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NEUTRON-INDUCED HELIUM IMPLANTATION IN GCFR CLADDING
e

by

H. Yamada, R. B. Poeppel, and R. H. Sevy

ABSTRACT

The neutron-induced. implantation of helium atoms
on the exterior surfaces of the cladding· of. a prototypic
gas-cooled fast reactor (GCFR) has been investigated

analyticall¥.  A flux of recoil helium particles as highas 4.2 x 10  0 He/cm2. s at the cladding surface has been
calculated. at the peak power location in the core of a
300-MWe GCFR. The calculated profile of the. helium
implantation rates indicates that although some helium
is implanted as deep as 20 Um, more than 99% of helium
particles are implanted in the first 2-Um-deep layer be-
low the: cladding surface. Therefore, the implanted

helium particles should mainly affect surface properties'
-                  of the GCFR cladding.

I.  INTRODUCTION

The neutron-induced implantation of helium atoms was first reported

by Gaus et al. in silver targets during irradiations in. a thermal. reactor:I

Without performing a detailed analysis of the implantation processes, they

obtained reasonable agreement between experimentally observed and calculated
helium concentrations.  Subsequently, Altenhein et al.2 performed a similar

analysis with structural materials  for fusion-reactor blankets.     They  con-
cluded that the helium implantation might destroy the thin surface coatings·
that were thought necessary to protect refractory metals against oxygen and
other interstitial contaminants.

Recent.gas-cooled fast reactor (GCFR) designs3 use high-pressure

(89  atm;   8.9 MPa) helium  gas  as the proposed coolant medium·. Therefore,it
is expected that a significant amount of helium will be implanted in the
structural materials in· the core of the GCFR. Hence·, in this paper an
attempt has been made to obtain an estimate of the helium impiantation rate
on the exterior surfaces of the GCFR cladding.

II. THEORY

The neutron-induced implantation of helium atoms is schematically

il.lustrated   in   Fig.1. A neutron with energy E collides   elastically   with   a
helium atom and transfers energy E  to the helium atom.  The recoil helium
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Fig. 1.  Schematic Illustration of Neutron-induced Helium Implantation in
GCFR Cladding.

particle will lose energy as it travels through the helium gas coolant,
reaching the cladding surface with energy Eb.  This energy loss is mainly due
to electronic stopping in the energy range of interest.  Therefore, we can
assume that energetic redoil helium particles will lose energy continuously

and maintain their original recoil directions.  At the cladding surface,
some recoil helitnn particles will be reflected back into the gas while the
remainder will penetrate through the cladding surface and come to rest after
multiple collisions in the cladding material.  These collisions deflect the

helium particles from their original recoil directions.  Hence, a Monte
Carlo method was used'for calculation of the depth distribution.

III. NUMERICAL CALCULATIONS

The flux of recoil helium particles at the cladding surface can be

estimated by summing the contributions of all neutron-helium collisions in
the volume of helium gas surrounding the cladding surface.
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1.  Neutron Spectrum
1                                     -

The neutron-flux4distribution ¥(E) employed in the present calcula-
tion was reported by Wei. Wei has evaluated the flux at the peak-power
location in the core bf a prototypic 300-MWe GCFR.  He reported the results
as fluxes in 11 energy intervals.  In order to facilitate numerical inte-

gration, we have redefined the neutron-flux distribution over a greater
number of energy intervals.  The neutron energies between 1 keV and 10 MeV
were partitioned into four energy intervals;.1 to 10 keV, 10 to 100 keV,
100 to 1000 keV, and 1 to 10 MeV.  Each energy interval was partitioned

further into nine equal energy subintervals.  The fast-neutron fluxes in
these 36 energy subintervals were determined from a Weibull distribution5 fit

to the distribution reported by Wei.  This representation of the neutron-flux

distribution is shown in Fig. 2.

td.

K)13

3 +
-

.E36"                · .
2

M
  00-
Z

109-

D8
100         lot         102         Icl         10,

NEUTRON ENERGY (keVI

Fig. 2.  A 36-energy-interval Representation of the Neutron-flux

Spectrum Reported by Wei (Ref. 4).

2.  Primary-recoil Helium

The number of primary-recoil helium particles produced in the
helium gas is determined simply by integrating the product of the neutron

flux, the. density of helium atoms,   and the scattering cross section  over
the neutron-flux spectrum.

