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NUCLEONIC ANALYSIS OF A PRELIMINARY DISIGN FOR
THE ETF NEUTRAL-BEAM-INJECTOR DUCT SHIELDING

W, 1. Urban, T. J. Seed, and Donald J, Dudziak
Theoretical Division, Los Al?mos Scientific Laboratory,

Los Alamos, New Mexico 87545

:UMMARY-—

A nucieonic analysis of the Engi[leering
Test Facility Neutral-Beam-Injector duct
shielding has been made using a hybrid Monte
Carlo/discrete-ordinatesmet-hod. This methoa
used Monte Carlo to determine internal and
external boundary surface sources for a
subsequent discrete-ordinates calculation
of the neutron and gamma-ray transport
through the shield, The analysis also
included determination of the energy and
angular distribution of neutrons and
gamma rays entering the duct from the
torus plas,na chamber. Confidence in the
hybrid method and the results obtained
was provided through a comparison with
three-dimensionalMonte Carlo results,

lNTRODUCTJON

The Engineering Test Facility (ETF)
conceptual shields for the Neutral-13eam-
lnj~ctor (NBI) and the Vacuum-Pumping Duct
are being analyzed throl’ghthe marriage of a
three-dimensional (3-D) Monte Carlo calcu-
Iat,ion with a two-dimensional (2-D)
discrete-ordinates calculation. Figure 1 is
a schematic illustra~ir,g the geometrical
relationships of these ducts to the EFT
torus and to one finother Presented here(n
are the results of the analysis of the NB1
duct and fts sh;elding. 4 mre detafled
description of the NBI duct analysfs as well
as the vacuum duct w1lI be contefnetiin a
forthcoming reporti,

[valuation of the NBI duct and shiel-
ding requires first that an accur~te know-
ledge of the neutrons and gamma rays
enteri ,~ the NE] duct 5e available, For
this reason the

!
eorr,etryconsidered {n the

NB1 ana\y${$ must nclude the toroldal
plasma chamber and assoc{at~d inboard and
ou[hoard sh{elds as WPI1 et the NBI duct and
{ts sh{eldtng, [urtt,ermore,It {s recogn~zed
that th~ sh{~ld thicknesses, Compositions,
end s{zes of the duct’ are conceptual at
this stage of the dvs{gn and subject to
change> 1 he parameters US d in th{s
analysis r~pr~s~nt the best ,va{lable ●t

the initiation of this effort, at which time
they were frozen.

The analysis of large ducts ana their
associated shielding is consistently a
problem,2 Although deterministic methods
such as discrete ordinates can easily
provide the desired pointwise responses
at deep penetrations within a shield,
they are humpered by ray effects associated
with streaming down ducts and their geometry
limitation. On the other hand, Monte Carlo
methods can readily handle 3-D geometries
and streaming down ducts but cannot
reasonably provide pointwise responses over
an entire shield, The approach taken here
has been tc marry the two methods in such a
manner as to take advantage of the strong
points of each method,

Conceptually, the application of a
hybrid Monte Carlo/discrete-ordinates
method is strai~htforward. Simply stated,
with regard to the NB1 duct analysls, Monte
Carlo was u;:: to determine a spatially,
angularly, ●nergy dependent sourse
dis.tribut{on of neutrons and gamma rays
fncident on the N1.11duct walls. This
{ncld.$nt flow of radiation was then trans-
formed to a surface source for u~e in a 2-O
discrete-ordinates calculation to obtain the
spatially dependent fluxes throughout the
shteld,

Three-dimensional Cdlcullstfons were
perfurmcd us{na thv continuous-energy Montv

Carlo code MCNP3 and 2-D calculations wer?
performed us{ng the tr{anqular mesh discret@-
ordiuates codt,TRll)[NT-ClR,4 both codes ar~
av{alable to the fusion community through
RSIC and the NWECC,

