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a b s t r a c t

The transition temperature shift (TTS) of the reactor pressure vessel materials is an important factor that
determines the lifetime of a nuclear power plant. The prediction of the TTS at the end of a plant’s lifespan
is calculated based on the equation of Regulatory Guide 1.99 revision 2 (RG1.99/2) from the US. The
fluence factor in the equation was expressed as a power function, and the exponent value was deter-
mined by the early surveillance data in the US. Recently, an advanced approach to estimate the TTS was
proposed in various countries for nuclear power plants, and Korea is considering the development of a
new TTS model. In this study, the TTS trend of the Korean surveillance test results was analyzed using a
nonlinear regression model and a mixed-effect model based on the power function. The nonlinear
regression model yielded a similar exponent as the power function in the fluence compared with RG1.99/
2. The mixed-effect model had a higher value of the exponent and showed superior goodness of fit
compared with the nonlinear regression model. Compared with RG1.99/2 and RG1.99/3, the mixed-effect
model provided a more accurate prediction of the TTS.
© 2017 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The surveillance test of a reactor pressure vessel (RPV) material
is one of the main methods to evaluate the soundness of a nuclear
power plant (NPP) [1]. The surveillance test consists of the Charpy
impact test and tension test, and provides fundamental information
regarding the irradiation embrittlement behavior of RPV materials
that are exposed to neutron irradiation during the plant’s operation
[2e4]. Currently, the surveillance test of Korean light water reactors
(LWRs) is based on the Regulatory Guide 1.99 revision 2 (RG1.99/2)
from the US [5]. RG1.99/2 was approved in 1988, and it is an
improved version of RG1.99/1. The theoretical basis of RG1.99/2
originated from the reports of USNRC [6] and EPRI [7]. Both re-
searchers statistically analyzed the transition temperature shift
(TTS) of RPV materials in NPPs of the US. The common results
derived from the studies are as follows: (1) the base and weld
metals showed different TTS behaviors; (2) the TTS was expressed
as the product of the chemistry factor (CF) and fluence factor (FF);

(3) the CF was a function of the composition of Cu and Ni; and (4)
the FF was based on a power function, and the exponents ranged
between 0.25 and 0.30. The FF increased rapidly in the low fluence
region, and increased gradually in the high fluence region. By
incorporating the four results, RG1.99/2 can be expressed as
follows:

TTS ¼ CF � FF (1)

FF ¼ fluence0:28 � log10ðfluenceÞ (2)

The units of the TTS and fluence are F and 1 � 1019 n/cm2

(E > 1 MeV), respectively. Note that the FF is applied to all materials
regardless of their type. The CF value is calculated from a table of Cu
and Ni compositions, and the table differs depending on whether
the metal is a base or weld (RG1.99/2 Position 1). When there are
more than two points of surveillance test results, the CF may be
determined to fit the trend of the surveillance test results calcu-
lated using the least square method (RG1.99/2 Position 2). In this
case, the CF is a plant-specific value [5]. In surveillance test reports
in Korea, the TTS was calculated based on RG1.99/2 Position 2.
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As the number of NPPs in the US increased and with the accu-
mulation of surveillance test results, an elaborate generic TTS
prediction model was developed. RG1.99/3 [8], which was pub-
lished in 2010, was based on a statistical model considering
physically based correlation of the surveillance test results [9].
RG1.99/3 was extracted from irradiation test results regarding the
high/low Cu RPV materials in the NPP and test reactors at pres-
surized water reactor/boiling water reactor conditions. The
important feature of RG1.99/3 compared with RG1.99/2 is that the
TTS is composed of the sum of the matrix damage (MD) term and
the Cu-rich precipitates term. The summation of these two terms is
based on the accumulated research results of irradiation damage in
RPV materials. Although RG1.99/3 is a generic correlation function,
its application in evaluating the soundness of Korean LWRs has
several difficulties. The Cu concentrations of Korean RPV materials
are < 0.072 weight (wt)% except for the Kori 1 unit weld (Linde 80
with 0.29 wt% Cu) [10]. In the case of materials with low concen-
trations of Cu, RG1.99/3 considers only the MD term for the
calculation of the TTS because the Cu-rich precipitates term is
eliminated when Cu is < 0.072 wt%. Additionally, the exponent of
the FF is fixed as 0.5 and this is considerably large compared with
the maximum value of RG1.99/2, 0.28. Although the exponent of FF
in RG1.99/3 is not directly related to the FF of RG1.99/2 due to the
difference between the models, it is notable that there is a signif-
icant difference in the trend in the effect of FF on the increase of the
TTS between the two models.

