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CALCULATED NEUTRON AND GAMMA IRRADIATION RESPONSE
OF ACTIVELY COOLED MIRRORS FOR LASER FUSION
POWER REACTORS

ABSTRACT

The calculated neutron and gamma irradiation response of water cooled
mirrors for Laser Fusion Power Reactors, for some candidate structural
materials is compared. Such a response affects the mirror bulk structure,
whereas pellet X-rays and debris affect Just the first few microns of its
surface. The highest atomic displacements (dpa) occur in Cu, hydrogen
gas production in Fe, and helium gas production in Al. The lowest values
for all these occur in Mo. The highest volumetric neutron and gamma
heating rates occur in Cu, the lowest in AJ. Variations of the obtained
estimates are within one order of magnitude for different materials.

At the back-side of the mirror, materials responses agree in relative
magnitude with previous results for first wall materials and blanket
spectra, but differ at the mirror face where the response to the T4-Mev

neutron component predominates.
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1. INTRODUCTION

This work presents a comparison of the calculated neutron and gammé
irradiation response of candidate materials for water cooled mirrors for
Laser Fusion Power Reactors. Active cooling of the last optical element
is a necessity in a reactor environment even though not considered in
current experiments, to avoid the excessive heating and the distortion
which may be caused by the thermal gradients generated by neutron and
gamma heating, laser light, and pellet alpha and X-ray radiation. A
honeycomb structure cooled with water will also act as an effective
shield for the concrete behind the mirrors to the 14-Mev neutrons
directly reaching the mirror and the generated secondary
gamma rays, and provide inertia to damp plant vibrations. Whereas pellet
X-rays and debris will affect just the first few microns at the mirror
surface, neutron and secondary gammas will affect the bulk of the mirror
structure.

Mirror blanks can be fabricated from brazed or welded box structures.
Mirror faces can be clad with copper either by electroplating or by
brazing a thin copper sheet to the substrate [1]. Reichelt et al. [15]
discussed mirror materials constraints and choices,as well as fabrication
techniques, and recommended the use of electroplated copper on aluminum.
For the structural materials, cost eliminates materials such as beryllium,
that are desirable as to their thermal distortion, rigidity, and stiffness-
to-weight ratio. Beryllium is also undesirable as a mirror material,
because of its (n,2n) reaction with the 14-Mev neutrons. Molybdenum has
an acceptable thermal distortion because of its low coefficient of ex-

pansion even though difficult to fabricate. Titanium has good fatigue



resistance, and, 1ike aluminum does not activate much. Copper base
alloys and stainless steels, and low-expansion alloys such as Invar,
are reported by Stark [1] as low-cost candidate structural materials
for laser reactor mirrors.

Except for a calculation of the expected activation of candidate
materials: 304 stainless.steel, 6061 aluminum, and ‘pire ‘pper, for the
HEGLF [1] by pulses of 4.5 x 10]7 neutrons, with the sample located at
0.305 m from a source of 14-Mev neutrons, no neutronics and photonics
studies of the expected behavior of materials for laser mirrors has
been reported in the Titerature. The best available basis for comparing
candidate materials for laser mirrors under neutron irradiation effects
is in terms of the neutron and gamma heating, displacements per atom
(dpa), helium from a-producing transmutations, and hydrogen from (n,p)
and other hydrogen isotope production reactions. Kulcinski, Doran, and
Abdou [3] presented a set of calculations comparing the response of
several alloys of potential interest in a single conceptual fusion
reactor spectrum. Gabriel, Bishop and Wiffen [2] also presented a set
of calculations of the neutronic response of a number of elements and
alloys to a particular projected fusion reactor first wall neutron spectrum,
where they used more recent neutron cross-section data. Since the neutrbn
spectrum seen by the mirror will be verydifferent from that seen by the
first wall, (because of the different compositions and configurations),
and since heating estimates were not reported, as well as the gas production
rates for some elements, the present study was undertaken. At the back of
the mirror, materials responses were found to agree only in relative
magnitudes with previous related results [2] for first wall materials and blanket

spectra. However, they differ



at the mirror face due to a predominance there of the high energy neutron
components over the slow ones, which in turn predominate at the mirror's

back-side. The geometry also affects the results: here a point conical

source in spherical geometry js ysed, whereas a cylindrical volume source in

cylindrical geometry was used in previous related work [21 .

