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Abstract

In the past, our calculations of radiation damage (concentrations of displacements, helium atoms, and hydrogen
atoms) to the 316 stainless steel (316SS) container vessel at the spallation neutron source (SNS) mercury target dealt
with the average damage rates in a volume at the nose of the vessel. This paper describes an attempt to improve the
accuracy of estimates of the damage rates at the center of the proton beam where the damage rates are expected to be
the highest. Four series of calculations (Series I-1V) were conducted to determine the damage rates within volumes
(tally volumes) that varied systematically in location in the vessel. This permitted extrapolation to the rates at the tip of
the vessel nose (Z = 0) and at the center of the proton beam (X = Y = 0). The total damage rates due to protons and
neutrons were found to be: 36 dpa/yr, 1400 appmHe/yr, and 20 000 appmH/yr. In addition, insight was gained into how
the damage rates vary with position in the vessel nose and at locations further downstream in the vessel. © 2001

Elsevier Science B.V. All rights reserved.

1. Introduction

The general design of the SNS spallation neutron
source is described in its Conceptual Design Report [1].
Currently, the proton energy and current are considered
to be 1 GeV and 2 mA, corresponding to a beam power
of 2 MW. The spallation neutrons are produced when the
protons impinge on the liquid mercury target material
that is contained in a 316SS (Fe+ 18 wt% Cr +
10 wt% Ni) vessel. The vessel has a multiwall structure
consisting of four walls or shells, one inside the other (see
[1, Fig. 5.3-6] or [2, Fig. 1]). Here, we concentrate on the
innermost wall. The upstream end or nose of the wall has
a half-cylindrical shape with cylinder axis in the
Y-direction (Z = proton beam direction and X = vertical
direction). The outer and inner surfaces of the half-cyl-
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933 6727.
E-mail address: wechsler@ncsu.edu (M.S. Wechsler).
! Present address: 106 Hunter Hill Place, Chapel Hill,
NC 27514-9128, USA.

inders have radii of 4.3 and 4.0 cm. The two surfaces are
not concentric, and at the tip of the nose the thickness of
the wall is 0.13 cm. The incident proton beam is con-
tained within a 7 x 20 cm? rectangle perpendicular to the
beam direction. The 2 mA current corresponds to
3.94 x 10?* protons per year or 1.25 x 10'® protons per
second. The peak current density at the center of the
beam is 0.224 A/m’, which corresponds to 1.40 x 10™
protons per cm?s. In the vertical or X-direction, the beam
takes the shape of a Gaussian distribution with 2¢ = 3.5
cm, as shown in Fig. 1. In the horizontal direction, Y-
axis, the current density is constant out to about ¥ = +8
cm, and then it decreases to about 20% of its peak value
at Y = £10 cm (Fig. 2).

Earlier papers [2-5] have described the general ap-
proach to calculating displacement, helium and hydro-
gen production rates at spallation neutron sources.
Average proton and neutron fluxes are determined in
specific volumes. In addition, cross sections are calcu-
lated for the production of displacements, helium and
hydrogen as a function of proton and neutron energy.
The cross sections are then folded into the fluxes to yield
production rates.

0022-3115/01/$ - see front matter © 2001 Elsevier Science B.V. All rights reserved.
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Fig. 1. Proton beam profile in the vertical (X)-direction.
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Fig. 2. Proton beam profile in the horizontal (Y)-direction.

2. Proton and neutron fluxes

The SNS target structure, including the four shells,
Pb reflector, moderators, and neutron beam channels
has been detailed in an MCNPX [6-8] SNS geometry
file. We used this file to define various regions of interest
in the geometry of the target vessel. The volumes of
these regions were calculated, and the neutron and
proton fluxes were determined by taking the track
lengths within the volume per incident proton as tallied
by MCNPX, dividing by the volume, and multiplying by
the number of incident protons per unit time. For each
tally (F4 tally in MCNP terminology [9,10]), 4 x 10° or
5 x 10° incident protons were run. MCNPX is the result
of a merger of MCNP and LAHET [11].

