
0.1-0.01 ~ 104 ~ 1071

At 1 Week After Shutdown

Energy Interval (MeV) Steel Wall (y/cmo-s) Aluminum Wall (y/cm3-s)
3.0-2.5 -—- ~ 104
2.5-2.0 -—- ---
2.0-1.5 ~ 104 ~ 102
1.5-1.0 ~ 106 ~ 104
1.0-0.4 ~ 100 ~ 104
0.4-0.2 ~ 105 ~ 104
0.2-0.1 ~ 10° ~ 103
0.1-0.01 ~ 103 ~ 1071
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Table 18). This gamma ray has a smaller attenuation coefficient in water than
does that of gammas produced by steel. Hence, the higher energy gammas of the
aluminum are not attenuated as strongly as the lower energy gammas from the
steel, resulting in diverging dose rate curves. This can once again be seen
in Fig. 20 which shows the dose rates in the borated water shield as a
function of position from the chamber wall outer surface at 1 week after shut-
down. Here the dose rate at the outer surface of the steel chamber is ap-
proximately 1 order of magnitude larger than that of the aluminum. At the
shield's edge the dose rates are comparable with steel having a dose rate of
1.2 x 1074 nrem/hr and aluminum having a dose rate of 3.2 x 1074 mrem/hr.

To consider the dose rates in the bay area above the water pool, one
notices from Figs. 19 and 20 that the 3 meters of borated water provides more
than an adequate amount of shielding. This can be seen by the occupational
dose rate limit of 2.4 mrem/hr indicated in the figures. For the steel cham-
ber, the thickness of the borated water shield could be reduced by half its
thickness, to 1.50 meters, and for the aluminum chamber, the shield thickness
could be reduced to 2.60 meters at 1 day after shutdown.

The contribution of the neutron albedo from the borated water shield to
the dose rates in the wall was investigated with the results presented in
Table 16. The case labeled "with borated water shield" represents the dose
rate calculation for the present preliminary design. The case labeled "with-
out borated water shield" has the shield replaced by vacuum thereby simulating
an idealized zero neutron albedo boundary condition (i.e., no neutron return
current from the shield) and thus represents the best possible situation.
Hence, the difference between the computed dose rates is attributed to the

neutron albedo. From Table 16 one notices that the neutron albedo contri-
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Time

1 day

1 week
1 month
1 year

Time
0
1 day

1 week
1 month
1 year

Table 16.

Dose in mrem/hr at Aluminum First Wall Outer Surface

With Borated
Water Shield

2.75 x 100
3.61 x 10°
1.29 x 103
7.18 x 102
2.84 x 102

Without Borated
Water Shield

1.19 x 100
3.26 x 10°
1.04 x 103
5.59 x 102
2.39 x 102

Neutron Albedo
Contribution

56.73%

9.70%
19.38%
22.14%
15.85%

Dose in mrem/hr at Steel First Wall Outer Surface

With Borated
Water Shield

6.69 x 10°
3.82 x 10%
3.54 x 10%
2.94 x 10%
8.90 x 10%

Without Borated
Water Shield

Neutron Albedo
Contribution

37

2.74 x 10°
1.75 x 10
1.65 x 10%
1.55 x 104
7.23 x 103

59.04%
54.19%
53.39%
47.28%
18.76%
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bution changes with the time after shutdown. This is because the individual
isotopes contributing to the decay gamma source all decay with different decay
constants. Hence, the chamber wall decay gamma sources have a time dependence
similar to the target activation curves in Figs. 11 and 12. At 1 day and 1
week after shutdown, the neutron albedo component contributes more than 50
percent of the steel dose rate compared to only 9.7 and 19.4 percent for the
aluminum chamber wall. Thus, the total dose can be reduced by roughly a
factor of 2 for the steel chamber and 1.1 and 1.25 for the aluminum chamber by
increasing the weight percent boron in the borated water shield or by place-
ment of a boral shield on the outer surface of the wall. This reduction does
not offer any qualitative difference in the dose rate problem at the wall
surface; it still remains too high for hands on maintenance.