CAICUIATIONAL PROCIDUR1.—-——......- .——.-

A numtmr of calculat{onal steps wer~
undertaken {n th{s analys{s III ordrr to
provid~ an ov~rv{pw, for ttw followfng moro
d~talled dlscus${on, thes~ st~ps ar’?)isted
below,
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1. An MCNP calculation was made using
only the torus geometry and
included the inboard and outboard
shields as well as the duct pene-
tration through the outboard
shield. From this calculation the
energy and angular dependent neu-
tron and gamm;~~y flow entering
the NBI duct incident on the
outboard shield first wall adjacent
to the NBl duct was obtained.

2. Using the result$ from 1 to define
a surface source at the NBI duct mouth,
an MCNP calculation was performed to
determine the spatially dependent
energy and angular distribution of
neutrons and gamma rays incident on
the duct walls. Since no transport in
the duct shielding was considered this
calculation was essentially one of ray-
tracing+

7,, The neutron ancrgamma-ray flow incident
on the torus outboard shield from 1 and
that incident on the duct walls from 2
w~re used to generate boundary and
internal surface sources for an (R,Z)
geometry TRISINTUCIR calculation to
obtain the neutron and gamma-ray flux
distributions throughout the NB1
shield,

4. Using the flow of neutrons and gamma-
rays incident on the torus outboard
shield and erltering the NBI duct from
1, MCNP calculations were made to
ot]tain ‘he neutron flux in the duct
and also selected responses in the NBI
shielding for comparison with the
TiilDENT-CTRresuits,

MCNI)MOOLLS AND CALCULATIONS— -—

The configuration of Fio 1 was broken
into thrue distinct geometrical s~gments to
facilitate acquisition of the required {n-
ft]rmationand to minit,ize the duplication of
the calculational effort, %3fynentationwas
,~ccomplished,from a calculational viewpoint,
lhrough the use of trapping surfaces, When
,, part{cle crosses a trapping surface its
‘ipatidl cuordihatesl direction cosines,
el~rrgy, Wl! Ight and time are written to
rape, The MCNP calculation can then be
continued with the tfapppd particle {f-
ormation bQing used to define a G@condary
source planQ, For the problem at hand a
trapping surface was located at the toruz
out!)oardshield first wall &t and around the
ND] duct, Thr azim,ltha) symmetry of the
tortiswas IIsrci to good actvant~e to r?ciuce

!tilevariellcoof the tr~pp~(lpart cles,

Figures 2 and 3 are elevation and plan
views of the torus MCNP model. The outboard
shield consisted of 0.3 m of stainless steel
followed by 0.9 m of a homogeneous mixture of
stainless steel and berated water. The in-
board shield consisted of 0.02 m of carbon
armor, 0.205 m of stz.inless steel and
0.615 m of a homogeneous mixture of stain-
less steel ~nd berated water In both
shields the homogeneous mixture consisted
of 70 v/c stainless steel and 30 v/o berated
water (2 atom/o 1°B).

The plasma Was represented as a
uniformly distributed source
(2.25-pJ) neutrons which w~re pro~~ce~4w?~~
an isotropic angular distribution. This
source was “D” shaped in cross section with
its axis of revolution congruent with the
toroidal axis. Normalization of the source
was such as to represent a volumetric source

strength of 1,38 x 10]8 plasma neutrons/m2 s.
This normalization results in an incident
neutron energy flow rate on the outboard
shield due to neutrons with energies between
13,5 and 1.5.OMeV of % 2,4 MWlm2,

MCNP was run in a coupled neutron/gamma-
ray mode and all cross sections were taken
from the MCNP Recommerlded Monte Carlo
Cross-Section (RMCCS) Librarys, A st~ndald
LASL 42 energy-group structure was used in
the edits, and consisted of 30 neutron and
12 gamma-ray ener~y grou;s.