Table 1 indicates the Series I-IV tally regions over
which the fluxes were determined. Series I-1II consist
of regions in the vessel nose. For these, each entry in
Table 1 specifies a rectangle in the X—Y plane with its
center at X = Y = (. The corresponding tally volume is
given by the volume of 316SS that is intercepted at the
nose upon projection of the rectangle in the Z-direc-
tion. In the column for Series I, the rectangles increase
in both X- and Y-dimensions in going down the col-
umn, but the ¥ : X ratio is kept at 3:1. The rectangle of
smallest area, 0.5 x 1.5 cm?, is designated below as the
smallest box (SB). In the column for Series II, the
X-dimension of the rectangles increases in going down
the column, but the Y-dimension is fixed at 3 cm.
Similarly, in the column for Series III, the Y-dimension
increases, but the X-dimension is fixed at 1 ¢cm. For
Series IV, the tally volumes consisted of the 316SS
metal lying between X-Y planes in the Z-ranges indi-
cated in the fourth column of Table 1. We chose to set
Z =0 at the tip of the nose of the innermost shell;
this point corresponds to Z = —20.52 cm in the SNS
geometry file.

The tally volume corresponding to the first Z-range,
Z = 0-0.52 cm is designed tally volume 1 (TV1) illus-
trated in Fig. 3. The curves 4'E’ and AE represent the
outer and inner surfaces of the vessel nose, respectively,
and the centers of the circles are at C' (at Z = 4.30 cm)
and C (at Z =4.13 cm), respectively. The radii of the
half-cylinders are 4.3 and 4.0 cm, respectively. Based
on the incident current densities shown in Figs. 1 and
2, the ratio of the maximum current density (Jy) to
average current density ((J)) incident on TV1 is cal-
culated to be about 1.6. Based on the MCNPX track
length tally, the calculated average proton flux of
all energies in TVl is calculated to be
0.996 x 10" p/cm” s. The corresponding proton flux
for SB is 1.52 x 10" p/cm’ s, which gives a SB/TV1
ratio of 1.53. This is consistent with the incident
Jo/{J) = 1.6, since the current density at the top and
bottom edges of the SB rectangle (i.e., at X = £0.25
cm with 20 = 3.5 cm) divided by J, is about 0.99. In
other words, the SB box should see an average current
density that is only slightly less than that at the center
of the proton beam. The neutron fluxes of all energies
for TVl and SB are found to be 6.86 x 10 and
8.78 x 10" n/cm? s. Radiation damage rates in TVI
are discussed in [5].

Fig. 4 shows the average flux of protons and neutrons
in tally volumes for Series I, Table 1, as a function of the
rectangle areas in the X-Y plane presented to the proton
beam. The fluxes for TV1 and SB are also shown. The
fractional decrease in the proton flux is greater than for
the neutron flux. This is especially true for the proton
flux when the rectangle dimensions exceed the
7 x 20 cm? dimensions of the incident proton beam
profile in the X-Y plane.
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Table 1
Box dimensions for Series I, II, III, and IV flux tallies
Series I, X—Y expansion Series 11, X expansion Series 111, Y expansion Series 1V, Z survey
(cm x cm) (cm x cm) (cm x cm) (Z-range (cm))
0.5x 1.5 0.5x3 1x1.5 0-0.52
1x3 1x3 1x3 0.52-1.52
1.5x4.5 1.5x3 1x6 1.52-2.52
2x6 2x3 1x9 2.52-3.52
2.5x17.5 2.5x%3 1x12 3.52-4.52
3x9 3x3 I1x15 4.52-5.52
3.5%x10.5 3.5%x3 1x18 5.52-6.52
4x12 4x3 1 x21 6.52-7.52
4.5x%x13.5 45%x3 1x24 7.52-8.52
5x15 5%x3 1x27 8.52-9.52
5.5%x16.5 55x%x3 9.52-10.52
6x 18 6x3 10.52-11.52
6.5%x19.5 6.5x3 11.52-12.52
7 x 21 7x3 12.52-13.52
7.5%22.5 7.5%x3 13.52-14.52
8 x 24 8x3 14.52-15.52
8.5%x25.5 8.5x3 15.52-17.52
9x27 9x3 17.52-19.52
19.52-21.52
21.52-23.52
23.52-25.52
25.52-30.52
30.52-35.52
35.52-40.52
40.52-50.52
50.52-60.52
60.52-70.52
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Fig. 3. A'B'BA is the upper half (for X > 0) of TV1. 4A'D = 0.52

cm, BD =2.05 cm.

