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ABSTRACT tion due to the complexity of modeling the actual,

Inertial fusion energy (IFE) and magnetic fusion
energy (MFE) power plants will probably operate in a
pulsed mode. The two confinement schemes, however,
will have quite different time periods. Typical repetition
rates for IFE power plants will be 1-5 Hz. MFE power
plants will likely ramp up in current for about 1 hour,
shut down for several minutes, and repeat the process.
Traditionally, activation calculations for IFE and MFE
power plants have assumed continuous operation- and
used either the “steady-state” (SS) or “equivalent
steady-state” (ESS) approximations."® It has been
suggested recently that the SS and ESS methods may
not yield accurate results for all radionuclides of inter-
est.® The present work expands that of Sisolak, et al. by
applying their formulae to conditions which might be
experienced in typical IFE and MFE power plants. In
addition, complicated, multi-step réaction/decay chains
are analyzed using an upgraded version of the ACAB
radionuclide generation/depletion code.” Our results
indicate that the SS method is suitable for application
to MFE power plant conditions. We also find that the
ESS method generates acceptable results for radionu-
clides with half-lives more than a factor of three greater
than the time between pulses. For components that are
subject to 0.05 Hz (or more frequent) irradiation (such
as coolant), use of the ESS method is recommended.
For components or materials that are subject to less
frequent irradiation (such as high-Z target materials),
pulsed irradiation calculations should be used.

1 INTRODUCTION

Calculations of activation products are routinely
performed for conceptual designs of IFE and MFE
experimental facilities and power plants. These calcula-
tions typically assume some form of continuous opera-

pulsed irradiation. IFE power plants will operate in a
pulsed mode in which the dwell time, the time between
shots, probably will be between 200 ms and 1 s. The
actual irradiation time for each shot in IFE power plants
will be several orders of magnitude less than the dwell
time -- probably varying from 1 ns to 1 ms between
components. In MFE power plants, the irradiation time
will likely be orders of magnitude greater than the
dwell time. One possible mode of operation for MFE
power plants is the ramping-up of the toroidal current
for about 1 hour. This would be followed by several
minutes of shutdown, and the process would be re-
peated. Thus, the dwell time would be several minutes.

Sisolak, et al. define two methods for the approxi-
mation of pulsed irradiation: the steady-state (SS) and
the equivalent steady-state (ESS) methods.® Both
methods conserve the total fluence. The SS method
also conserves the total irradiation time, while the ESS
method conserves the total operation time. In order to
conserve both the total fluence and the total operation
time, the ESS method scales the flux by the ratio of the
irradiation time to the operation time.® Although the SS
and ESS approximations greatly simplify the process of
calculating radionuclide inventories, Sisolak, et al.
have demonstrated that they are not accurate when
applied to MFE and IFE experimental facilities® The
present work has evaluated the accuracy of the SS and
ESS methods as they might be applied to typical MFE
and IFE power plants.

IL ANALYTIC INVESTIGATION

Simple reaction/decay chains can be investigated
analytically. Sisolak, et al. developed analytic expres-
sions for a single, stable isotope that reacts to form a
second, radioactive isotope. Equations (1) and (2) give
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the ratio of the inventory obtained with the approxima-
tion to the actual inventory for the second isotope for
the SS and ESS methods, respectively.S In both expres-
sions, the ratio is a function of the radioactive half-life,
the reaction cross section, the pulsed neutron flux, the
irradiation time, and the dwell time The ratio for the SS
method is also a function of the number of pulses. An
ideal approximation would yield a ratio of one.

N2, | exp(—o@gp8)—exp(—A0)

_ (N
| _exp(-09p0) — exp(-A(6+4))
| exp(—nogp6) — exp(-nA(0+ A))

N2 -exp(—naqbe)—exp(—nﬂ.e)]
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exp(~o050) —exp(—A6)

where:
A = decay constant (s7)
G = cross section (b)
¢, = pulsed neutron flux (n/cm*-s)
© = irradiation time (s)
A = dwell time (5)
n = number of pulses (dimensionless)

Equations (1) and (2) have been applied to MFE
and IFE power plants, using reasonable estimates of the
operating conditions that might be experienced. For an
MEE tokamak power plant operating at 3000 MW of
fusion power with a 5 m major radius and a 2 m minor
radius, the neutron flux incident upon the first wall
would be about 3 x 10 n/fcm®*-s. For an IFE power
plant with a 3-m-radius spherical chamber, a 1 ps pulse
length, and the same fusion power, the first wall flux
would be about 2 X 10® nfcm®*-s. These fiuxes have
been used along with an MFE irradiation time of 3600 s
and dwell time of 300 s and an IFE dwell time of 200
ms. For the SS approximation, enough pulses have been
used to obtain an operation time of 30 years (2.4 x 10°
for the MFE case and 4.7 X 10° for the IFE case). A
reaction cross section of 1 b has been assumed.

Figure 1 shows that both the SS and ESS methods
yield reasonable results for MFE power plant condi-
tions. The ESS method does not perform as well as the
SS method as it slightly underestimates the inventories
of radionuclides with half-lives less than about thirty

times the dwell time of 300 s. The SS method overes-
timates the inventories of radionuclides with half-lives
of 3 hours t0o 3 years. The overestimation, however,
never exceeds nine percent.

Figure 1. The SS and ESS methods both appear to be
adequate for use under MFE power plant conditions.
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Although the SS method performs quite well when
used for MFE conditions, it does not fare as well when
used under IFE power plant conditions. Figure 2 shows
that the SS method, when applied to IFE power plant
conditions, overestimates the inventories of key
radionuclides by as many as five orders of magnitude.
Only radionuclides with half-lives of less than the
irradiation time or greater than 3 years are accurately
predicted by the SS method. Since a typical IFE power
plant would experience only 80 minutes of irradiation
time during 30 years of operation, failure of the SS
method under these conditions is not surprising.