The number N(Ea)dEa of primary-recoil helium particles produced with

energies between Ea and Ea + dEa in a unit volume of the helium gas per unit

: time is given by

N(Ea)dEa =  9(E)dE a(E,Ea)dEa.P(P'T) ,              ..(1)
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where 9(E)dE is the flux of neutrons with energies between E and E + dE,.and
p(P,T) is the number of helium atoms per unit volume in helium gas at                G
pressure P and temperature T.  The differential scattering cross section
a(E,Ea) is given by

.

0(0') 47,/(Ea)max' 0 < Ea i (.Ea)max
a(E,Ea  =

  (2)

0,                     Ea   (Ea)max
\.

where 0(8'), the differential scattering cross section in·the center-of-mass
system,   is a function  of the collision angle  0' . * The quantity (E )max  is
the maximum energy that can be transferred to a recoil helium particle in a
neutron-helium collision and is equal to 0.64E for the neutron-helium (4He)
collision.

Since natural helium contains only 0.00013% of 3He, we. can simplify

the   calculations by neglecting   the   He   Crl,P)  H reaction by which neutrons
are lost, and considering only elastic scattering.  Pennington6 has calculated
the elastic scattering cross section and Legendre expansion coefficients from

s-, P-, and d-wave phase shifts.  We have used his results, compiled in the
ENDF/B-V format, for scattering of neutrons with energies between 1 keV and
10 MeV.  We neglected the contribution from neutrons with energies < 1 keV
and > 10 MeV because the flux becomes vanishingly small at these energies.
The neutron scattering cross section of 4He and the helium elastic scattering
angular distributions are shown in Figs. 3 and 4, respectively.

*

Assuming a unique value of differential scattering cross section
corresponding to the fast-neutron energy in the middle of each energy sub-
interval, we calculated the number of recoil helium particles produced in a
unit volume of helium gas per unit time as a function of recoil energy Ea·
The resulting recoil helium distribution N(Ea) is shown in Fig. 5.  We used
the same energy intervals to define the recoil-helium energy distribution as
we used for the fast-neutron flux spectrum.  As shown in Fig. 5, N(Ea) de-

creases from 1011 He/cm3.s·keV at Ea = 1 keV.to 105 He/cm3.s·keV at
Ea = 7 MeV.

3.  Stopping Power                                                    

Before energetic helium particles can strike the stainless steel
surfaces, they must travel some distance through the helium gas and some of
their energy will be lost.  The energy loss of energetic helium particles
has been·widely investigated7 and reported in terms of the stopping power.

The stopping power S  is defined by

s =dE (3)
p   dr '

*For the definition of the collision angle 0', see, for example, p. 16 of
Ref. 7.
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where dE is the amount of kinetic energy lost while traveling a distance dr.
Values of the stopping power of gaseous helium were obtained from Ziegler8
and are shown in Fig. 6.

The energy Eb of the recoil helium particles at the cladding surface
is related to the original recoil energy Ea and the distance r the particles
travel through the helium gas via

E
f b    dE

r -  /                                         (4)S '(p,E) '
E P

a

where Sp'(p,E) is the modified stopping power used for the projected-range
calculation.  It is a function of the density p of helium gas and the energy
E of the helium particle.

4.  Helium Particle Flux at the Cladding Surface

The calculation of the helium particle flux at the 61adding surface
can be reduced to a geometrical integration (Fig. 7).  The flux of recoil
helium particles M(Eb)dEbdA passing through an area dA of the cladding sur-
face with energies between Eb and Eb + dEb, and with recoil energies between
Ea and Ea + dEa produced by neutron-helium collisiong at distances between
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r and r + dr from dA, is obtained by integration over a spherical shell:

dn

M(Eb)dEbdA =    a(El),e)(27rr sin e)(rdedr)N(Ea)dEa TA .
(5)

The angle of incidence is 0, and dO is the solid angle at the point of
primary recoil subtended by dA:

do =                                         (6)
dA cos 0

2
r

The probability that an incident helium particle is implanted in
the cladding and not reflected back into the helium coolant is denoted by

a(Eb'0)