Considering both RG1.99/2 and RG1.99/3, the exponent of the FF
is important for the calculation of the TTS. A slight change in the
exponent term of the FF drastically affects the TTS at high fluence.
The TTS of Korean RPV materials can be underestimated at high
fluence because RG1.99/2 has a decreasing exponent of the FF with
increasing dose. By contrast, RG1.99/3 has a rather large exponent
of the FF in theMD term, and the TTS trend of Korean RPVmaterials
can be different from the existing trend at high fluence. Hence,
there is a need for a statistical analysis of Korean RPV materials and
appropriate estimation of the FF exponent. In this study, we
analyzed the TTS trend of Korean surveillance test results with
increasing fluence using an equation based on a power function
that is similar to RG1.99/2. This analysis can provide a better un-
derstanding of the FF of RG1.99/2, and the accuracy of TTS predic-
tion in the long-term operation can be increased.

2. Materials and methods

The surveillance test results from Korean LWRs were used as a
base dataset. The data from Kori 1 unit welds (Linde 80) were
excluded because of their high Cu contents. Kori 1 data showed
exceptionally large TTS values compared with other data, and
changed the trend of the total TTS relationship. The negative values
of the TTS were also excluded because these values were infeasible
for the model equation of the TTS used in this study. The trimmed
dataset was designated as Korean Surveillance data Low Copper
materials (KSLC). The grouped data with three or more surveillance
test points in KSLC were collected separately. The identification (ID)
criteria were nuclear power plant name, material type, and the
direction of specimen preparation. The grouped data included 96
data points with 20 IDs, and the dataset was designated as KSLC3.
Table 1 summarizes brief information regarding the datasets.

For a statistical analysis, the open source statistical package R
was used [11]. The nonlinear regression method and the mixed-
effect model were applied to fit data [12,13]. The base model for
fitting was a power function model similar to RG1.99/2.

TTS ¼ CF � fluencePO (3)

Table 1
Detailed description of datasets.

Dataset name KSLC KSLC3

No. of NPP 16 8
No. of surveillance tests in each NPP � 1 � 3
Total data points 128 96
Data points of forging metals 35 13
Data points of plate metals 50 50
Data points of weld metals 43 33

KSLC, Korean Surveillance data Low Copper materials; NPP, nuclear power plant.

Fig. 1. Nonlinear regression of KSLC dataset using Eq. (3). KSLC, Korean Surveillance
data Low Copper materials; TTS, transition temperature shift.

Fig. 2. Comparison between nonlinear regressions using Eq. (3). The exponent PO of
KSLC.nls0 was fixed as 0.5. KSLC, Korean Surveillance data Low Copper materials; PO,
exponent of the model; TTS, transition temperature shift.
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CF is the chemistry factor, and the fluence unit is 1� 1019 n/cm2.
The PO is the exponent of the model. Although the model looks
relatively simple, it has several strengths. As the statistical model
becomes simple, the number of model parameters that are required
for estimation are reduced. In addition, the least square method,
using available surveillance data points in RG1.99/2 Position 2, can
be applied to calculate the CF in our model similarly.

The Akaike information criterion (AIC) and Bayesian informa-
tion criterion (BIC) were used to compare statistical models. As a
preliminary tool, the residual sum of squares (RSS) was also used.
Minimizing the RSS of a candidate model is a basic process of
obtaining the parameters of the model. A model with a smaller
RSS is better than a model with a larger RSS. However, as the
number of parameters used in a model increases, the complexity
of the model increases. When new data are added to the dataset,
the RSS of the model increases significantly and this is called
overfitting. To prevent such overfitting, the AIC considers the RSS
and the number of parameters in a model simultaneously. In other
words, both the goodness of fit and the complexity in a model are
considered at the same time. The BIC is similar to the AIC in terms
of introducing a penalty term for the number of parameters.
However, the penalty term is larger in the BIC than in the AIC. The
model with lower AIC and BIC values is considered a more
appropriate model than the model with higher values. In the case
of least square fitting, which was used in this study, AIC and BIC
can be simply calculated from the RSS and the number of pa-
rameters. Detailed calculation procedures are described in the
references [14,15].