2. CALCULATIONAL MODEL

The materials chosen for analysis include elements that are of
potential use as structural materials for laser power reactor mirrors,
namely, Al, Fe, Cu, Mo and Ti. For a conceptual laser power reactor
design, a typical off-axis parabolic mirror emplaced at 15 m from the
center of the reactor cavity was considered [6]. Its thickness was taken
as 35 cm. The first 2.5 cm are a solid plate of the considered structure,
and the rest of the structure was considered as a honeycomb structure |
of the same material, cooled with water. A 5 v/o metal and 95 v/o H20
ratio was considered there. Such a mixture will act as a shielding
element to the 14-Mev neutrons hitting the mirror and the inelastic
scattering gammas generated by them. If a lesser amount of water is used,
it must be substituted by adequate shielding at the back of the mirror,
say, concrete. That shielding will act in a manner similar to the water-
metal mixture in slowing down neutrons and backscattering them to the
mirror face; so that the present results still apply. Almost the same
amount of cooling will be required in the concrete case, and care must
be taken to avoid concrete decomposition by loss of evaporable water
(20-200°C), of chemically constituted water (200-600°C),of carbon dioxide
(650°C), melting (17100 + 20°C), or liquifaction (1400 + 50°C). Coating
materials being of the order of a millimeter thickness [15], and conse-
quently almost transparent to the 14-Mev neutrons, were not included in

the calculations.



A1l calculations have been performed for an impinging 14-Mev neutron
source. A two-dimensional Monte Carlo calculation considering a conical
section of a one steradian solid angle (cone half angle eC = 32.7705°)
surrounded by a black absorber with spherical shells representing the
mirror regions was considered. The 14-Mev neutron source was sampled
isotropically at the head of the cone. A one-dimensional spherical
geometry calculation would not have adequately modelled the system
since it would have generated a significant backscattered radiation
component. The mirror will mostly see a line-of-sight 14-Mev neutron flux,
with the backscattered component mostly absorbed by the 1ining of the
laser beam ports. Spherical or cylindrical one-dimensional calculations
using conceptual designs first wall and blanket spectra [2,3] would then
have not modelled the system adequately. The neutron source in this work
is the average number of neutrons released in the fusion microexplosion
per second. The total energy released per second is assumed to be
3000 MJ for a laser energy of 150 MJ at a repetition rate of 20 Hz.

This corresponds to a source term of:

9 ,Joules 1 Mev 1 source neutrons
S=3x10" ( ) x - ( ) x ( ) =
sec 1.6021 x 10 13 ‘Joules 17.62 Mev

1.062737 x 10° (sourciezeutrons)

for a 4m solid angle.
Since the mirror sees a 14-Mev impinging flux, quantities of interest at

the face of the mirror will scale as 1/R2 for mirrors emplaced at other

distances R from the center of the cavity.



The combinatorial geometry capability of the MORSE Monte Carlo code
[10,11] was used in modeling the problem geometry. The face plate of the
mirror was divided into two regions of 0.5 and 2 cm thickness respectively,
while the honeycomb water-metal mixture was divided into three regions of
7.5, 10, and 10 cm thickness respectively. Volume detectors were used
to estimate the integrated quantities of interest [8, 9, 10].

A coupled 25-21 multigroup neutron-gamma cross-section set was used
in the calculations. The group structure has been reported in reference [8].
This is a collapsed set from the EPR 100~group neutron and 21-group gamma-ray
cross section library [12, 14], in turn considering data from the ENDF/B-IV
file. The methods used to calculate the irradiation response of elements
of interest have been described in detail in Reference 4. Reaction cross sections
of interest were adopted from References 5 and 13.

The distribution in the polar angle 6 for the conical point isotropic

source of half angle ec was taken as:

2m 8 )
plo) = of of sine'de'dy _ 1 - cose
21 6¢ 1 - coso,

of of sine'de'dy
which requires sampling 9 as:
6 = cos”! - pq (T - cosec)]

where p is a uniformly distributed random number over the interval [0, 1].