An examination of the nuclide decay chains given by the DKR code shows
that the remaining dose rate component is mainly the result of neutron trans-
mutation reactions above neutron threshold values in the MeV energy range.
Table 17 presents the radioactive isotopes which produce more than 90 percent
of the gamma photons at various times after shutdown. The neutron transmuta-
tion reactions and threshold energies of the initial stable isotopes and the
resulting radioactive isotopes of Table 17 are found in Table 18. Therefore,
to reduce the dose rates significantly, the large component of high energy
neutrons must be reduced below the neutron threshold values prior to their
interaction with the first wall. An ISSEC (Internal Spectral Shifter and
Energy Convertor) structure placed inside the target chamber would be suited
for this purpose and its effect on the chamber wall dose rates is presented in

Section 3.3.
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Time O

A1-28
Cr-51
V-52

Mn-54
Mn-56

Fe-59

Time O

Na-24
Mg-27
A1-28

Time O

N-16

Table 17. Important Gamma-Photon Producing Isotopes

Chamber Wall: 2-1/4 Cr-1 Mo Steel

1 day 1 week 1 month
Cr-51 Cr-51 Cr-51
Mn-54 Mn-54 Mn-54
Fe-59 Fe-59 Fe-59

Chamber Wall: Aluminum-6061-T6

1 day 1 week 1 month
Na-24 Cr-51 Cr-51
Mn-54 Mn-54

Borated Water Shield

1 day 1 week 1 month

40

1 year

Mn-54

1 year

Mn-54

1 year



Table 18, Neutron Transmutation Reactions Leading to the

Radioactive Isotopes in Table 17

2-1/4 Cr-1 Mo Steel Chamber Wall

Reaction(s) Decay Mode Threshold Energy (Ref. 17)
%251(“’9) igA] B~ 4.0 MeV (n,p)

gicr(“’p) ggv B~ 3.3 MeV (n,p)

SZCr(n,Zn) giCr EC 12.3 MeV (n,2n)
ngrEE:gz)p §§v B~ 9.1 MeV (n,d)

>eFe(n,y) 52Fe » EC > >2Mn(n,2n) >aMn EC 10.4 MeV (n,2n)

ggFe(n,t) ggM" EC 12.1 MeV (n,t)

ggFe(n,p) ggM" B~ 3.0 MeV (n,p)

57 (n,d) 56 -
26Fe(n,n')p 25Mn B 8.5 MeV (n,d)

57 58 ~ 58 59 -
26Fe(n,Y) 26Fe + 26Fe(n,Y) 26Fe 8 -—-

58

56
26Fe(n,t) Hghn 8 12.3 MeV (n,t)

Primary Gamma (Ref. 15) Secondary Gamma
Isotope Energy (MeV) Energy (MeV)

28
13

52
23

51
24

54
25

56
25

59
26

Al 1.78 -—-

v 1.43 ---

Cr 0.325 0.7

Mn 0.836 —--

Mn 0.845 1.81

Fe 1.29 1.10
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Reaction

24 24
12Mg(n,p) 11Na

26 27
12Mg(n,Y) 1M

27 27
13A](n,p) 12Mg

24
11

28
Al(n,Y) 13A1

27

13A1(n,a) Na
27
13

28.. 28

52 51
24Cr(n,2n) 24Cr

56

54
26Fe(n,t) 25Mn

Isotope

24
11

27
12

28
13M

51
24

54
25

Na

Mg

Cr

Mn

Reaction

16
8

16

0(n,p) 7

N

Aluminum-6061-T6 Chamber Wall

Decay Mode

EC

EC

Primary Gamma
Energy (MeV)

2.75
0.84
1.78
0.325

0.836

Borated Water Shield
Decay Mode

B

Primary Gamma
Energy (MeV)

6.13

42

Threshold Energy

4.9 MeV (n,p)

1.9 MeV (n,p)

3.3 MeV (n,a)

4.0 MeV (n,p)
12.3 MeV (n,2n)

12.1 MeV (n,t)

Secondary Gamma
Energy (MeV)

1.37

1.01

Threshold Energy

10.2 MeV (n,p)

Secondary Gamma
Energy (MeV)

7.11



Since the dose rates at the outer surface of the first wall are consider-
ably higher at 1 day and 1 week after shutdown than is envisioned for routine
maintenance of the target chamber, the borated water pool design would need to
allow for the drainage of the pool and the assembly of a shadow shield. 1In
particular, access to the ion diodes 1 day after shutdown of the facility is
important. Thus, calculations have been performed to compute the lead thick-
ness required to reduce the dose rate to 2.4 mrem/hr. The dose rate within a
lead shield as a function of the distance from the outer surface of the steel
and aluminum chamber walls is shown in Fig. 21. For the steel chamber wall a
thickness of 11.2 cm is required and for the aluminum chamber wall, a thick-
ness of 21 cm,

The alternative TDF design has the target chamber surrounded by a perma-
nent concrete shield. The dose rate within the concrete shield as a function
of the distance from the outer surface of the first wall is given in Fig. 22.
A concrete thickness of 233 cm for the aluminum chamber and a concrete thick-
ness of 244 cm for the steel chamber are required to reduce the dose rate to
2.4 mrem/hr at shutdown.