3. Results and discussion

3.1. Nonlinear regression

Fig. 1 shows the fitting results of KSLC using Eq. (3), and the
results were designated as KSLC.nls1. The centerline represents the
fitted values from the CF and PO using the least square method. In
this figure, the CF and POwere 38.9 and 0.285, respectively. The red
dashed lines located above and below the centerline values are the
95% confidential intervals, which represent the range of average
values in which KSLC can be located. The dotted lines are related to
the 95% prediction intervals, in which the subsequent measured

Fig. 3. Nonlinear regression of various forms using Eq. (3). The dataset is KSLC. KSLC, Korean Surveillance data Low Copper materials; TTS, transition temperature shift.

Table 2
Comparison of model parameters in KSLC dataset.

name KSLC.nls1 KSLC.nls2

Estimate SD Estimate SD

CF 38.9 2.1 Forging 34.0 3.66
Plate 37.9 4.1
Weld 45.3 3.7

PO 0.285 0.045 Forging 0.419 0.099
Plate 0.321 0.080
Weld 0.137 0.067

RSS 48819 46260
AIC 1130.1 1131.2
BIC 1138.6 1151.1

AIC, Akaike information criterion; BIC, Bayesian information criterion; CF, chemistry
factor; KSLC, Korean Surveillance data Low Copper materials; PO, exponent of the
model; RSS, residual sum of squares; SD, standard deviation.
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values can be located. The residual standard error of KSLC was
~20�F, and it is a rather high value. In these results, the CF values are
insignificant because the CFs can be calculated from the TTS results
for each NPP in Korean LWRs (RG1.99/2 Position 2). However,
estimating the PO is quite important, because all the TTS calcula-
tions are based on the value of the PO regardless of the type of
material. In our results, the PO was 0.285, which was similar to the
exponent of the FF from RG1.99/2 (Eq. (2)).

Fixing the PO at 0.5, which is the exponent value of the fluence
factor in the RG1.99/3 MD term, KSLC was fitted and the results
were designated as KSLC.nls0. Fig. 2 compares the results between
KSLC.nls1 and KSLC.nls0. When PO is 0.5, the main mechanism for
the exponent is assumed to be matrix hardening due to a relatively
weak obstacle of dislocation movement [9], and the matrix hard-
ening mechanism among the various materials is similar to each

other. KSLC.nls0 shows a stiff increase in the TTS with increasing
fluence as compared with KSLC.nls1. Such a stiff increase would
limit the operation conditions of an NPP and reduce the economic
efficiency of the NPP. The RSS of KSLC.nls1 and KSLC.nls0 was
48,819 and 55,477, respectively. There are considerable differences
between the two models. The increase in the RSS means that
KSLC.nls0 does not adequately explain the TTS trend of KSLC.

An alternative to apply one PO in the FFmodel is to use a specific
PO for each product form of RPV material. The data in KSLC were
categorized into three forms: forgings, plates, and welds. Each PO
was calculated, and the total results were designated as KSLC.nls2.
Fig. 3 shows KSLC.nls1 and KSLC.nls2 series. In forging metals,
several NPPs did not complete the surveillance test; therefore, a
few data points are located in the low fluence region. The variance
in the data of the forgings was relatively high, and the prediction
intervals were wider than other forms. It should be noted that the
trend of increasing TTS with fluence in the forgings was higher than
that of plate andweldmetals; i.e., the POwas higher in the forgings.
This implies that the forging metals are more susceptible to the
fluence. The data in the plate metals are distributed in the entire
fluence range because the surveillance tests were completed in the
plate forms. The variance of the data in the plates was rather low. In
the weld forms, there was a stiff increase in the TTS at an initial
fluence range and gradually increases at the rest of fluence range.
Table 2 shows the RSS, AIC, and BIC for both KSLC.nls1 and
KSLC.nls2. In terms of the RSS, that of KSLC.nls2was lower than that
of KSLC.nls1. However, the AIC and BIC values of KSLC.nls2 were
higher than those of KSLC.nls1 because the number of model pa-
rameters increased. From the viewpoint of statistics, KSLC.nls2 is
not preferable compared with KSLC.nls1. However, the trend in the
forms should be noted to find a materialeTTS relationship.