Approximately 2 hours of CDC-7600
time was required to track 120 000 source
neutrons. From this run, 122 372 trapped
oeutrons and 19 568 trapped gamma rays were
written to tape for subsequent use in the
NBI duct analysis,

MCNP calculations for the NBI duct and
shielding used the geometry shown in Fig. 4,
The purposz of these calculations was two-
fold; (1) to obtain data from which a sur-
face source for use with TR1OFNT-CTR can be
constructed, and (2) to Allow an inter-
comparison of Monte Carlo and TR1OENT-C1R
results at selected locations fn the NEil
duct and shield and to trap neutrons and
gamma rays entering the vacuum duct,

For the calculations to obtain a surface
source for TRIDINT-CIR, no transport of
radiation in the shield was considered; i,e,,
once a particle had crossed into the duct
shielding {t was t.~rminat.ed, Radiation
crossing eflch of the duct wall surfaces was
binned by spat{al segment into energy and
angular bins. Fifteen angular bins
corresponding to an S1O angular quadratur~



was used. The 3-D (energy, angle and one
spatial direction) binning on each of the
four duct walls required that a large number
of particles be started to ensure reasonable
statistics in each differential element. To
circumvent running large numbers of particles
in the torus calculation to get a sufficient”
number of trapped neutrons at the entrance
to the NBI duct, the trapped neutrons were-
used to construct semi-analytic source
angular distributions at the duct mouth.
Because of the similarity of the angular
distributions L. low energies it was found
that only two angular distributions were
required for the neutrons entering the duct;
i.e., one for neutrons with E > 13.5 MeV’
and one for neutrons with E < 13.5 MeV. The”
gamma-ray angular distributifincan be well
appro~imated by the E ~ 13.5 MeV neutron
angular distribution.

Two MCNP calculations were made using
these semi-analytic source angular
distribu~5~:O;t the duct mouth, In each
case neutrons were started,
requiring % 12 minutes of CDC 7600 time.
~ollowing each calculation, the data for
the four duct walls were averaged to obtain
a single spatially dependent angular dis-
tribution, The resulting average data,
together with the appropriate neutron and
gamma-ray energy distributions, provided
the basis for the NBI duct wall surface
source for TRIDENT-CTR; i.e., internal
boundary scurce.

TO obtain results which could be
compared with the TRIDENT-CTR results at
selected locations, another MCNP calculation
was made, but this time transpnrt was
allowed in the NBI duct shielding, Figure 4
is the MtNP gecmetry used in this calcula-
tion In this model the duct shielding
nearest to the torus was O,B-m thick and
consisted of (),2 m of stainless steel and
0.6 m of a homogeneous mixture of stafnless
steel and berated water, The thinner
portion of the tiBIshield fs 0,5-m thick and
consisted of 0,125 m of stainless steel and
0375 m of a homogeneous mixtur~ of stain-
Iegs steel and berated water. The homo-
geneous mixture (tPscribedhere is identical
in composition to that described earlier
for the torus outboard shi@ld.

In this model the tapered NB1 duct
shfeld has been approximated by steppin the
shield, ?This simplication does not s gnf-
fichntly affect the comparison of the MCNP
results to the TRIDENT-CTR results, which
used tapered shields, because the ~eaion$
considered for comparison were chosen such
that thl, average MCNP shield at these
points ,losply approximated the taperd
lRIDIN1-CIR shfelds. The MCNP model did
contain th~ vacuum duct pen~tratfon r; the

NE] duct shield which is not inthe TRlDENT-
CTR model.

In this calculation the trapped
neutrons were used as the surface source at
the NBI duct mouth. Biasing of the calcu-
lation was such as to reduce variance of the
neutron flux at the regions of interest for
comparison with TRIDENT-CTR, In adflition,
this calculation provided the trapped nau-
trons and gamma-rays at the NBI duct/vacuum-
pumping duct interface which are being used
to evaluate the vacuum duct snieldincj. The
122 372 trapped neutrons were followed at a
time expenditure of ~ 4.5 hour: of CDC 7602
time.