5.  Implantation Probability

The implantation probability a(Eb,0) for helium in stainless steel
has not been determined experimentall .  A Monte Carlo computer program which
was originally formulated by Biersack  to simulate slowing down and scatter-
ing of energetic ions in amorphous targets was used to evaluate a(Eb,0) in
the energy range of interest.  The computer program follows a large number
of   individdal  ion or particle "histories"  in a target. Each history begins
with a given energy, position, and direction. The particle is assumed to
change direction as a result of binary nuclear collisions and to move in              i

straight free-flight paths between collisions.  The energy is reduced as a
result of nuclear and electronic energy losses, and a history is terminated
when the energy drops below a prespecified value.  The target is considered
amorphous, with atoms at random locations,   and  thus the directional   proper-
ties of the crystal lattice are ignored. The nuclear and electronic energy
losses or stopping powers are assumed to be independent of each other.  Thus
particles lose energy in discrete amounts in nuclear collisions, and lose
energy continuously from electronic interactions. The formalism incorporated
into the computer program has been found to be applicable to a large variety

of ion-target combinations, including helium-niobium and helium-copper
9combinations.

In our calculation, we treated Type 316 stainless steel GCFR clad-

ding as an amorphous mixture of Fe, Ni, Cr, and minor constituents.  The
calculated probability a(Eb,0) of implantation of energetic helium particles
in the cladding is shown in Fig. 8 as a function of incident angle 0, for
five values of incident energy Eb•  The Monte Carlo calculation was performed
for each of nine values of 0.  The result of each calculation is based on 103
particle histories.  In order to determine whether 103 is a sufficient num-
ber of histories, we repeated the calculation using 5 x 103 and again using
104 histories for an incident helium particle energy of 100 keV.  The re-
sults were almost identical with those shown  in  Fig. 8. Therefore,   103.
particle histories seem sufficient.
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6.  Projected Range of Implanted Helium Particles

The initial distribution.of implanted helium in the cladding c#n be
i., defined by the projected range and the standard deviation in the projected4 0

range.  Helium can diffuse in the cladding and precipitate as helium bubbles.
-    . M; In the present paper, we will be concerned with the initial distribution

f,            4; only.  Given this distribution, we may conjecture about the probable ultimate
fate of the helium and the cladding.

Since the projected ranges and standard deviations of helium
particles in solids are typically in the range of 100 1 to 100 um,8 the
helium implantation rate, which is generally a function of three Cartesian

coordinates x, y, and z in the solid, can be averaged over a large surface
area of the solid and represented approximately by a function of only one
coordinate, z, the distance normal to the surfdce of the solid. The helium

implantation rate I(z) within the cladding can then be given by

I(z)dz =   0
m(E ,e)dE de K(Eb,0,3)dz ,             <7)

-b'

where m(Eb,e) is an angular distribution function of the flux of incident
recoil helium particles with energy E6, and K(Eb,8,z) is an implantation
distribution function.  Since the ion implantation distribution is roughly
Gaussian, this shape is used as an approximation in the calculation.
Assuming a Gaussian distribution, the implantation distribution function
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K(Eb,0,z) is given by
tJ

I.

[z - zo(Eb'0)]
2

1

K(E '0'Z)
=

1/2 exp c -

2D(Eb,0)        '         (8)(21r) . D(Eb,e)
I.

where zo(Eb,0) and D(Eb,0) are the projected range and standard deviation,
respectively. The calculated values are shown   in·  Fig.    9   as a function   of
the incident angle for five values of incident energy.  Again, the result of
each calculation is based on 103 paPticle histories.  The proj.ected range

shows a significant deviation from a simple c6sine dependence for low-
energy particles. Since the first few nuclear collisions tend to randomize
the direction of the particle, those particles which stay in the solid come

to rest with a depth distribution independent of the original incident angle.
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Fig. 9.  Projected Ranges (Solid Curves) and Standard Deviations (Dashed

Curves) of Implanted Helium Particles in Type 316 Stainless                4
Steel for Five Values of Incident Energy.
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IV. RESULTS
1

,

The expected helium implantation in fuel-element cladding of a

prototypic  GCFR was calculated. The calculated number of recoil helium
particles produced in the helium gas at 550'C and 89 atm (8.9 MPa) is
6.4 x 1012 He/cm3.s for Ea > 1 keV.  The coolant-channel geometry is shown

in Fig. 10.  The minimum dimension of the channel is 0.254 cm (0.100 in.).
As a first approximation, the integration in Eq.. (5) was carried out numeri-
cally for the distance r from 0 to 0.254 cm.  The calculated.flux of recoil

helium particles at the cladding surface is shown in Fig. 11 as a function of
incident energy.  The flux decreases from 7 x 108 to 4 x 104 He/cm2.s.keV as

the incident helium ener&y increases from 1 keV to 6 MeV.  The integrated

flux is 5.6 x 1010 He/cm4.s for Eb > 1 keV.