Fig. 4. Nonlinear regression of various forms using Eq. (3). The dataset is KSLC3. KSLC, Korean Surveillance data Low Copper materials; TTS, transition temperature shift.

Table 3
Comparison of model parameters in KSLC3 dataset.

Model name KSLC3.nls1 KSLC3.nls2

Estimate SD Estimate SD

CF 40.4 2.9 Forging 40.2 8.2
Plate 37.9 3.9
Weld 43.7 5.0

PO 0.276 0.055 Forging 0.420 0.168
Plate 0.321 0.077
Weld 0.168 0.089

RSS 33194 31321
AIC 839.6 842.1
BIC 847.3 860.0

AIC, Akaike information criterion; BIC, Bayesian information criterion; CF, chemistry
factor; KSLC, Korean Surveillance data Low Copper materials; PO, exponent of the
model; RSS, residual sum of squares; SD, standard deviation.
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In the case of NPPs that have one or two surveillance tests, it is
difficult to calculate the TTS trends with fluence because of the
limited number of data points. To check the effect of excluding the
limited data points, KSLC3 was also analyzed, and the results are
shown in Fig. 4 and Table 3. KSLC3 has lesser points in the forging
and weld metals as compared with KSLC. The confidence intervals
and prediction intervals became broader in the forging and weld
metals because of the reduced data points. However, there were no
significant differences in the PO between KSLC and KSLC3. The
categorizing of forms in KSLC3 did not show statistical advantages,
which is similar to the KSLC results. Note that the model that is
being compared between KSLC and KSLC3 is not applicable because
the datasets are different between them.

3.2. Mixed-effects model

In previous nonlinear regression analyses, only the relationship
between the fluence and TTS was considered, and the groups of
data points were not analyzed. In real cases, the surveillance test
results classified the information of specimens such as the NPP,
material forms, and direction for the specimen preparation. The TTS
changes were collected as a form of grouped data, and the pre-
diction of TTS change was applied to each group. Therefore, it is
necessary to analyze the TTS and estimate the average behavior in
grouped data. The mixed-effect model is appropriate to analyze the
variance in grouped data. The mixed-effect model is composed of
the fixed and random effects. The fixed effect represents the
average behavior of all grouped data, and the random effect rep-
resents the variance in each set of grouped data. More information
on the mixed effect model can be found in [13].

The first model equation for the TTS model is expressed bellow
(KSLC3.nlme1):

TTS ¼ ðCF:fix þ CF:ranÞ � fluenceðPO:fix þ PO:ranÞ (4)

The CF was divided into CF.fix and CF.ran, and the PO was
divided similarly. CF.fix represents the average values of CF, and
CF.ran varies with the ID of the grouped data. Note that there are
only one CF.fix and one PO.fix relates to the entire data. CF.ran and
PO.ran are different with respect to the ID of the grouped data.
When KSLC3 was fitted with Eq. (4), CF.fix and PO.fix were 38.0 and
0.350, respectively. The standard deviation of CF.ran and PO.ran
were 12.8 and 0.100, respectively. In other words, the average

Fig. 5. Plots of the mixed-effect model with random effect in CF and PO. Each plot has its own CF and PO. CF, chemistry factor; KSLC, Korean Surveillance data Low Copper materials;
PO, exponent of the model; TTS, transition temperature shift.

Table 4
Model parameter of themixed-effect model (KSLC3.nlme1) with random effect in CF
and PO.

Model name KSLC3.nlme1

Estimate SD

CF.fix 38.0 3.4
CF.ran a 12.8
PO.fix 0.350 0.043
PO.ran a 0.101
RSS 10451.7
AIC 805.8
BIC 821.2

AIC, Akaike information criterion; BIC, Bayesian information criterion; CF, chemistry
factor; KSLC, Korean Surveillance data Low Copper materials; PO, exponent of the
model; RSS, residual sum of squares; SD, standard deviation.

a Different from data group ID.
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values of KSLC3 are believed to follow a model equation where the
CF is 38.0 and PO is 0.350, and each PO and CF with the ID of the
grouped data varied. Fig. 5 summarizes the results. The common
blue line in the figures represents the fixed effect, and the red trend
line represents the fitted line of data points considering fixed and
random effects in the grouped data. Note that there is only one blue
line in Fig. 5 because the blue line represents the average trend of
all fitted lines. The red trend line varied with ID, and has its own CF
and PO. In summary, the KSLC3.nlme1 model calculates the CF and
PO according to each ID, where the average trend of the CF and PO is
expressed as CF.fix and PO.fix. Table 4 summarizes the model pa-
rameters of the KSLC3.nlme1.