Since the concrete shield is a permanent structure, the constituents of
the concrete become radioactive thereby producing gamma photon sources within
the shield. This accounts for the qualitative difference in the shape of the
curves in Fig. 22 as compared to the purely gamma photon attenuation curves of
Figs. 19-21.

Another quantity of interest is the primary dose (defined as the neutron
and prompt gamma photon dose received directly from the target explosion) re-
ceived per shot by a person standing next to the edge of the shield. Table 19

presents the primary doses received for aluminum and steel in combination with
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Table 19.

Primary Dose (mrem/shot)

First Wall + Shield

Aluminum + Borated Water
Steel + Borated Water
Aluminum + Concrete + Boron

Steel + Concrete + Boron

Gamma Dose

2.6 x 107°
3.2 x 107°
6.6 x 1077
1.1 x 1076
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Neutron Dose

1.1 x 1078
2.5 x 1078
1.0 x 1074

2.1 x 1074

Total Dose

2.6 x 107°
3.2 x 1075
1.0 x 1074

2.1 x 1074
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either the borated water or concrete shield. As seen, the total dose values
computed range from 2.6 x 107° mrem/shot for the aluminum chamber wall with
borated water shield to 2.1 x 10™% mrem/shot for the steel chamber wall with
concrete shield. Using our assumption of 3120 shots per year, the priméry
dose is seen to be considerably lower than the dose received from the acti-
vated chamber wall, shield and target materials.

3.3 ISSEC Structure and Chamber Wall Analysis

In the previous section it was noted that the chamber wall dose rates are
mainly the result of neutron transmutation reactions above neutron threshold
values in the MeV energy range (see Table 18). This should not be surprising
as over 81%Z of the source neutrons are above 10 MeV. Hence, to have any im-
pact on the chamber wall dose rates, the Tlarge component of high energy
neutrons must be softened to below the transmutation threshold values. To
achieve this, two ISSEC structures, one made of H-451 graphite and the other
of titanium hydride, are considered with each of the chamber wall materials.
Figure 7 displays a one-dimensional schematic of the aluminum chamber with the
ISSEC structure, boral sheets, and borated water shield used for the neutron-
ics and activation calculations. Figure 8 shows a cut view of the target
chamber with the graphite ISSEC.

Figure 23 displays the neutron group flux spectrum within the first mesh
cell of the aluminum chamber wall for the ISSEC structures considered. Table
20 gives the corresponding group structure for the flux spectra plotted in
Fig. 23. For all of the ISSEC structures considered, the high energy neutron
component is reduced. The best result is achieved with the 40% porosity

graphite ISSEC structure.
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Table 20. Neutron 25 Energy Group Structure in eV Group Limits

Group E (Top) E (Low) E (Midpoint)
1 1.4918 (+7) 1.3499 (+7) 1.4208 (+7)
2 1.3499 (+7) 1.2214 (+7) 1.2856 (+7)
3 1.2214 (+7) 1.1052 (+7) 1.1633 (+7)
4 1.1052 (+7) 1.0000 (+7) 1.06526 (+7)
5 1.0000 (+7) 9.0484 (+6) 9.5242 (+6)
6 9.0484 (+6) 8.1873 (+6) 8.6178 (+6)
7 8.1873 (+6) 7.4082 (+6) 7.7979 (+6)
8 7.4082 (+6) 6.7032 (+6) 7.0557 (+6)
9 6.7032 (+6) 6.0653 (+6) 6.3843 (+6)

