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Abstract 

In addition to fast neutrons, the copious energetic gamma rays, present in a reactor 
environment, induce displacement damage in the reactor pressure vessel. The contribution 
of gamma ray damage to embrittlement is most pronounced in reactors with large water 
gaps separating the core from the reactor pressure vessel. Water moderates the energies of 
fast neutrons much more effectively than it attenuates the high energy gamma flux, and thus 
enhances the high energy gamma flux, incident on the vessel relative to the fast neutron 
flux. 

In this paper, an analysis of computer transport calculations is presented which quantifies 
the relative contribution of gamma ray damage in various pressure vessels. The results 
indicate that gamma ray damage must be included for accurate predictions of radiation- 
induced embrittlement. 
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Introduction 

Pressure vessel embrittlement is an important radiation degradation phenomenon, the 
understanding of which provides the basis for nuclear reactor operational safety and re- 
licensing decisions. Since the 1950’s, the considerable research in this area has focused on 
fast neutron irradiation effects. A substantial empirical database has been generated 
correlating observed mechanical property changes with neutron fluence, flux, irradiation 
temperature, vessel steel chemistry, etc.. As a result, regulatory guides have been 
established which prescribe the amount of vessel embrittlement tolerable for safe reactor 
operation ’. 
In addition to neutrons, copious quantities of gamma rays exist in the reactor pressure 
vessel (RF’V), as evidenced in Fig. 1. Significant fluxes of these gamma rays have 
energies 110 MeV. In this energy range, they interact with metals essentially through three 
processes: the photoelectric effect, Compton scattering and pair production. These 
interactions generate electrons and, in the case of the latter two, electrons which possess 
sufficient energy to produce atomic displacements. However, for the medium-Z elements 
composing an RPV steel, cross sections are such that Compton scattering is the 
predominant interaction mechanism. 



Defect production via the weil-understood Compton scattering process, illustrated in Fig. 
2, has been known since the 1950~'-~. The effect, coupled with the penetrating nature of 
Y gamma radiation, has been exploited to study very sensitive irradiation-induced property 
changes in bulk materials, such as elastic modulus4 and resistivity'. 

With regard to RPV embrittlement however, the contribution of gamma-rays has been 
largely ignored for the following reason. On a per particle basis, gammas produce far 
fewer defects than fast neutrons. As shown in Fig. 3, the displacement cross-section for 
producing a defect by a high energy gamma ray is 2-3 orders of magnitude less than that 
for a fast neutron. This large disparity in cross-sections led to the presumption that damage 
from neutrons overwhelm any gamma damage contribution, particularly for those reactors 
in which it was believed that embrittlement was of most immediate concern, i.e. 
pressurized water reactors ( P W s )  with small diameter RPVs where the fast neutron flux 
and high energy (E>1 MeV) gamma fluxes in the vessel were of equal magnitude. 

Experimental evidence supporting this presumption was not obtained until the early 1980's in 
Poolside Critical Assembly (PCA) experiments performed by Gold and coworkers7. The PCA 
facility was used to simulate representative PWR radiation environments, allowing the 
assessment of computational and dosimetry techniques used in surveillance programss. The 
Gold et al. experiment evaluated the relative conmbution of gamma rays to displacement 
damage in a simulated RPV. This was accomplished by measuring the gamma spectrum 
present at different locations of the vessel for various PWR configurations. For example, one 
configuration, termed "12/13", consisted of a 120 mm thickness of water adjacent to the reactor 
core, a 59 mm thermal shield, and a 130 mm thickness of water before the 225 mm thick RPV. 
The gammadamage unfolded from the spectra was compared with that produced by neutrons 
for the same configurations'. The ratio of gama-induced displacements to neutron-induced 
displacements, (y/n)dpa, determined by this technique was dependent on the displacement 
threshold energy, Ed, assumed for the RPV. For the 12/13 configuration at the 1/4 T (one- 
quarter thickness through the REV) location, assuming Ed=24 eV, (Y/n)dpa was determined to 
be 52x10-3. 