L   0.98 cm    -1
 b.386 inl™|

b
0.73 cm

(0.286 in.)
4

Fig. 10.  GCFR Fuel-rod Arrangement (General Atomic design).

.
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Since a significant fraction of the stopping power of gaseous
helium for E < 30 keV is due to nuclear scattering (Fig. 6), the assumption

of very little angular deflection of recoil helium particles is no longer
valid for recoil energies < 30 keV.  Hence, it is expected that some of the
recoil helium particles will be deflected significantly from the original
recoil angles and will never reach the cladding surface. Instead of
treating these nuclear scatterings of energetic helium particles by helium
atoms precisely, by employing a Monte Carlo type simulation method, the flux

of recoil helium particles was integrated for recoil helium energies
> 30 keV. ·The recoil rate of helium with Ea > 30 keV is 5.2 x 1012 He/cm3.s
and the integrated flux for Eb > 30 keV is 4.2 x 1010 He/cm2.s.  The flux is
about 75% of that calculated for Eb > 1 keV.  Hence, no further attempt was
made to assess the effect of the nuclear scattering of energetic Yecoil

helium particles on the flux of recoil helium particles.

In order to investigate the radial variation of the flux of.the re-
coil helium particles around the outer surface of the GCFR cladding, the in-
tegration in Eq. (5) was carried out for a distance r up to 1 cm, which

corresponds to the projected range of recoil helium particles with energy
of 7 MeV.  The integrated fluxes for Eb > 1 keV and Eb > 30 keV are found
to be 5.6 x 1010 and 4.3 x 1010 He/cm2.s, respectively, which are very close

to those calculated for r = 0.254 cm. Since very few recoil helium
particles with recoil energy larger than 7 MeV are produced in the core of
the GCFR, the integration of Eq. (5) using larger values of r will not con-
tribute any further increases in the integrated flux of recoil helium
particles at the cladding surface.  Therefore, the integrated flux of
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4.2 x 1010 He/(62·s (Eb > 30 keV) is the maximum value anticipated at the

cladding surface of the GCFR.  The radial variation of the flux of recoil
helium particles around the outer surface of the GCFR cladding is expected
to  be very small. The results of these calculations are summarized  in
Table I.

3
Table I. Total Number of Recoil Helium Particles Produced per cm ·s and the

Total Recoil Helium Flux at the Cladding Surface in a Prototypic
300-MWe GCFR

E > 1 keV E > 30 keV

Total' Recoil Helium Particles,

00

·      N(Ea)dEa,
He/cm3·s 6.38 x 10 5.16 x 10

12             12

Total Recoil Helium Flux at
the Cladding Surface,

-                                       '                             10             10.                   r   = 0.254 cm 5.55 x 10 4.23 x 10
max

    M(Eb)dEb' He/cm2.8 4
1

J                                                                10               10
A

E                        r    = 1.O cm 5.64 x 10 4.32 x 10
max

\-

The depth distribution was calculated using Eq. (7).  To evaluate
Eq. (7) numerically, m(Eb,0)8Ebbe was first calculated for incident angles
ranging   from   0   to   90'  ·(in 100 increments)   for a given energy range.      Then,
with the assumption of a unique projected range and standard deviation
corresponding to each combination of incident angle and recoil energy range,
the helium implantation rates were calculated every 0.1 Um for penetration
depths up to 25. Um by summing every contribution from all possible combina-
tions of the incident angle and recoil energy.  The results are shown in
Fig. 12.  In the figure, two implantation rates based on the integrated
fluxes of recoil helium particles with Eb > 30 keV and Eb > 1 keV are pre-
sented.  Since not all of the recoil helium particles with recoil energies
between 1 keV and 30 keV are expected to be deflected away from the cladding

surface, it is not obvious whether the peak of helium implantation rate just
beneath the cladding surface is real.  Although 99% of recoil helium
particles are implanted   in the first 2-Um-deep   layer   of   the GCFR cladding,
substantial helium implantation is expected in the first 20-um-deep layer of
the cladding.  Beyond a depth of 20 um, the helium concentration is expected
to be constant and primarily due to (n,a) reactions of major constituents of
the cladding alloy.  Although it is beyond the scope of this paper to
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calculate time-dependent variations of helium profiles in GCFR cladding, it
is expected that the helium profile shown in Fig. 12 can be linearly extrapo-

lated with time, up to the time when helium bubble or blister formation
begins.