10 6.0653 (+6) 5.4881 (+6) 5.7787 (+6)
11 5.4881 (+6) 4.4933 (+6) 4.9907 (+6)
12 4.4933 (+6) 3.6788 (+6) 4,0860 (+6)
13 3.6788 (+6) 3.0119 (+6) 3.3453 (+6)
14 3.0119 (+6) 2.4660 (+6) 2.7390 (+6)
15 2.4660 (+6) 1.3534 (+6) 1.9097 (+6)
16 1.3534 (+6) 7.4274 (+5) 1.0481 (+6)
17 7.4274 (+5) 4,0762 (+5) 5.7518 (+5)
18 4.0762 (+5) 1.6573 (+5) 2.8667 (+5)
19 1.6573 (+5) 3.1828 (+4) 9.8779 (+4)
20 3.1828 (+4) 3.3546 (+3) 1.7591 (+4)
21 3.3546 (+3) 3.5358 (+2) 1.8541 (+3)
22 3.5358 (+2) 3.7267 (+1) 1.9542 (+2)
23 3.7267 (+1) 3.9279 (+0) 2.0597 (+1)
24 3.9279 (+0) 4,1399 (-1) 2.1718 (+0)
25 4.1399 (-1) 2.200 (-2) 2.1800 (-1)
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For the following comparisons, the outer surface of the second boral zone
for the ISSEC structure cases corresponds approximately to the first wall
outer surface (bare first wall) and will be referred to as the first wall
outer surface. Also, the ISSEC structure outer surface will be referred to as
the first wall inner surface as they correspond approximately to the same po-
sition. The ISSEC structure inner surface has no equivalent in the bare first
wall cases, thus it will be referred to as the ISSEC inner surface. The tar-
get debris is not included in this analysis.

Table 21 presents a comparison of the dose rates for the aluminum chamber
wall with and without the presence of the 40% porosity graphite ISSEC struc-
ture. As the comparison shows, the decrease in the dose rate due to the pre-
sence of the ISSEC structure is approximately a factor of 1000 at the first
wall inner surface and a factor of 100 at the first wall outer surface.
Noticeable for the ISSEC structure values, is the large drop in the dose rates
to more tolerable levels over the 1 day to 1 week time period after shutdown

with the dose rates being 4050 mrem/hr and 13.1 mrem/hr, respectively. This

24
11

hours. The lowest dose rate values are achieved at the ISSEC inner surface.

js due to the decay of the 7 /Na radionuclide which has a half Tife of 15
This is a result of both the low activation of the graphite and its impurities
and also the attenuation of the aluminum chamber wall gamma photons as they
pass through the ISSEC structure,

Figure 24 is a plot of the fractional contribution to the total dose rate
for several major contributing isotopes versus time after shutdown for the
aluminum chamber wall with the 40% porosity graphite ISSEC structure. Notice-
able is the sharp drop in the 24Na contribution beginning at 5 days after

11
shutdown. At 1 week after shutdown the total dose rate has dropped to 13.1
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Fig. 24. Fractional contribution to the total dose rate for several major
contributing isotopes for the TDF aluminum chamber with 40% porosity
carbon ISSEC after 1 year of operation.
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mrem/hr (see Table 21) with fiNa and ggMn having equal contributions. As the

iiNa radionuclide decays away the gg

total dose. At 29 days after shutdown, its contribution to the total dose

Mn radionuclide begins to dominate the

rate is approximately 75%. As the shutdown time increases, its dominance
steadily increases until at 1 year after shutdown, its dominance is above 96%.
Thus, the two major contributing isotopes to the dose rate for this case
are f?Na and ggMn.

The comparison of the steel chamber wall dose rates for the cases with
and without the presence of the 40% porosity graphite ISSEC structure is given
in Table 22. Here the reduction in the first wall outer surface and inner
surface dose rate values is not quite as large as with the aluminum chamber
wall. The dose rates are reduced by a factor of 25 to 130 at the first wall
outer surface. Even though the dose rates are reduced they do not drop to any
manageable levels as in the case of the aluminum chamber wall. As with the
aluminum chamber wall, the lowest dose rate value for a given time after shut-
down occurs at the ISSEC inner surface and is due to the low activation of the
ISSEC structure and the attenuation of the chamber wall gamma photons as they
pass through the ISSEC structure.

Presented in Table 23 is the dose rate of the aluminum chamber wall with
and without the TiH, ISSEC structure present. At the first wall's inner and
outer surfaces, the reduction in the dose rates is approximately a factor of
20 at shutdown and a factor of 10 at 1 day after shutdown. At 1 week and 1
month after shutdown the ISSEC values actually exceed the bare chamber wall
values. The dose rate values become comparable at 1 year after shutdown. One

also notices that the dose rate values at the ISSEC structure's inner surface

are larger than at the ISSEC structure's outer surface.
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For the Tin ISSEC-steel chamber wall cases presented in Table 24, the
dose rate values computed with the TiH, ISSEC present do not qualitatively im-
prove the bare steel first wall values. At the first wall inner surface 1 day
after shutdown the dose rate of the ISSEC structure case exceeds that of the
bare steel wall case. Also, as in the aluminum chamber wall-TiH, ISSEC case,
the dose rate at the ISSEC inner surface is larger than at the first wall
inner surface.