While a (Y/n)dp ~ 0 . 5 %  is indeed small, it was recognized by Gold et al. that the PCA 
experiments were relevant on1 to a subset of reactors, i.e. PWRs with small water gaps. 
A later analysis by Baumann , for example, indicated that as much as 10% of the total 
damage in the Savannah River Site, heavy water moderated reactor, is from gamma rays 
(most of this damage is due to (n,y) reactions in the vessel as a result of the highly 
thermalized neutron flux present at the RPV). Indeed there are other LWRs (for e.g. 
boiling water reactors (BWRs)) in which the presence of a considerably larger water gap 
separating the core from the vessel can give rise to a significantly greater contribution of 
gamma rays to the total displacement damage in the RPV. This situation arises because of 
differences in radiation transport from the core: water moderates the energies of the fast 
neutrons much more effectively than it attenuates the high energy gamma flux. 

r 

In the following we analyze computer transport calculations in order to evaluate (Y/n>dpa for 
the pressure vessels of three different light water reactors. The results show that gamma 
rays can contribute a non-negligible, and in some instances, a quite substantial fraction of 
the total displacement damage experienced by the W V .  



Analysis 

Computer transport calculations are routinely used to evaluate neutron fluxes present at 
various locations of a reactor environment. Less routinely, these neutron codes are coupled 
with gamma ray transport models 10 provide a computationally accurate description of 
gamma fluxes in reactors, which have in the past been of interest mainly to dosimetry and 
shielding considerations. In the present analysis, we take energy-dependent, neutron and 
gamma flux data generated from these coupled transport codes and used them to calculate 
(y/n)dpa. The transport calculation data were available in the literature”, or were provided 
by the reactor vendor. Three reactors were examined: Babcock &Wilcox @&W) PWR, 
the General Electric B W 6  and the new GE Advanced Boiling Water Reactor (ABWR), an 
evolutionary LWR design, two of which are currently under construction in Japan. In the 
following we briefly detail our analysis for the ABWR as representative of that for the other 
reactors examined. 

Transport calculations were originally undertaken by GE to provide standard safety 
analysis report data (e.g. gamma heating, radiation dosimetry and shielding, etc. necessary 
for licensing the ABWR design. The discreet ordinates transport code DOT 4.4 was used 
to generate neutron fluxes for r-6 and r-z geometries and gamma fluxes for an r-z 
geometry. Initially, two calculations determined the neutron fluxes and gamma production 
rates in both r-6 and r-z geometries. These calculations, incorporating an appropriate 
neutron source based on an equilibrium core, used a P3 expansion of the scattering cross 
section and an s8 angular quadrature set (P3/s8). A GE in-house, multi-group cross 
section set based upon ENDF/B IV was used which consisted of 50 neutron energy groups 
and 21 gamma production energy groups’*, Using the gamma production rates from the 
initial run as the input source, a second DOT calculation (also P&) was performed to 
follow gamma transport and determine gamma fluxes in r-z geometry. The 36 energy 
group gamma transport cross sections used in this run were taken from DLC-4813. 

Fig. 1 shows the ABWR gamma energy (E>1 MeV) spectrum calculated at the RPV 
quarter-thickness (1/4-T) location in the horizontal plane of the peak axial neutron flux. 
Combining this data with similar flux data for neutrons, the ratio, (Y/n)dpa, for neutron and 
gamma energies >1 MeV, could be calculated according to, 

h 

where $*f(Ei),$n(Ej) are the gamma and neurron fluxes for energy bins 9“ and “f’, 

respectively, and o&(Ei), ob(Ej) are the appropriately averaged gamma and ~ ~ u t r o n  
displacement cross sections for the “i” and “j” energy bins, respectively. 

The results of this analysis for the 1/4-T location of the RFV for the ABWR, as well as for 
the other two LWRs of interest are shown in Fig. 4. Here, (Y/n)dpa is plotted as a function 
of the total water gap separating the core from the RPV. Also shown is the original Gold 
et al. experiment result for the “12/13” configuration. 