Series I, Table 1, vs the areas of the rectangles in the X-Y plane
presented to the incident proton beam. The fluxes for TV1 and
SB are also shown.
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3. Damage rates

In this paper, attention is concentrated on displace-
ment production rates, although corresponding results
for helium and hydrogen are also summarized below. As
mentioned above, the damage rates are determined by
folding the fluxes into the production cross sections for
displacements, He, and H. In most cases, this was done
by setting up an energy bin structure, determining the
integral flux of protons and neutrons for each energy
bin, multiplying by the cross section for the energy bin
midpoint, and, for the total damage rates, summing the
products over all energies. The displacement cross
sections used are those given in [5, Fig. 3]. For energies,
E, below 20 MeV, the displacement cross sections stem
from SPECTER [12]; for 20 < E < 150 MeV, the
LA150 [13] cross sections were used; and for
150 MeV < E, we employed LAHET [11] in the default
mode which uses the RAL evaporation—fission model
[14,15].

The displacement production rate for protons, neu-
trons, and protons + neutrons for Series I, Table 1, is
shown in Fig. 5 as a function of rectangle area. The
contribution of neutrons is greater than that of protons
over the entire range of areas. The displacement rates
are averages over the tally volume in each case, and they
decrease as more volume is included at larger X-dis-
tances where the incident current density is lower (Fig.
1). The decreases are roughly linear out to about
150 cm?, i.e., out to the 7 x 21 cm? case. Since the in-
cident beam profile is 7 x 21 cm?, the curves are fairly
level past this point.
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Fig. 5. Displacement production rate vs rectangle area for
Series I, Table 1.

The Series II survey of tally volumes (second column,
Table 1) covers 18 rectangles with X (vertical)-heights
that vary from 0.5 to 9 cm and Y (horizontal)-dimension
all 3 cm wide. The incident proton current density in the
X-direction follows a Gaussian distribution with
20 = 3.5 cm (Fig. 1). The proton and neutron differen-
tial fluxes in each of the tally volumes were determined
as described above for Series I, and folded into the
displacement, helium, and hydrogen cross sections. The
resulting displacement production rate is shown in Fig. 6.
Again, displacement production is greater for neutrons
than for protons. The least-squares fit to the proton-
induced displacement rate gave an intercept at zero half-
height of 13.24+0.2 dpa/yr and a Gaussian sigma of
o =1.884+0.02 cm, to be compared with ¢ = 1.75 cm
for the incident proton profile along X (Fig. 1). The fit to
the Gaussian is reasonably good, although the three
points at half-heights of 0.25, 0.5, and 0.75 cm (where
the statistical error in determining the fluxes is greatest)
lie below the fitted curve.

For Series III (third column, Table 1), the expansion
is in the X-direction with the rectangle widths varying
from 1.5 to 27 cm, while the heights along X are fixed at
1 cm. Fig. 7 shows once again that displacement pro-
duction is greater for neutrons than for protons. Since
the incident proton current density is constant out to a
half-width of about 8 cm (Fig. 2), we see that the proton
curve in Fig. 7 is quite constant out to this distance and
then it begins to decrease as areas are added that receive
no protons from the incident beam. The curve for
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Fig. 6. Displacement production rate vs rectangle half-height
along the vertical (X)-direction for the 18 rectangles for Series
11, Table 1. The width along the horizontal (Y)-direction is fixed
at 3 cm. The curve for the protons is a least-squares best fit to a
Gaussian distribution.