The azimuthal angle y was sampled between + I as:

¢=H(202-])



which implies the following formulae for the direction cosines u, v, w:

W=c¢cos8 =1 - Py (1 - cosec)

S = sind = ¢4 - cosZg = ¢4 - w2
\P=H(2p2-])

vV = sind siny = s. siny

U = sind cosy = s. cosy

Table 1 shows the identification of the elements used in the calculation,
their densities and atomic or molecular weights and the corresponding
nuclear densities.

Coupled neutron-gamma multigroup Monte Carlo calculations were carried
out using for each considered material 10 experiments of 50 particles each,
totalling 500 histories. For the type of survey studies we are carrying
out, this was found to be adequate. A typical CPU running time was 25
min on the University of Wisconsin UNIVAC-1110, for the Titanium case.

Much of the time expenditure was in tracking the gamma photons and the
thermalized neutrons, particularly in the metal-water mixture. For the
Titanium case for example, 5424 scatterings occurred in the metal medium,
whereas 322379 scatterings occurred in the water-metal mixture, over 500
histories.

3. RESULTS OF CALCULATIONS AND DISCUSSION

The scalar neutron and gamma fluxes are shown in Figures 1 to 5 for
the Al, Cu, Fe, Mo, and Ti structure respectively since this is helpful in
understanding the irradiation behaviour. The 14-Mev-group and the thermal-

group neutron fluxes are displayed separately. The 14-Mev-group fluxes as



Table 1

Identification and Nuclei Densities of Used Elements

Nuclei Density

Element ENDF/B-IV MAT No.  p(gm/cc) _ At. or Mol. Weight (1024/cc)
A1-27 1193 2.699 26.98 0.0602
Cu 1295 8.94 63.54 0.0848
Fe 1192 7.86 55.85 0.0848
o 1287 10.20 95.95 0.0640
Ti 1286 4.50 47.90 0.0566
0-16 1276 0.0335
" 260 1.00 18.016 0.0670

tWater bound hydrogen cross sections were used.
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well as the gamma fluxes do not differ appreciably through the mirror for
the materials considered. However, the thermal-group' behaviour varies
appreciably. The thermal-group flux peaks in the water-metal mixture
behind the all-metal face, and dips in the latter. This behaviour resembles
the behaviour in fuel elements in moderators in fission reactor work. In
fact, the water acts here as a moderator and reflector to the source neutrons.
The Towest dip in the thermal group flux occurs in Ti followed by Cu, Fe,
Mo, and then Al. The highest peak thermal-group fluxes occur in reverse
order from Al to Ti. The highest thermal-group leakage at the back of the
mirror will be from Al, followed by Mo, Ti, Fe, then Cu. This also occurs
for the total scalar neutron flux. Thus, an Al mirror will absorb neutrons
the Teast, and a Cu one, the most. The least gamma leakage, however,
will be from the Cu mirror followed by Mo, Fe, Al, then Ti. These remarks
must be considered when designing the penetration shield.

In our calculations, the collision estimator was used in conjunction
with region detectors to estimate the inner product (with summation over

the energy groups):

- interactions
> [source partic]eJ (1)

where: Loy = Nvor is a response function of interest [cm']] in region v.
Nv is the nuclide number density of the considered element or
mixture in [atoms/(barn-cm)] in region detector v.

o is the microscopic cross section of the reaction of interest.

interaction.cm ]
source particle

wv is the volume integrated fluence in [

v designates the region detector of interest.



1y

For the estimation of the neutron and gamma fluxes, the response
function £ is input as a step function in the energy groups and regions

of interest, and the volume averaged particle fluxes are estimated from:

b = X . S [pgrt1c1es] (2)

v )
v zrv Y cmz-sec

where S'is the source term, and is equal to 1.06394 x 10°!

[source particles/
sec] multiplied by %%3 where dQ is the solid angle in which the source is sampled.
Vv is the volume of detector region v in [cm3]
Loy is the response function of interest in region v [cm"] (step
function for estimation of fluxes).
For the estimation of heating rates, the or'é are replaced by the Kerma

factors Kr’ so that Xy is replaced by:

L = ] (3)

X' = < v > -
? l”v source particle

zl
v rv
where Z;s = Nv-Kr is the response function [ev-cm_}] in region v.
K, is the Kerma factor in [barn-ev.].

To get the average volumetric heating rate in region v one uses:

- S Watts
v X, V. ¢, 371 (4)

source partic]esJ

where S'is the source term in [ coc

VV is the volume of region v in [cm3].