The performance for the T1H2 ISSEC structure is primarily due to the
activation of the ISSEC structure itself (neutron reactions with the titanium
isotopes leading to activation products). This is clearly seen by the high
dose rates at the ISSEC structure's inner surface as compared to the 40% poro-
sity graphite ISSEC structure values and by the small decrease and even in-
crease in the dose rates at the other positions.

Hence, for the two ISSEC structures considered, the graphite ISSEC clear-
ly is the superior design. The dose rates are lowered and for the aluminum
chamber wall, the dose rate is lowered to a more manageable level of 13.1
mrem/hr at 1 week after shutdown. Another positive aspect of the graphite
ISSEC is its low activation which greatly contributes to the very Tlow dose
rate values at the ISSEC inner surface.

The best combination of target chamber wall material and ISSEC structure
shown above is the aluminum chamber wall with the 40% porosity graphite ISSEC
structure. This porosity of carbon leads to a dose rate value of 13.1 mrem/hr
at 1 week after shutdown. For the design of the facility, it was felt that
one could tolerate a dose rate of 50 mrem/hr at 1 week after shutdown. It was
estimated that a 58% porosity graphite ISSEC structure would lead to this dose

rate value. Table 25 presents a comparison between the 40% porosity and 58%
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porosity graphite ISSEC structures. At the outer surface of the second boral
zone a dose rate of 49.7 mrem/hr at 1 week after shutdown was achieved for the
58% porosity graphite ISSEC. The large drop in the dose rates for the period
1 day to 1 week after shutdown is still apparent with the magnitude of the
values being approximately a factor of 4 higher than the 40% porosity ISSEC.
The dose rates are still considerably reduced from the original bare aluminum
chamber wall values (see Table 21), particularly for the period of 1 day after
shutdown.

For the aluminum chamber wall-graphite ISSEC results, a plot, Fig. 25, of
the dose rate at 1 day and 1 week after shutdown versus the porosity of a 1
meter thick graphite ISSEC structure was made by extrapolating the results ob-
tained from the two point design calculations. The bare aluminum chamber wall
cases are indicated and correspond to 100% porosity. A rough estimate of the
dose rates at the first wall outer surface at 1 day and 1 week after shutdown
for a graphite ISSEC structure of an arbitrary porosity can now be obtained.

As a summary to this section, three graphs comparing the results of the
two ISSEC structures 1in combination with either chamber wall material are
shown in Figs. 26-28. Figure 26 displays the first wall outer surface re-
sults; Fig. 27, the ISSEC outer surface results; and Fig. 28, the ISSEC inner
surface results. The superiority of the graphite ISSEC structure over the
TiHZ ISSEC structure is clearly discernible. Also noticeable is the large
drop in the dose rate values between 1 day and 1 week after shutdown for both
of the graphite ISSEC-aluminum chamber wall cases. As was shown in Fig. 24,

this is primarily the result of the decay of the fiNa radionuclide.
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the 5 different design cases involving ISSEC structures.
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3.4 Maintenance Schedule

In the previous section it was shown that the aluminum chamber wall with
the 40% porosity graphite ISSEC had the Towest value for the dose rate at the
first wall outer surface at 1 week after shutdown. This case will serve as
the basis for the definition of a maintenance schedule.

As the Target Development Facility is an experimental facility, access to
the ion diodes relatively soon after the last shot is important. Thus it is
essential that one has a more detailed knowledge of the dose rates for the
first several days after shutdown of the facility. In particular, it is of
interest to determine at what time after shutdown the large drop in the dose
rate occurs, Table 26 presents the dose rate at half day intervals for the
time period 1 day through 1 week. Beginning at 1 day after shutdown, the dose
rate drops approximately by a factor of 1.74 each half day period until 4 days
after shutdown. It is to be remembered, that during this time period the iiNa
radionuclide dominates the total dose rate.