58

= 40 —

£

k=) | A"'--\‘_f_‘

E TOTAL & A

3 30-

z A

o | \

= \

a 20 e

=] NEUTRONS

o *

a

5 mE-mmm B A

2 10 "

= ‘ PROTONS N

O \

3 ‘ \ *““

o .

w x

8 04—+
0 4 8 12 16

RECTANGLE HALF-WIDTH (cm)

Fig. 7. Displacement production rate vs rectangle half-width
along the horizontal (Y)-direction for the 10 rectangles for
Series 111, Table 1. The height along the X-direction is fixed at
1 cm.

neutrons in Fig. 7 follows somewhat the same pattern,
although there is a slight decrease inside of ¥ = +8 cm,
and the decrease in displacement rate outside of that
range is more gradual than for protons.
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Fig. 8. Displacement production rate vs Z-midpoint for Series
1V, Table 1.
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In Table 1, Series IV (Z survey) differs from I, II, and
IIT in that it does not consist in an expansion from one
item to the next one down the list. Instead, each item in
the fourth column of Table 1 represents a separate and
distinct tally volume that does not include any volume
also in another item. Series IV indicates Z-ranges in
which various amounts of 316SS are located, over which
the fluxes and damage rates are averaged. For the first
five Z-ranges in the fourth column of Table 1, i.e., for
Z < 4.52 cm, all of the 316SS is at the half-cylindrical
nose. Further downstream the intercepted metal consists
of the sides, top, and bottom of the vessel. Fig. 8 gives
the displacement production rate as a function of the
midpoint of the Z-range. The proton- and neutron-in-
duced displacement rates decrease for the first five Z-
ranges as the intercepted metal in the nose moves to
higher and higher absolute X-values. Then, past about
Z = 4.5 cm the nose is no longer intercepted and all of
the intercepted metal is at the sides, top, and bottom of
the vessel. The displacement rate due to protons then
falls close to zero. The neutron rate falls more gradually
and reaches near zero only at Z-values near 60 or 70 cm.

4. Discussion

The Z-range in Series IV closest to the tip of the
nose extends from Z =0 to 0.52 cm. The average dis-
placement rates for that tally volume, centered at
Z = 0.26 cm, are 16.4 dpa/yr for neutrons and 8.2 dpa/
yr for protons, giving a total of 24.6 dpa/yr (Fig. 8).
However, these average rates refer to our TV1, which
extends from X = +2.05 cm (point B in Fig. 3) to
X = —-2.05 cm, i.e. it extends into a region where the
incident proton current density is reduced because of
the Gaussian shape of the current density profile along
X (Fig. 1).

To obtain an evaluation of peak damage rates at
X =Y =0, we examine the results of Series I, II, and
III, as shown in Figs. 5-7. Estimates of the short ex-
trapolations to the ordinate axis give damage produc-
tion rates as shown in Table 2. For displacement rates,
the extrapolations for Series I, II, and III give essentially
the same results, namely, 23, 13, and 36 dpa/yr for
neutrons, protons, and total, respectively. For the He
and H production rates, the rates for the three series
differ slightly, as shown in Table 2. Roughly, the He
rates at X = Y = 0 appear to be: For He, 130, 1300, and
1400 appmHe/yr for neutrons, protons, and total, re-
spectively, and for H, the corresponding values are 1800,
18000, and 20000 appmH/yr, respectively, where the
totals are rounded off. For the totals, one obtains the
approximate ratios: 40 appmHe/dpa and 14 atoms of H
per atom of He. Also, for He and H production, we note
that the proton-induced damage rates are about a factor
of ten greater than the neutron-induced rates.
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Table 2
Damage rates from Series I, 11, 111
Neutrons Protons Total

Displacements (dpalyr)
Series 1 23 13 36
Series 11 23 13 36
Series 111 23 13 36
He (appmHelyr)
Series 1 129 1290 1420#
Series 11 130 1260 1390
Series I11 130 1200 1330
H (appmHlyr)
Series 1 1800 20000 21800
Series 11 1800 17000 18800
Series 111 1820 16100 17900*

#Values rounded off.

In addition to the results of calculations such as those
discussed above, experimental observations are emerg-
ing that are likely to be of considerable help in the as-
sessment of the significance of radiation effects on
materials for spallation neutron sources. These investi-
gations include results on spallation-irradiated materi-
als. For further information, the reader is referred to the
papers by Maloy et al. [16] and Pawel et al. [17] in the
proceeding of a recent conference and by Farrell [18] in
these Proceedings.
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