V.  DISCUSSION

The results presented in this paper may be compared with an experi-
mentally observed helium concentration in 20% cold-worked Type 316 stainless-'
steel cladding reported by Farrar et al. Their specimen was an unfueled10

cladding tube pressurized by 121 atm (12.1 MPa) of helium gas and irradiated
in the Experimental Breeder Reactor II (EBR-II) at 577'C with a fast-neutron
fluence of up to 0.43 x 1022 n/cm2 (E > 0.1 MeV).  The measured helium con-
centration, averaged over the entire wall thickness, was 7.85 + 0.65 appm.
Since a helium concentration of only 0.77 avpm was reported to be produced
by (n,a) reactions in the stainless steel, a helium concentration of10

7.08 appm can be attributed to neutron-induced helium implantation.  Em-

ploying the spectrum of fast-neutron fluxes present in subassembly X157
of EBR-II, in which.the cladding tube was irradiated, we calculated an aver-
age helium concentration of 13.1 appm over the entire wall thickness of the
cladding tube, which is less than a factor of 2 higher than that measured.
Since a very large fraction of the total implanted helium is expected just
beneath the surface, any surface pretreatment similar to the one reported by

Farrar et al. might affect the helium measurement.  Therefore, the agreement
between the measurement and the calculation is remarkably good.

In exploring the possible consequences of helium implantation  in
GCFR cladding, it is appropriate to review here some phenomena attributed
primarily to helium. .implantation.    It  is well knownll  that the implantation
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of monoenergetic a-particles from particle accelerators causes formation of
D         domeshaped blisters on surfaces of many materials including Type 316 stain-

less steel.  Since the presence of a well-defined peak in the depth distribu-
tion of helium in the GCFR cladding is highly debatable, the accelerator

evidence may not be relevant.  However, McDonell has reported the formation
of vertically elongated blisters on surfaces exposed to 252(f a-particles
and fission fragments.12  Although the helium profile generated by 252(f
a-particles is very similar to the one calculated for the GCFR cladding, the

large displacement damage caused by the fission fragments will not be present
in the GCFR cladding.

Helium gas is known to encourage the development of microstructural
damage in crystalline solids during displacive irradiation.  For example,
Farrell and packan13 reported that the introduction of simultaneously im-
planted helium at a rate of 20 appm He/dpa moves the swelling versus temper-
ature curve up the temperature scale by 40 to 70 K in an annealed austenitic
alloy (similar to Type 316 stainless steel) undergoing 4-MeV Ni+ bombardment.

In addition, helium gas is known to cause copious formation of grain-
boundary cavities, boding ill for mechanical properties.  For example,
Bloom14 reported significant reductions in both yield stress and total elon-

gation for annealed Type 316 stainless steel irradiated in a mixed-spectrum
41 -

reactor  (high He appm/dpa ratio) compared .with similar material irradiated
in a fast reactor (low He appm/dpa ratio).  Again, it is not at all clear how
these changes in mechanical and swelling properties will affect the overall

performance of the GCFR cladding, in which only a very shallow surface layer
i         will be heavily implanted with helium gas.

VI. CONCLUSIONS

Implantation rates of energetic helium particles produced during
elastic scattering of fast neutrons by helium atoms were calculated at the

peak power location in the core of a 300-MWe GCFR.  The calculated integrated
flux of recoil helium particles at the GCFR cladding surface is 4.2 x 1010

He/cm2.s (Eb > 30 keV).  More than 99% of these helium particles are im-

planted   in the first 2-Um-deep -layer below the surface   of the cladding.
Hence, the implanted helium particles should produce mainly surface effects,
such as blister formation.  Although some helium is implanted at depths as
great as 20 Um, the implanted helium is not expected to have drastic effects

on the bulk propirties of the GCFR cladding.
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