A similar calculation was made using the
trapped gamma rays, from ‘.fietorus calcula-
tion, as the surface source at the NBI duct
mouth. This calculation allows one to as-
certain, quantitatively, the importance of
the toruj gamma rays to the NBI duct shield
and streaming down the duct, A tatal of
~ 4 minutes of CESC76OO time was required for
this calculation.

~RIDENT-CTR MODEL AND MFTHOD

TRIDENT-CTR calculations were performed
on a simplified model of the N91 duct to
generate spatially detailed ,leutron and
gamma-ray fluxes. These fluxes are required
for the calculation of design anelysis
parameters such as shutdown dose rates,
heatifiqrates and others. In order to pose
the original NB1 duct problem in a form
amenable to sclution by TilADEN’T-LTR,the duct
was modeled a$ shown itlFig, 5.

The rectangular cross section of the
duct was approximated by a circular cross
section of the same area, with the width
of the duct shielding set to the design
specifications, The problem wa~ model@d
in (R,Z) g! ,metry with the Z axis runnink
down the ceflterof the NBI duct ar,r!the R
axis traversing the duct shielding, Because
of the triangular mesh feature of TRIDCNT-
CTR it was possibl~ to more easily model
the duct shiel,dtaper ~nd the shutter shield
within the ‘llritat{onsof a 2-D geometry,
The function of the rotating stainless
steel shutter shield is to shield th~ NBI
chamber aft~r plasma iqnition. The shutter
sh{?ld was mrdeled in the open position for
this ralculatioll, The spatial mesh for
the model as shown in Fi~, 5 was laid CIl,t
on 62 bands w;th a total of ) 948 triangles,

The cross-suction set used was deriv~d
from the sta~’dardlAS1 30 x 12 MATXS Libraf’}h
using the TRANSX codes, Tht s~-atteringorder
used was P3 with the cross srct{ons trans-
port corrected using the Bell, Hansen, and
Sandmeir methodology’, Group-dependent
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quadrature sets were used with the S4, Se,
S8 and Slo E ~ sets being used in various

$energy groups, The highest Sv orders were
used in those enery groups with the highest
portion of incoming source.

In order to bypass the neutron streaming
problems that the discrete-ordinatesmethodo-
logy would have encountered in transporting
the incoming source from the mouth of the
duct toward the NBI chamber, the source at
the mouth of the duct was replaced by an
incoming internal boundary source along the
inside surface of the duct shield. The
source was generated by the Monte Carlo code
MCNP and given for an S,O quadrature set
along the length of the duct, as has been
previously described. Two angle-space shapes
were given with a 42-group spectrum. One
shape was for E > 1.35 MeV neutrons and the

other shape was for both E < 13.5 MeV
neutrons and gamma rays. A code WFS written
to interpolate the MCNP data onto the
TRIDENT-CTR spatial mesh and varying quadra-
ture structure.

The problem was run on the CDC-7600 at
the NMFECC in approximately 70 minutes.
Several regions of the problem were edited
for comparison with the MCNP results.

R[SULTS-—

The calculations described have
yielded a considerable amount of informa-
tion concerning the neutron and gamma-ray
populations and transport in the NB1 duct
as well as the flow of this radiation into
and out of this duct. Presentation of all
available information here is not possible
and therefore a representative sampling of
the results ,>ertainingto the NBI duct and
its shielding follows, Those interested
in more detailed results (e,

!
groupwise

data and ~ngu’lardistributions “for the NBI
duct as well as the forthcoming vacuum duct
analysis, are directed to Reference 1.