Using the information presented in Table 26 and having identified the
major contributors to the dose rate between 1 day and 1 week after shutdown
(see Fig. 24), the total integrated dose that a person would obtain working in
this radiation environment is calculated. The maintenance schedules presented
are based on the following criteria: 5 rem per year; an average of 1.25 rem
per quarter; 3 rem for the worst quarter with an average of 2/3 rem per
quarter available for the remaining 3 quarters, 13 weeks per quarter. The po-
sition chosen was the outer surface of the second boral zone (see Fig. 7).
Two maintenance schedules are suggested: the first has the maintenance period
as 2 days for which a worker would be working 8 hours per day and the second

has a 12 hour continuous working period.
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Table 27 presents the 2 day maintenance period working schedule. The
schedule is broken up into four different operating + waiting period cycles
with the operating period being 4.5 days of testing. As an example of the
schedule let's choose the column; operate 4.5 days -- wait 6.5 days. The dose
rate at the beginning of the maintenance period (in this case it's after 6.5
days of waiting) is 17.0 mrem/hr and at the end of the second day maintenance
period, the dose rate is 9.96 mrem/hr. The integrated dose received during
the maintenance period by the worker is 0.207 rem. This is labeled as "Dose
received during one work cycle." The number of such operating + working
cycles in one quarter year is given in the next row. For our example this is
7.4, The number of cycles a worker can work to receive the average dose of
1.25 rem is 6 cycles (i.e., the worker rests 1 cycle per quarter). To receive
a dose of 3 rem, the worker can work 14.5 cycles and to receive 2/3 rem the
worker can only work 3.2 cycles., Thus, as one views Table 27, one notices
that the column "operate 4.5 days =-- wait 6.5 days," has the best match be-
tween cycles/quarter and work to receive the average dose of 1.25 rem.

Table 28 has the same format as Table 27 but now the maintenance period
is a 12 hour continuous work period. Again comparing cycles per quarter and
work to receive the 1.25 rem for each of the four different cycles, one notes
again that the column labeled "operate 4.5 days -- wait 6.5 days" has the best
match.

Thus, for both schedules, the best match between the number of operating
cycles per quarter and cycles of work to receive 1.25 rem was to operate the
facility for 4.5 days and to wait 6.5 days.

Several methods to shorten the waiting period can be suggested:

(1) shorten the maintenance period; (2) spread out dose among several workers;
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Table 27. Maintenance Schedule for the Target Development Facility with

Aluminum Chamber with 40% Porosity Graphite ISSEC

Criteria: 1.25 rem per quarter
3 rem for worst quarter
Outer surface of second boral zone
2 days of maintenance work @ 8 hours per day

13 weeks per quarter gives 91 days per quarter

Operate 4.5 Days Operate 4.5 Days Operate 4.5 Days Operate 4.5 days

Wait 3.5 Days Wait 4.5 Days Wait 5.5 Days Wait 6.5 Days

Dose rate at

beginning 259 mrem/hr 91.0 mrem/hr 35.4 mrem/hr 17.0 mrem/hr
Dose Rate at

end 65.0 mrem/hr 26.7 mrem/hr 14.1 mrem/hr 9.96 mrem/hr
Dose received

during one

work cycle 2.36 rem 0.861 rem 0.369 rem 0.207 rem
Cycles/quarter 9.75 8.81 8.03 7.38
Work to receive

1.25 rem 0.53 cycles 1.45 cycles 3.39 cycles 6.04 cycles
Work to receive

3 rem 1.27 cycles 3.48 cycles 8.13 cycles 14 .49 cycles
Work to receive

0.67 rem 0.28 cycles 0.77 cycles 1.81 cycles 3.22 cycles
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Table 28.

Maintenance Schedule for the Target Development Facility with

Criteria:

Dose rate at
beginning

Dose rate at
end

Dose received

during one
work cycle

Cycles/quarter

Work to receive

1.25 rem

Work to receive

3 rem

Work to receive

0.67 rem

Aluminum Chamber with 40% Porosity Graphite ISSEC

1.25 rem per quarter

3 rem for worst quarter

Quter surface of second boral zone

1 day of maintenance work for 12 hours

13 weeks per quarter gives 91 days per quarter

Operate 4.5 Days
Wait 3.5 Days

Operate 4.5 Days
Wait 4.5 Days

Operate 4.5 Days
Wait 5.5 days

Operate 4.5 Days
Wait 6.5 Days

259 mrem/hr

152 mrem/hr

2.41 rem

10.71

0.52 cycles

1.24 cycles

0.27 cycles

91.0 mrem/hr

55.7 mrem/hr

0.856 rem

9.58

1.46 cycles

3.50 cycles

0.78 cycles
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35.4 mrem/hr

23.7 mrem/hr

0.346 rem

8.67

3.61 cycles

8.67 cycles

1.93 cycles

17.0 mrem/hr

13.1 mrem/hr

0.178 rem
7.91

7.02 cycles

16.85 cycles

3.75 cycles
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11

further since it dominates the dose rate between 1 day and 1 week after shut-

(3) supply additional shielding, (4) reduce the 7 /Na dose rate component

down (see Fig. 24).