1 . o,
3, is a conversion factor from ev to Joule.

Cq = 1.6021 x 10~

The volumetric heating rates are necessary for the heat trénsfer cooling

calculations. These are displayed for the various mirror structural materials
in Figures 6 to 10. One notices that the neutron heating rate follows the

shape of the thermal-group-neutron flux as displayed in Figures 1 to 5:
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It peaks in the metal-water mixture, and dips in the all-metal mirror face.
The neutron heating is larger than the gamma heating in the cooling structure.
But the reverse occurs in the mirror face all-metal part, where the gamma
heating largely exceeds the neutron heating, except for Al where they are
almost of equal magnitude.

The total heating rate in the mirror face is largest in Cu followed
by Mo, Fe, Ti, then Al, whereas it is almost of the same magnitude in the
honeycomb water-cooled structure. This means that the temperature gradient
will be Tower in the case of Al and Ti than in the cases of Cu, Fe, or Mo.
The thermal gradient will Tead to dimensional distortion of the mirror
if not corrected by appropriate orificing and controj]ed cooling of the
mirror. Added to the neutron and gamma heating, provision must be made
for the absorbed laser 1light, and further heating by the pellet X-rays and
debris. Whereas neutrons and gammas affect the bulk structure, the others
affect only the first few microns at the mirror face. For the laser pulse,
Saito et al. [16] calculate the thickness Ax of the region of temperature rise as:

m Kt
Ax =V 4 pc 3 K is the thermal conductivity, p the density, c the specific

heat, and t the width of the incident laser pulse. For a copper surface
and a one-nanosecond pulse, Ax = 0.35 um.

Figures 11 and 12 compare the estimated helium gas production rates
from all relium producing reactions and hydrogen isotope: production rates,
respectively. Tables 2 énd 3 display these values for the two regions of
the mirror face: Region I comprising the first 0.5 cm of the mirror, while
Region II comprising the next 2 cm. One estimated standard deviation of

the mean is shown for these results.
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Table 2

Helium Gas Production Rates (appm/sec) in Mirror Face

Structure Region I Region I1I

Al (5.351396 + 1.074025)-06 (5.016463 + 0.435780)-06
Cu (1.291910 + 0.154655)-06 (1.241676 + 0.082696)-06
Fe (3.620044 + 0.606357)-06 (3.239260 + 0.205823)-06
Mo (7.108789 + 0.900257)-07 (6.158574 + 0.430915)-07
Ti (1.670791 * 0.367273)-06 (1.576560 = 0.122499)-06
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Table 3

Hydrogen Gas Production Rates (appm/sec) in Mirror Face

Structure Region I Region II

Al (4.719977 + 0.909904)-06 (4.572613 + 0.393839)-06
Cu (3.897110 + 0.444972)-06 (3.341781 + 0.207926)-06
Fe (5.561190 + 0.898132)-06 (5.060721 tv0.376568)—06
Mo (1.494898 + 0.189344)-06 (1.293834 + 0.090507)-06
Ti (2.604744 + 0.568824)-06 (2.469678 + 0.192363)-06




25

For er equal to the sum of gas production cross sections per unit

volume, the gas production rates are estimated from:

= . -——S-..l._. _]8 a m
Gv Xv NV-Vv x 10 [Egg_] ()

where the variables are as defined previously.

The He gas production rates vary from Al to Fe, Ti, Cu, then Mo over
an order of magnitude. The hydrogen isotope gas production is of the same
order of magnitude as the Helium gas production, but follows in magnitude
a different order from highest to lowest (at the mirror face): Fe, Al,
Cu, Ti, Mo.

Figure 13 compares the atomic displacements in (dpa/sec). Table 4
shows them with their associated standard deviations in Regions I and II
of the mirror face. Cu will suffer the most (dpa/sec) at the mirror's
face together with Ti, followed by Fe, then by Al and Mo.

For er as the macroscopic atomic displacement cross sections, the

atomic displacements rates are estimated from:

o n ey (pleementy )

In the work of Gabriel, Auburgey and Greene [2], for first wall
materials in a fusion reactor blanket neutron spectrum, the displacement
damage magnitudes occur in the following order for the materials we have
considered:

Ti, Cu, Al, Fe, Mo
From Figure 13, it can be noticed that at the back of the mirror, where
the flux is predominantly soft, the same ordering in the magnitudes occurs.