For comparison with the FF of RG1.99/2, it is necessary to
obtain a single PO value regardless of the ID. To do this, PO.ran

should be removed. Eq. (5) represents the simplified model equa-
tion (KSLC3.nlme2):

TTS ¼ ðCF:fix þ CF:ranÞ � fluencePO:fix (5)

There is only one representative PO regarding all the IDs. This
means that all trend lines have the same trend with increasing
fluence. This approach is similar to RG1.99/2, and the PO of all the
materials can be estimated by a mixed-effect model. Fig. 6 shows
the summarized results. The differencewith Fig. 5 is that the rate of
TTS increase of each ID is similar because there is only one PO.
Table 5 summarizes the quantitative values of KSLC3.nlme2.
Comparing Tables 4 and 5, the RSS of KSLC3.nlme2 is larger than
that of KSLC3.nlme1. This is because the KSLC3.nlme1 has more
parameters than KSLC3.nlme2. Generally, the RSS decreases with
an increasing number of model parameters. The AIC and BIC of
KSLC3.nlme2 were lower than those of KSLC3.nlme1. To sum up,
KSLC3.nlme2 has two advantages; it has only one PO for the flu-
ence trend, similar to RG1.99/2, and it has smaller AIC and BIC
values compared with KSLC3.nlme1. Thus, it is clear that
KSLC3.nlme2 is the appropriatemodel. A comparison of themixed-
effect model with the nonlinear model was also performed. The
KSLC3.nls1 has only one PO and it can be compared with
KSLC3.nlme2. The PO of KSLC3.nlme2 is 0.328, which is > 0.285,
which is calculated using KSLC3.nls1, and this is because grouped
data were considered. The higher PO means that the Korean sur-
veillance data show a rather stiff increase of the TTS. The AIC of
KSLC3.nls1 and KSLC3.nlme2 are 841 and 803, respectively. This
implies that the mixed-effect model KSLC3.nlme2 is more appro-
priate for TTS estimation.

Fig. 6. Plots of the mixed-effect model with random effect in CF and fixed effect in PO. Each plot has its own CF and common PO. CF, chemistry factor; KSLC, Korean Surveillance data
Low Copper materials; PO, exponent of the model; TTS, transition temperature shift.

Table 5
Model parameter of themixed-effect model (KSLC3.nlme2) with random effect in CF
and PO.

Model name KSLC3.nlme2

Estimate SD

CF.fix 38.3 2.9
CF.ran a 9.9
PO.fix 0.328 0.038
PO.ran NA NA
RSS 12223.2
AIC 803.1
BIC 813.4

AIC, Akaike information criterion; BIC, Bayesian information criterion; CF, chemistry
factor; KSLC, Korean Surveillance data Low Copper materials; NA, not available; PO,
exponent of the model; RSS, residual sum of squares; SD, standard deviation.

a Different from data group ID.
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The equation for the mixed-effect model can be expressed as Eq.
6, if the PO is classified with the forms of the metals (KSLC3.nlme3).

TTS ¼ ðCF:fix þ CF:ranÞ � fluencePO:fix½form� (6)

The form has three categories: forging, plate, and weld. The
fitted results with the three forms are represented in Fig. 7 and
Table 6. The fixed effect curves are different from the forms. The PO
of the forging was 0.508, which is very high. The PO of the platewas
0.325, which is similar to the PO of KSLC3.nlme2. The PO of the
weld was 0.251, which is relatively low, compared with the POs of
the forging and plates. Comparing the models between
KSLC3.nlme2 and KSLC3.nlme3, there were an increase in the AIC
and a decrease in the BIC in KSLC3.nlme3. It is difficult to decide
which the model is appropriate. This can be concluded when
additional surveillance data points are available. In any case, the
high PO in the forgings is a notable result because the main RPV
materials of recent Korean LWRs are forgings. RG1.99/2 can un-
derestimate the TTS of forgings at high fluence because of its low
exponent term of the FF.

