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Abstract

The Annular Core Research Reactor (ACRR) is a swimming-pool type pulsed reactor that
maintains an epithermal neutron flux and a nine-inch diameter central dry cavity. One of its uses
is neutron and gamma-ray irradiation damage studies on electronic components under transient
reactor power conditions. In analyzing the experimental results, careful attention must be paid to
the kinetics associated with the reactor to ensure that the transient behavior of the electronic
device is understood. Since the ACRR fuel maintains a substantial amount of beryllium, copious
quantities of photoneutrons are produced that can significantly alter the expected behavior of the
reactor power, especially following a reactor pulse. In order to understand these photoneutron
effects on the reactor kinetics, the KIFLE transient reactor-analysis code was modified to include
the photoneutron groups associated with the beryllium. The time-dependent behavior of the
reactor power was analyzed for small and large pulses, assuming several initial conditions
including following several pulses during the day, and following a long steady-state power run.
The results indicate that, for these types of initial conditions, the photoneutron contribution to the
reactor pulse energy can have a few to tens of percent effect.



CONTENTS

I INEEOAUCTION ...ttt et sttt ettt e sat e et esae e e bt e saneebeenne 5
2 ANAlySiS APPIOACH......oiiiiiiiiiiii e et 7
B RESUILS .ttt ettt et h e et h bt et eh e e be e st e b e eaee 9
3.1 SINGLE PULSE ...ttt e et e e e e e e e ettt ee e e s tbaea e e sssaeeeessaeeeennssaeaenn 10
3.2 MUILIPLE PULSES........eeeeeneeeeeeeeeeeeeee ettt e et e et e et e e st e e s saeeesbeeenseeensseesnseeenanes 15
3.3 Pulse Following a Steady-State POWer RUN .............cc.oeeeeeuieeeeiiiiieeeeiieeeeeieeeeeevaeen 19
A CONCIUSIONS ...ttt ettt ettt e bt et e s bt st esab e e bt esbbe s bt e sabeenbeesaeeeneees 22
S REIEIENCES ..ottt 23
TABLES
Table 1. Delayed Photoneutron 9-Group Constants from Keepin. ..........ccocceevvieeiiiniennieniieeneene. 8
Table 2. Delayed 8-Group Constants from Campbell and Spriggs ........ccceeceereveeveenienneeniieenneenne. 8
FIGURES
Figure 1. The Annular Core Research Reactor. ...........coocuiviiiiiiiiiiciiiecieeceeese e 5
Figure 2. ACRR Power as a Function of Time for a $3.16 Pulse With and Without
Photoneutrons — Log-1.og SCale. ........coooiiieiiiiiiiieeieeceeeee et 11
Figure 3. ACRR Power as a Function of Time for a $3.16 Pulse With and Without
Photoneutrons — Log-Linear SCale. ..........coocviiiiiiiiiiieeiee ettt 12
Figure 4. ACRR Power as a Function of Time for a $3.16 Pulse With and Without
Photoneutrons — Linear-Linear Scale. ...........ccoociiiiiiiiiiiiniiiiiciceeceeeeeeeeee 12
Figure 5. ACRR Power Integrated Over Time as a Function of Time for a $3.16 Pulse after
300 Seconds — Photoneutron Result Minus Nominal Result. ...........ccoccoiiiiiiniinneen. 13
Figure 6. ACRR Power as a Function of Time for a $1.35 Pulse With and Without
Photoneutrons — Log-L.og SCale. ........coooiiiiiiiiiiiicieecee et 14
Figure 7. ACRR Power as a Function of Time for a $1.35 Pulse With and Without
Photoneutrons Following a Series of Pulses — Log-Log Scale. .........cccccevvvieeninennnnn. 16
Figure 8. ACRR Power as a Function of Time for a $3.16 Pulse With and Without
Photoneutrons Following a Series of Pulses — Log-Log Scale. .........ccccceevvviennirennnnn. 17
Figure 9. ACRR Power Integrated Over Time as a Function of Time for a $1.35 Pulse after
300 Seconds — Photoneutron Result Minus Nominal Result. ..........ccocccoiiiiiinninncen. 17
Figure 10. ACRR Power Integrated Over Time as a Function of Time for a $3.16 Pulse
after 300 Seconds — Photoneutron Result Minus Nominal Result. .............ccccceeoeeieen. 18
Figure 11. ACRR Power as a Function of Time for a $1.35 Pulse With and Without
Photoneutrons Following 2 MW Steady-State Power Run — Log-Log Scale. .............. 20
Figure 12. ACRR Power as a Function of Time for a $3.16 Pulse With and Without
Photoneutrons Following 2 MW Steady-State Power Run — Log-Log Scale. .............. 20
Figure 13. ACRR Power Integrated Over Time as a Function of Time for a $1.35 Pulse
after 300 Seconds — Photoneutron Result Minus Nominal Result. .............cccceeeeneenne 21
Figure 14. ACRR Power Integrated Over Time as a Function of Time for a $3.16 Pulse
after 300 Seconds — Photoneutron Result Minus Nominal Result. .............cccceeeeieen. 21



1 INTRODUCTION

The Annular Core Research Reactor (ACRR) is a swimming-pool type research reactor that is
capable of operating in a pulse, transient, or steady-state mode. Shown in Figure 1, the ACRR
maintains a dry central cavity, nine inches in diameter, that passes from the top of the pool
through the center of the core. The dry cavity allows for relatively large experiment packages to
be placed at the center of the core for irradiation at the peak neutron flux. The neutron flux in
the reactor core and cavity is epithermal. The ACRR can be operated at 4 MW continuous
power level in a steady-state mode, or 300 MJ energy deposition in a pulse or transient mode.
The pulse operating conditions for ACRR are several times that which can be achieved in a
typical TRIGA-type university reactor. The ACRR maintains a special fuel type made up of
uranium oxide (UO,) and beryllium oxide (BeO). The fuel was designed with the BeO to allow
for a high heat capacity and enhanced pulsing capabilities in the reactor. The ACRR is the only
research reactor in the world that uses this fuel type. The Be in the fuel produces copious
quantities of photoneutrons. These photoneutrons create a significant neutron population that
always exists at some level in the reactor core and allows for the reactor to be operated without
an external neutron source.
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Figure 1. The Annular Core Research Reactor.