Presented {n Figure 6 is the neutron
spectrum for the flow of neutrons into the
NB1 duct and also incident on the outboard
shield in the v{c{nity of the outboard shield
first wall/NBI duct interface (i.e., the
trapping surface) as determined by PICNP.
This spectrum is normalized to one!neutron.
It is noted that approximately 25% of the
neutrons have energ{es between 23,5 and 15,0
MeV and approximately 69% have et!ergiesless
than 1,353 MeV, The majo’-fty of this
spectral data have fractional ●rrors ({.*.,
relative standard dev{at{ons) of less than
5X, with the intergrated spectrum nav~{%a
fractional error of less than
Fractional errors quoted above and throughout
this discussion are at the 68% confidence
level,

The angular distribution of these
neutrons is illustrated in Fig. 7 for two
energy groups (i.e., E> 13.5 and E < 13.5
MeV) wherein the relative number of nefitrons
is plotted versus cosine(theta). Theta is
the angle between the normal to the torus
outboard shield first wall/NBI duct inter-
face (i.e. the trapping surface) and ‘:he
neutron d!rection. In examining this figure
the reader is cautioned to note that for
cosine(theta) greater than 0.5 the bin
width is one-half of what it is for ~;osine
(theta) less than 0.5. Thus, the angular
distribution for neutrons of E < 13.5 !4eV
is a monotonically increasing flnction of
cosine(theta). The E > 13.5 MeV curve
decreases slightly and then levels off above
cosine(theta) equal to 0.8. This decrease
and leveling off results from the position of
the inboard shield relative to the
duct; i.e., the inboard shield effectively
decreases the plasma volume having a line-of-
sight path to the duct. The angular data for
E < 13 5 MeV have fractional errors of less
th~n 2% except when cosine(theta) fs less
than 0.2, when the fractional errors are
still less than 5%. For the E > 13.5 MeV
data, the fraction errors are less than 5%
for cosine(theta) Sreater than 0.3 and become
sufficiently high as to make the data
unreliable below cosine(theta) equal to 0.2.

TRIDENT-CTR contour plots of the total
(integrated over all energies) neutron flux
and total (neutron and gamma-ray) heat+ag are
presentcci in Figures 8 md 9, respectively.
Figure 10 is a blowup of the neutron fl!ix
in the vicinity of the shutter, The stepped
boundary on the right I,and side of the
contour plots is the result of overlaying
the tapered shield boundary of the TRIOEN’t-
CTR model with a rectangular plotting grid.
The TRIDENT-CTR neutron flux values in the
duct do not include either the tracklength
lor neutrons prior to their first incidence
on the duct wall, or the tracklength for
neutrons whi~h travel in the duct from the
plasma chamber to the NBI chamber without
havin~ an Interaction with the duct
shielding. The reason for this is that the
generation of the internal boundary source
was based on only those neutrons incident on
the duct walls. Routines for using TRIDENl-
CTR data to generate 30”c910r contour plots
have also been developed. Such color
contour plots were made for the results
of this calculation but could not be
{incorporated{n this paper because of color
reproduction l{mitatlons,

The neutron flux falloff down the N81
duct as obtained from the MCNP calculations
is presented in Fig, 11 for buth n@utrons
with energies greater than 13,5 MeV, and the
total over all energies, These flU)(QS

represent those neutrons which scatter from
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the duct shielding plus those which stream
down the duct without interaction in the duct
shield. The fractional ●rror varied from’
1.15% to 7.75% for the E > 13.5 MeV flux
and from 0.46% to 2.53% for the total flux.

A comparison of the hybrid MCNP/TRIDENT--
CTR calculation to the all MCNP calculation
is given in Table I. Locations for the re-”
gions used in tnis comparison ar? indicated
in Fig. 4. In general, the comparison
between the two methods is quite good. The
recion 111 results are, however, somewhat
di?ferent from the others in that the
TRIDENT-CTR flux is lower and the heating
much higher than the corresponding kfCNP
results. At present a quantitative explana-
tion for this ar,omalyis not available, but
it is believed to be, illpart, a result of
several factors including the perturbation
introduced by the vacuum duct penetration
which is contained in the MCNP model and
not in the TRIDENT-CTR model, geometric
differences between the cylindrical and
rectangular shield models and differences
in the berated water cross sections used by
the two codes. It should also be noted that
the gamma rays produced in the torus shield
have little impact on the NBI shielding as
evidenced by the fact that in region I
these gamma rays contribute only ~ 8% of
the total heating and are a negligible
contributor to the region 11 total heating.