3.3. Comparison with RG1.99/2 and RG1.99/3

In the previously calculated models, KSLC3.nlme2 has one PO
value of 0.328, and it can be compared directly with RG1.99/2. We
replaced the exponent term in the FF of RG1.99/2 Position 2 with
the PO of KSLC3.nlme2, and the trend of the TTS was compared
with RG1.99/2 and RG1.99/3. Fig. 8 shows the residuals of RG1.99/2
position 1, RG1.99/2 position 2, RG1.99/3 and modified RG1.99/2
Position 2 with PO from KSLC3.nlme2. RG1.99/2 Position 1 shows a

large variance and a tendency to underestimate the TTS from the
beginning of the irradiation. RG1.99/2 Position 2 shows smaller
variation than RG1.99/2 Position 1. This is because RG1.99/2 Posi-
tion 2 calculates CF by fitting the given surveillance data. The TTS of
RG1.99/2 Position 2 was overestimated at the beginning of the
irradiation, but the TTS was underestimated as the fluence in-
creases. This tendency is more pronounced at high fluence. RG1.99/
3 showed less variance than RG1.99/2 Position 1, as shown in
Figs. 8A and 8C. This is due to the advanced model of RG1.99/3
obtained by analyzing the accumulated surveillance test data.
However, when compared with RG1.99/2 Position 2, RG1.99/3
showed a larger variance. This is because RG1.99/2 Position 2
considers the plant-specific fitting. The TTS trend of RG1.99/3 is

Fig. 7. Plots of the mixed-effect model with random effect in CF and three POs of forms. There are three fixed fitting lines (blue lines) in the plots. Each group has its own PO. CF,
chemistry factor; KSLC, Korean Surveillance data Low Copper materials; PO, exponent of the model; TTS, transition temperature shift.

Table 6
Model parameters of the mixed-effect model with various forms.

Model name KSLC3.nlme3

Estimate SD

CF.fix 38.5 3.0
CF.ran a 10.1
PO.fix [forging] 0.508 0.094
PO.fix [plate] 0.325 0.100
PO.fix[weld] 0.251 0.104
RSS 11155.6
AIC 801.0
BIC 816.4

AIC, Akaike information criterion; BIC, Bayesian information criterion; CF, chemistry
factor; KSLC, Korean Surveillance data Low Copper materials; PO, exponent of the
model; RSS, residual sum of squares; SD, standard deviation.

a Different from ID.
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clearly underestimated in KSLC3. As the TTS trend increases rapidly
as the fluence increases, the TTS can be overestimated at a very high
fluence region, as shown in Fig. 8D. The variance of the
KSLC3.nlme2 was the smallest among the four models. The trend
line of the residuals was close to zero, and this means that the
estimation of the TTS trend is very reliable. The RSS of RG1.99/2
Position 2 and KSLC3.nlme2 was 13,279 and 11,777, respectively.
This result shows the advantages of KSLC3.nlme2 over RG1.99/2
Position 2.

4. Conclusion

In this study, the TTS in Korean surveillance test data was esti-
mated using a nonlinear regression model and a mixed-effect
model based on the power function. The nonlinear regression of
the total data points (KSLC) showed that the exponent of the
neutron fluence was 0.285 in the power function model. This value
is< 0.5 of RG1.99/3, and similar to the initial value of the FF (0.28) in
RG1.99/2. Considering the forms of RPV materials, the exponent of
the neutron fluence varied with the forms, the forging metals
showed a higher exponent compared with the plate metals. The
exponent of the weld metals was the lowest among the three
forms. However, the model with the three forms was not superior
to the model with one exponent parameter. The mixed-effect
model (KSLC3.nlme2) in the grouped dataset with three or more
points (KSLC) estimated the exponent of the fluence as 0.328, and
this model was identified to be more appropriate to the dataset as
compared with the nonlinear regression model. The mixed-effect
model with the three forms showed a similar goodness of fit
comparedwith KSLC3.nlme2. Modified RG1.99/2 Position 2with PO

of KSLC3.nlme2 predicted a more accurate TTS compared with
RG1.99/2 and RG1.99/3. It is suggested that the fluence factor in
RG1.99/2 should be modified to predict the TTS more accurately.
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