Discussion 

As seen in Fig. 4, there is a strong increase of (y/n)dPrt with the wxer gap width separating 
the core from the RPV. At the low end is the B&W PWR with (y/n)dpa=1.4%; this is 
h a d y  nearly a factor of three larger than that determined by Gold et al. in the PCA 
experiments. At the other extreme is the new GE ABWR, in which nearly one-rhird of the 
total displacement damage experienced by the vessel will be due to garnma rays. We 
emphasize that current surveillance programs for radiation embrittlement ign0I.e this gamma 
component of damage. 

The substantial increase of (y/n)dp, with increasing water gap can be rationalized by the 
unequal attenuation of gamma rays and fast neutron energies in water. We use a basic 
exponential decay model in which the ratio of gamma- to neutron-induced (E>1 MeV) dpa 
at the 1/4-T of the RPV in a given reactor is approximated by, 

where 4? is the width of the water gap, T is the thickness of the RPV, 5; and 5; are the 
spectral-averaged (E>l MeV) displacement cross sections for gammas and neutrons, 
respectively, 0; and 0; are the fluxes (E>1 MeV) of gammas and neutrons, respectively, 
emanating from the core face, and h, are the spectral-averaged (E>1 MeV) relaxation 
lengths in water for gammas and neutrons, respectively, and hy” and h:” are the 
spectral-averaged (E>1 MeV) relaxation lengths in the RPV for gammas and neutrons, 
respectively. 

Values for h, , h, , h r  and h:’’ can be approximated by curve-fitting the A B M  
transport calculation data. Fig. 5 shows the radial dependence of the fast (E>1 MeV) 
neutron and high-energy (E>1 MeV) gamma fluxes in the water-filled downcomer region 
and RPV of the ABWR as determined from the r-z DOT calculations in the horizontal plane 
of the peak axial neutron flux. Fitting these data to exponentially decaying fluxes yields 
+285 mm, L=95 mm, hyv=37 mm and k ~ p v = 7 2  mm. Assuming an average W V  
thickness of T=200 mm and approximating E&/Z:=1.2xlO-3 and @2;/@;=2.2, the variation 
of (Y/n)d, With the water gap width determined by these values is given by the solid line in 
Fig. 4. The variation of the data with water gap width is consistent with the trend (solid- 
line) predicted by eqn.(2). As observed in Fig. 4, the large water gap of the ABWR locates 
it on the steeply increasing portion of the (y/n)dpa curve. 

It should be noted that while the BWR point calculated from transport data appears low 
relative to the model (see Fig. 4), such deviations are expected. The basic analytical model 
simply presumes that only water intervenes between the core and the vessel. The result is 
thus not sensitive, as the transport codes are, to the detailed geometry that actually exists in 
a given reactor (e.g. presence of thermal shields, jet pumps, etc.) which will obviously 

- 



affect the damage ratio. Secondly, the transport calculations are quite sensitive to reactor 
core loading and history (bum-up), which vary significantly for the different reacton 
studied. 

Clearly, a larger water gap reduces the total embrittlement experienced by an RPV. 
Simultaneously, however, the validity of the current neutron-based embrittlement models 
for reactors such as the AEWR decreases. These models utilize empirical correlations of 
embrittlement from a mechanical property data base derived almost entirely from 
surveillance testing in pressurized-water reactors (PWRs). The small water gap in PWRs 
greatly enhances neutron-induced embrittlement, with gammas contributing only a minor 
fraction of the dpa. Therefore current models correlate irradiation embrittlement exclusively 
with neutron damage. The calculations presented here indicate that the ABWR pressure 
vessel will be situated in  an irradiation environment unlike that of any existing LWR, in 
which gamma rays will contribute substantially to total RPV dpa. It is reasonable to expect 
that an accurate determination of ABWR pressure vessel embrittlement will require 
consideration of this substantial gamma ray component. 