This comparison provides confidence in
the RB1 duct shield analysis performed and
the results obtained. Furthermore, it
provided assuranre as to the validity of
the hybrid MCNP/TRIDENT-CTR method l~sedand
demonstrated the applicability of such an
approach to the enalysis of full scale
design problems. The vacuum duct analysis
currently underway will hopefully provide
further confidence in this hybrid metho-
dology and also additional insight as to how
the procedure for lirting the two codes
can be generalized and more fully automat~d.

CONCLUSIONS..—

The analysis has demonstrated that
a m~rriage of MCNP and TRIDENT-CTR (i.e.,
Monte Carlo and ofscretc ordinates) can be
used in full scale design applications for
the analysts of ;arge duct shields, The
validity of this procedure wd$ provided
through comparison with 3-0 M~NP results.
Althou(/h cur?ently existing Monte Csrlo
and discrete-ordinates codes wore used In
the analysis, special p~lrposeroutines were
wr;tten to facilitate Iirtkagcof the two
codes, Codes for linking Monte Carlo and
dfscrete ord{nates are problem depsndent,
however it {s the opfnion of the authors
that some of the lfnkage can be generalized

and the procedure standardized to the point
whereby the method can be applicable to a
variety of problems Without undue

difficulty. Total computer costs wef~ shown
to be a ;inor

This work
a subcontract
Design Center.

portion of the total effort.
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TABLE 1

MCNP/TRIDENT-CTR NBI DuCT COMPARISONS

TRIDENT-:TR
m“: Quantity MCNP TRIDEWT-CTR M:NP

I

11

III

IV

a.
b,
c,
d.
e.
f,

Fluxb 3.26+13 (0.0;52)d
Heatlngc 3.60-1 (13.0249)

Flux 1.46+12 (0.0571)
Heating 2.19-7 (0.1040)

Flux 1.58+9 (0.0892)
Heating 8.80-5 (0.0876)

Fluxf 5.45+12 (0.0653)

See Figure 4 for region locat~on
Neutron flux, neutrons/cm2 s
Neutron plus gamma-ray heating, M/ms
Fractional error
4.19+13 = 4.19 x 10’3
Duct scattered contribution only (see

\

Fig. 1. Schimatic of the F,TF&o~try corl-

Hldered ftr the McNp ~~t~ Carl.
calculatlonr (not to •~al~).

4.19+13e 1.29
3.43-1 0.95

1.83+12 1.25
2.02-2 0.92

;::+; 0.97
. 1.66

5.78+12 1.06

text)

FJS. 2. El~Vatloq crocrn sect’~n through the corum
●t ● toroidal location not including NBl
duct, HCNP ~del.
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:ig. 3. Plan vi- at the torus midplane, MCNP modtil.

Plon Vlow ~s!olnl,ssswel/ewOt@dwow?

I NO1Duct =+];2

Fig. 4, Plan snd ehvation view- of th~ MCNP NBI
duct model. Dimensions in meter-. Romar

numerals indlcat? r~gions for MIXP/
TRIDCNT-CTF comparisons.

.

I

TI -r

Fig. 50 NBi duct model for TRII)ENT-CTR

calculations (dimensions ~n inters).
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FiR. 8, TNIDENT-CTR NBI duct ●hield total neutron
flux (neutrons/cm2-u) tiwc 10-19.
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Pig. 7. Angular distribution of neutrons
incident on the torus outboard shield
at the trapping surface. Theta 1s the
angle between the norraai to the trapp-
ing surface and the neutron direction.
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