3.5 Pulse Nature of the Facility

In Section 2.2 it was indicated that the target chamber wall activation
and dose rate calculations were preformed assuming a continuous average
neutron flux irradiation to the facility. In reality the Target Development
Facility will test ten to twelve fusion targets per day at approximately
1 hour intervals. Since DKR 1is a continuous irradiation code, calculations
simulating a given pulse sequence are not possible, but a single pulse can be
analyzed. Table 29 presents the results (activity in curies) for the aluminum
chamber wall with and without the presence of the 40% porosity graphite ISSEC
structure. It is apparent that the short term activity (at shutdown to 10 min
after shutdown) is larger for the pulsed case than for the 1 year continuous
average irradiation flux. In Tables 30 and 31 some of the contributors to the
radioactivity during this period and their activity are listed. The isotopes
with half-Tives on the order of seconds influence the dose rates at shutdown
and those with half-lives on the order of several minutes influence the dose
rates up to an hour after shutdown. This difference in the dose rate values
is a consequence of the continuous irradiation assumption used by the DKR code
which manifests itself in the activity and dose rates of the short-lived iso-
topes. To understand this more clearly, we examine the pulsed neutron irradi-
ation. During one 200 MJ shot, 7.093 x 1019 neutrons are released. Multiply-
ing this by the number of shots in a year, 3120, and dividing by the number of
seconds in a year, 3.156 x 107, one arrives at the average continuous irradi-

ation value of 7.012 x 1015 neutron/s. This is 4 orders of magnitude lower
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than the pulsed value. Hence, the isotopes most affected by the continuous
irradiation assumption are the short-lived isotopes which saturate very quick-
ly in the average continuous irradiation flux. Consequently, the dose rate
values given at shutdown and 1 min and 10 min after shutdown for the chamber
wall and ISSEC structure analysis may be a factor of 102 to 103 too Tow at
shutdown and 10 to 102 too low between 1 min to 10 min after shutdown.

For the aluminum target chamber wall, preliminary calculations indicate
that the pulse sequence or operation sequence chosen may influence the dose
rate up to 1 week after shutdown of the facility. This is primarily due to
the i?Na radionuclide which has a 15 hr half-life and which therefore is

sensitive to the pulse sequence used by the facility. Indications are that

the dose rate component due to the iiNa radionuclide could increase by nearly

24
11

nant contributor to the dose rate during the period 1 day to 1 week after

a factor of 2 depending on the pulse sequence. Recall that 7 /Na is the domi-
shutdown (see Fig. 24) and that the maintenance schedule is strongly influ-
enced by dose rates during this period of time. Hence, the pulse sequence or
operation sequence for the aluminum target chamber may have some influence on
the type of maintenance schedule chosen for the facility. The reverse con-
dition may also hold true.

On the same note, the saturation period for 24Na is approximately 1 week

11

24Na will be present whether the facility

so that any problems associated with 11

operates for 1 week or for 1 year.

In Section 3.2, the dose rate values at shutdown at the edge of the water
shield were given as 10.2 mrem/hr and 20.5 mrem/hr for the bare aluminum cham-
ber and steel chamber, respectively. The dose rates at the edge of the shield

at shutdown are predominately that due to lgN. From Table 30 one notices that

71



the activity of lgN after one shot is approximately 10% curies compared to the

continuous irradiation value of 103 curies. Hence, the dose rate values given

at the edge of the water shield at shutdown in Section 3.2 should read

approximately 10’ mrem/hr for the aluminum chamber and 2 x 107 mrem/hr for the

steel chamber. The values given for 1 day after shutdown are not influenced
16

by 7N as the activity becomes negligible 5 to 6 minutes after a shot. The

production of 1?N amounts to approximately 1.2 curies per liter.