This perspective is supported by the circumstances surrounding the forced shutdown of the 
High Flux Isotope Reactor (HFIR) at Oak Ridge National Lab~ratory'~. In 1986, routine 
testing of surveillance specimens revealed embrittlement significantly larger than expected 
for the achieved neutron fluence, as determined in comparison with previous test reactor 
irradiations. This prompted the shutdown of the reactor and reevaluation of its RPV 
integrity. Although it eventually resumed operation under restricted conditions (e.g. lower 
power level), the reason for the additional embrittlement was not completely explained. 
Recently, analyses by Farrell et al." and Remec et al. l6 have suggested that damage from 
high energy gamma rays are the source of the accelerated embrittlement experienced by the 
HFIR pressure vessel. Clearly, without the information provided by our analysis, the 
ABm might have suffered a similar fate as HFIR at some point in its projected 60-year 
operating lifetime. 

Finally, we suggest that even at a few percent of total dpa, gamma ray effects on 
embrittlement could be significant and should be further studied. The Compton scattering 
process generates displacement damage at low recoil energies, typically on the order of a 
couple hundred eV, in contrast to the tens of keV recoils produced by fast neutrons. 
Gamma rays may therefore be more efficient than fast neutrons at producing freely 
migrating defects, that is, defects which avoid in-cascade recombination or clustering and 
remain to contribute to radiation-enhanced mass transport. At the elevated temperatures of 
interest to commercial LWR pressure vessels (288OC), this more efficient free defect 
production could play an important role in the evolution of the RPV microstructure. 
Consideration of these possible gamma ray effects may also prove essential for a 
fundamental, mechanistic understanding of radiation embrittlement. 

Conclusion 

Computer transport calculations were used to determine the ratio of gamma-induced to 
neutron-induced dpa, (y/n)dpa, in the pressure vessels of three commercial LWRs. The 
results demonstrate that gamma-rays may contribute in the range of a few percent (in a 
Babcock & Wilcox pressurized water reactor), to as much as one-third (in the General 
Electric Advanced Boiling Water Reactor (ABWR)) of the total displacement damage 
experienced by the reactor vessel. The gamma-to-neutron damage ratio increases 
exponentially with the width of the water gap separating the core from the RPV, because of 
the unequal attenuation of high energy gamma rays and fast neutrons in water. 



The gamma-ray contribution to displacement damage is not considered in existing 
correlations and regulatory guides of radiation embrittlement, which focus solely on fast 
neutron damage. This omission will clearly impede predictions of embrittlement in a 
reactor such as the ABWR. The gamma connibution in the other LWRs examined, while 
only a few percent, may also have important implications on embrittlement, particularly 
when viewed in the context of freely-migrating defect production. 
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Fig. I .  The energy dependence of fhe gamma ray flux at the quarter-thicknesss of the 
General Electric Advanced Boiling Water Reator pressure vessel. Located in the 
the horizontal plane of the axial peak core neutron flux. 
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Fig. 2. Schematic illustration of the Compton scattering process in which a scattered 
gamma ray generates an energetic electron which subsequently produces atomic 
displacements. PKA=pnmary knock-on aton]. 
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Fig. 3 .  The energy dependence of the atonic displacement cross section for neutrons6 
and g a m a  rays in a medium-2 alloy. The gamma cross section was calculated 
assuming Compton scattering3. 
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Fig. 4. Ratio of gamma-induced to neutron-induced displacement damage, (y/n)d a, 
determined for the quarter-thickness location in the RPV of the Gold et al. P d R  
mock-up (PCA 12/13), a Babcock 6r Wilcox PWR (PWR), a General Electric 
boiling water reactor/6 (BWR), and the General Elecnic Advanced Boiling Water 
Reactor (ABWR). Solid line shows the variation of (y/n)dpa with water gap 
predicted by eqn. (2). 
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Fig. 5 .  The radial dependence of the grininla and neutron fluxes in the water-filled 
downcomer region and RPV of the ABWR determined from transport calculations 
in the horizontal plane of the rutid peak core neutron flux. Lines =e least-square 
exponential fits to the transport data. 