Figure 2. The SS method does not produce reasonable
results when applied to IFE power plant conditions.
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sections by the ACAB radionuclide generation/deple-
tion code.”™ The present work uses 175-group neutron
cross sections provided by the EAF3.1 library.® The
PCROSS code and its data libraries generate 1-group
“psendo” cross sections that TARTREAD combines

Figure 3 shows the results of use of the ESS
method under likely IFE power plant conditions. The
ESS method yields accurate results for radionuclides
with half-lives greater than several times the dwell time

‘ of 200 ms. Fortunately, it is these radionuclides that are
of concern for occupational, accident, and waste- with collapsed neutron cross sections.!*** Pseudo cross
disposal indices of radiological hazard. sections allow one to consider the effects of sequential
charged-particle reactions.!®

The above analytical calculations are valid only for

simple reaction/decay chains. Although the analytic Figure 4. The ACAB radionuclide generation/depletion

code and the RADSAFE computing system are used to

results suggest trends in the usefulness of the SS and
ESS methods, more complicated reaction/decay chains
cannot be investigated analytically -- but require
calculations to be performed with sophisticated
computer codes. '

Figure 3. The ESS method yields reasonable results
when applied to IFE power plant conditions.
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. COMPUTATIONAL INVESTIGATION

Complicated reaction/decay chains cannot be
investigated analytically. In the present work, the
RADSAFE (Radiological Safety Analysis of Fusion
Environments) computer system has been used to apply
the ESS method to complicated reaction/decay chains.®
Results obtained with the ESS method are compared to
those obtained by modeling the pulsed irradiation
history without approximation.

A. Computational Methods

The calculational process, shown in Figure 4,
begins with a geometric model created for use with the
TART9S Monte Carlo transport code and its data librar-
ies.”" TARTYS calculates the energy-dependent neu-
tron pathlengths in each of 175 energy groups. These
pathlengths are converted by the TARTREAD code into
neutron fluences, which are used with reaction cross

model complex reaction/decay chains.

O = mputsie

[] = roRTRAN code
O = Daatibrary
2\ = Intermediate result
O = Radioactive indices

ENDL cross- KFION: Charged-
‘ section library particle cross sections
TARTREAD
PCROSS: Sequential KFKSTOPP:
harged-partich Charged-particle
reactions code stopping powers
irradiation history, fiux,
materials; request
required ouputs mpartide. Charged

ACAB: radionuclide
inventory code

Y
Radionudlide
inventories &
contact
dose rates

Decay library

The ACAB code has been updated and is now able
to simulate realistic irradiation sequences. A series of
irradiation/cooling periods may be defined as a “unit”
that is repeated a specified number of times. The final
repetition of the unit may be followed by distinct
irradiation/cooling periods. ACAB may be operated in
either pulsed or steady-state modes, and thus, the
benefits and consequences of using various approximate
irradiation schemes may be investigated.

B. Computational Results

To assess the potential benefits and consequences
of using approximations to model pulsed irradiation
histories, two sets of calculations have been completed.
In the first set, 1 Hz irradiation of *Fe in an IFE power
plant has been simulated both with the ESS method and
with the actual, pulsed irradiation history. Operation
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times as long as 1 year have been simulated. The
second calculation simulated 5 Hz irradiation of natural
iron and also used operation times as long as 1 year.

Modeling the actual, pulsed irradiation history is
quite expensive — 1 year of operation at 5 Hz required
about 2000 hours CPU time on an HP/735 workstation
(would be about 2500 hours or a Cray YMP). The ESS
method required about 10 s of CPU time for all cases.

Figure 5 is a plot of ratio of radionuclide inven-
tories obtained with the ESS method to those obtained
by modeling the actwal, pulsed irradiation history.
Radionuclides with half-lives of more than 1 s and
shutdown activities greater than 3.7 x 10* Bq (1 uCi)
have been included in the figure. For as much as 1 year
of irradiation, the ESS method predicts the inventories
of most radionuclides quite accurately. Inventories are
significantly underestimated (by more than five
percent) for only two radionuclides. ;

Figure 5. The ESS method accurately predicts radionu-
clides generated in 1 year of irradiation at 1 and 5 Hz.
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The ESS method has been used to model the
irradiation of materials that are not subject to such high
repetition rates -- coolant and high-Z target materials
are irradiated on a much less frequent basis. Figure 6
shows that the ESS method produces reliable results for
radionuclides with half-lives more than several times
the dwell time. When used to model coolant activation
a 5 Hz (dwell time of 20 s), the ESS method produces
reliable results for radionuclides of interest. When used
to model the activation of high-Z target materials,
which are irradiated only once per week, the ESS
method fails to accurately predict the inventories of key
radionuclides with half-lives of minutes to days.

Figure 6. The ESS method accurately predicts the
inventories of radionuclides with half-lives greater than
three times the dwell time.
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IV. CONCLUSIONS

Use of the SS and ESS methods to model pulsed
irradiation histories is appropriate in many cases. The
SS method should not be used under IFE power plant
conditions. The ESS method produces reliable results
for radionuclides with half-lives of more than three
times the dwell time. Thus, the ESS method may be
used when radionuclides with half-lives of less than
three times the dwell time are not deemed to be of
importance. The ESS method should not be used with
long dwell times such as high-Z target activation.

Neither the SS nor the ESS method should be used
to model pulsed irradiation in experimental facilities.
Due to long dwell times, neither method accurately
predicts the inventories of radionuclides that are of
interest for occupational and accident analyses. It is
worth noting that all calculations in support of the
National Ignition Facility have modeled the actual,
pulsed irradiation history.
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