Since lgN is a gas, one becomes concerned over its release into the
atmosphere of the building. This depends upon the diffusion or transport of
16

the "N through the water to the pool surface and subsequently through the

7
atmosphere. Nevertheless a worst case calculation was performed assuming that
the lgN instantaneously fills the volume contained by a building 8 m in diame-
ter and 10 m high. The thickness of concrete required to reduce the absorbed
dose outside the building to a worker's weekly average was computed to be 185

3

cm for the 106 curies case and 100 cm for the 10° curies case. Thus the worst

case situation leads to very thick concrete walls. To get a more realistic

answer the diffusion rate of the lgN to the surface of the borated water
shield needs to be investigated. A total of approximately 2.88 x 1021 atoms

of l?N are produced per shot. This is relatively low compared to the total

number of water molecules present in the borated water pool. Ways to inhibit

16
7

streamer) directed down onto the chamber and/or to cover the pool area with a

the diffusion of "N into the atmosphere are to have a water Jjet (water

plexiglas or plastic covering. The diffusion upward need only be inhibited

until the activity becomes negligible which is 5 to 6 minutes after shutdown.

12



4. SUMMARY

Biological dose rates have been determined for the TDF target chamber
(with and without an ISSEC structure present) and accumulated target debris
after an operational period of 1 year (3120 shots per year). For the case
without the ISSEC structure present, it has been shown that at the inner sur-
face of the chamber the dose rate attributed to the target debris can be com-
parable to the dose rate of the first wall materials depending on the specific
target materials used. Even with periodic removal of the thermal liner upon
which the radioactive target debris has condensed, the dose rates at the inner
surface still remain too high for hands on maintenance. At the outer surface
of the first wall the dose rate attributed to the target debris is lower than
that of the first wall. Nevertheless, the dose rate at the outer surface is
still larger than is acceptable for routine maintenance of the target chamber.
The thickness of lead required for use as a shadow shield 1 day after shutdown
of the facility has been calculated to be 11.2 cm for 2-1/4 Cr-1 Mo steel
chamber and 21 cm for the aluminum chamber. This reduces the dose rate to
2.4 mrem/hr. An alternative design using a permanent concrete shield requires
233 cm of concrete for the aluminum chamber and 244 cm of concrete for the 2-
1/4 Cr-1 Mo steel chamber to reduce the dose rate to 2.4 mrem/hr at shutdown.
The primary dose at the edge of the shield received from the target explosion
has been found to be considerably lower than that due to the activated chamber
wall and shield.

The presence of an ISSEC structure was suggested when an examination of
the nuclide decay chains given by the DKR code showed that the target chamber
wall dose rate is mainly the result of high energy neutron transmutation re-

actions above neutron threshold values in the MeV energy range. Two ISSEC
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structures were examined, one made from graphite and the other from titanium
hydride, TiH,. The graphite ISSEC structure was shown to be superior to the
TiH, ISSEC as the activation of the graphite structure is low and is mainly
the result of its impurities. The TiH,, on the other hand, was highly acti-
vated., The largest reduction in the dose rates, which resulted in dose rates
being lowered to tolerable levels (< 50 mrem/hr), was achieved by the aluminum
chamber wall with the graphite ISSEC structure. In particular, the 40% graph-
ite ISSEC structure dropped the dose rate at the first wall outer surface to
13.1 mrem/hr at 1 week after shutdown. This is not without its cost, though.
The price paid for the reduction in the dose rates is in the amount of mass
required for the ISSEC structure. For the 40% porosity graphite, this amounts
to approximately 124 metric tons and for the 58% porosity graphite, 87 metric
tons. The aluminum chamber wall without support structure has a mass of 71
metric tons.

The maintenance schedules were based upon the aluminum chamber wall and
40% porosity graphite ISSEC structure. For both schedules presented, the best
matchup between the number of operating cycles per quarter and cycles of work
to receive the average dose of 1.25 rem per quarter was achieved by operating
the facility for 4.5 days and waiting for 6.5 days. The long waiting period
is necessitated by the high activity of i?Na. It is only after its decay to
Tower levels (approximately after 5 days) that the first wall is more easily
accessible.

An examination of the dose rates after a single pulse reveals that the
short-lived isotopes, some of which contribute to the dose rate up to 1 hr

after shutdown, are affected most by the pulse nature of the facility. For

the aluminum target chamber, preliminary calculations indicate that the pulse
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sequence or operation sequence chosen for the operation facility may influence
the dose rate component attributed to fiNa up to a factor of 2 which in turn
would affect the chamber maintenance. On the same note, the saturation period
for fiNa is approximately 1 week so that any problems associated with it will
be present whether one operates the facility for 1 week or for 1 year.

The target activation analysis has shown that the induced radioactivity
of the pusher materials decays within 3 minutes after the target explosion and

that the activity can essentially be considered as that from the high-Z tamper

material.
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