However, at the front of the mirror, a different ordering occurs:
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Table 4

Atomic Displacements Rates (dpa/sec) in Mirror Face

Structure Region 1 Region 11

Al (1.171044 + 0.167459)-07 (1.135044 + 0.090804)-07
Cu (2.112372 + 0.316856)-07 (1.819247 + 0.127347)-07
Fe (1.530206 + 0.247893)-07 (1.347009 + 0.109108)-07
Mo (9.529783 + 1.520078)-08 (8.323508 + 0.634543)-08

-+

Ti (1.987894 + 0.296634)-07 (1.981773 + 0.134404)-07

+
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Cu, Ti, Fe, Al, Mo
For the helium gas production in appm/sec in the work of Gabriel
et al. [2] the magnitudes occur in the following ordering (W o results
were given for Mo):
Al, Fe, Ti, Cu
This also agrees with our results both at the front and back of the
mirror, with Mo following Cu in the ordering, as shown in Figure 11.
For the hydrogen gas production Gabriel et al. [2] obtained magnitudes
in the following ordering:
Cu, Fe, Al, Ti
while we obtained results at the back of the mirror from Figure 12 in the
following order:
A1, Fe, Cu, Ti, Mo
and at the front of the mirror:
Fe, Al, Cu, Ti, Mo
The difference between the results at the front face of the mirror is to
be expected since in our modeling, a predominantly 14-Mev-group neutron
component affects it. The results of Gabriel et al. [2] consider a single
particular first-wall neutron spectrum of a Tokamak designed to provide
adequate tritium breeding without excessive tritium inventory. The different
spectra for each mirror material were considered in our calculation, and
this leads to different results. The results mostly agree in relative
magnitudes at the back of the mirror where energy-degraded flux components
predominate. Table 5 shows a comparison of results. OQur results, even
though of the same order of magnitude; give lower estimates since they

consider a pure 14-Mev neutron component impinging normally on the first wall,
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on the assumption that the penetration shielding can be designed to
intercept streaming and backscattered components from the blanket and
shield. Also, our results correspond to a 0.85 MW/m2 neutron wall
loading, and are compared to those for a 1 MW/m2 wall loading. Moreover,
the adopted point source model in spherical geometry leads to shorter
effective mean free paths at the face of the mirror than the previous
related work [2], where a volume plasma source model in cyclindrical
geometry is used.

Future investigations should consider specific mirror designs and take
into account factors such as its alloy composition, spatial orientation,
and the penetration shielding environment including the beam lining, and
the shielding at the mirror back. The penetration design must be chosen
to minimize the scattered components from the cavity and blanket reaching
the mirror position.

4. SUIMMARY

This work compares estimates of the neutron and gamma irradiation
response of water cooled mirrors for contemplated Laser Fusion Power
Reactors, for some candidate structural materials. The neutron and gamma
response will affect the bulk of the structure, whereas the pellet X-rays
and debris resbonse will mostly affect the first 10 microns of the mirror
face. Mo appears to suffer the fewest atomic displacements and gas
production rates, but results in a high volumetric neutron and gamma
heating. If easy to fabricate, it may be a good choice as a structural
material due to its low coefficient of expansion. Al and Ti offer the
least heating rates, but Al suffers the highest He gas production. Al and
Ti offer the advantage of low activation, with some Ti alloys having good
fatigue strength (e.g., Ti 6% Al, 6% V, 2% Sn). Ti, howevey has a high
atomic displacement damage potential. The highest hydrogen gas production
will occur in Fe, and this effect may be amplified by the presence of Ni

in any stainless Steel alloy. Fe may also activate,substantially limiting
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access to the mirror. Cueven though of high reflectivity to the laser
Tight, and of good thermal conductivity, will have the highest atomic
displacement rate and volumetric heating at the mirror face, added to its
activation potential. Variations of the obtained estimates are within an
order of magnitude for the quantities of interest. At the back-side of
the mirror results mostly agree in relative magnitudes with previous
results for first wall materials and blanket spectra, but differ
substantially at the mirror face where the 14-Mev neutron component

predominates.
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