Be photoneutron production is discussed in detail in Keepin (1964). A Be photoneutron is
generated when a gamma ray, with energy above the threshold energy (1.7 MeV), interacts with
a Be-9 nucleus causing a (gn) reaction. The gamma rays can be produced from fission, decay of
fission products, or (n,g) reactions. The photoneutrons created as a result of fission product
decay gammas can be treated as additional delayed neutron groups in the point-reactor kinetics
equations. The amount of photoneutrons generated in this process is relatively small compared
to the normal delayed neutrons, representing only an additional 2% to the value for the total
delayed neutron fraction, b. For thermal U-235 fission, b is 0.007. The contribution from the
additional photoneutrons is ~0.00015. The reason that these photoneutrons can be treated as
additional delayed neutron groups is because they are generated by fission product decay, similar
to delayed neutron precursors, which are decaying fission products that give off neutrons.

From an operational perspective, the photoneutrons can be ignored for reactivity measurements
because they represent such a small fraction of b. That is, these additional groups are not
considered in the inhour equations in transforming the stable reactor period to reactivity.
Neglecting the photoneutrons will present a small bias error in reactivity measurements.

The presence of the photoneutrons does affect the minimum critical power level that can be
achieved for the reactor. The minimum power level is determined by the background
photoneutron source that exists at the time of the operation. Typically, the minimum delayed
critical power level is ~1200 watts (W). Lower levels can be achieved after prolonged periods of
reactor shutdown.

A reactor pulse will be affected in two ways by the presence of the photoneutrons. First, the
delayed critical condition can be masked by the photoneutron population prior to the pulse.
Second, the photoneutron population prior to and during the pulse will cause the tail portion of
the pulse to be at a higher power level than if the photoneutrons were not present. This can cause
dosimetry response in the central cavity to be greater than expected if nominal neutron kinetics
are used to determine the reactor power level in the tail portion of a pulse. These two effects will
be the primary focus of this work.

One use for ACRR is neutron and gamma-ray irradiation damage studies on electronic
components under transient reactor power conditions. In analyzing the experimental results,
careful attention must be paid to the kinetics associated with the reactor to ensure that the
transient behavior of the electronic device is understood, since the photoneutrons produced can
significantly alter the expected behavior of the reactor power, especially following a reactor
pulse. In order to understand these photoneutron effects on the reactor kinetics, the KIFLHE
transient reactor analysis code was modified to include the photoneutron groups associated with
the Be. The time-dependent behavior of the reactor power was analyzed for small and large
pulses assuming several initial conditions including, following several pulses during the day, and
following a long steady-state power run.



2 ANALYSIS APPROACH

The computer code, KIFLHE, is a transient reactor-analysis code used to analyze ACRR power
transients under pulsed and steady-state conditions. KIFLHE has been used extensively to study
reactivity transients and accident conditions for the ACRR (Parma, 2000; Naegeli, 1999;
Naegeli, 2000). The code solves the point-reactor kinetics equations, two-dimensional heat
transfer (R-Z) in a fuel element, and one-dimensional fluid flow (Z) in a flow channel. The
kinetics equations are solved using the Laplace transform method. The roots of the inhour
equation are numerically derived and the power level calculated. The advantage of using the
Laplace transform method over the Runge-Kutta method to solve the equations is that the time
steps can be of any size as long as the reactivity is not changing over that time period. The
Laplace transform methodology will provide no advantage for pulse conditions, where short time
steps are required for the rapid reactivity changes due to the pulse rod insertion and reactor
feedback. However, over long time periods of constant reactivity, large time steps can be taken
without penalty in the accuracy of the calculation.

The point-kinetics portion of the KIFLHE code originally contained the 6-delayed neutron
groups for thermal U-235 fission given in Lewins (1978). In order to analyze the photoneutron
effects, the 9-group photoneutron precursor constants found in Keepin (1964) were used along
with the 8-group precursor constants of Campbell and Spriggs (1999). The 8-group (U-235
thermal) constants from Campbell and Spriggs were included in the code since they represent
recent work in this area. There should be no significant difference in the results from using the
historical 6-delayed neutron groups compared to the 8-group data. The 8-group constants have
the advantage that the group half-lives are constant for fast versus thermal and for the different
fissile isotopes. Only the delayed precursor fractions change for the 8-group data, which allows
for convenient computation of the delayed fraction for mixtures of fissile isotopes including fast
and thermal fission.

The 9-group photoneutron precursor constants from Keepin are shown in Table 1. The U-235
thermal 8-group precursor constants from Campbell and Spriggs are shown in Table 2. Note that
the total group fraction for the photoneutrons (15.175 x 107) is about 2% of the delayed fraction
for U-235 thermal fission (0.007). The longest half-life precursor for the delayed neutrons
(Table 2) is 55.6 seconds. The time constant for this precursor (t = T;/,/In2) is 80.2 seconds,
which is the shutdown time constant for a nuclear reactor. That is, after a nuclear reactor is
operated and then shut down with a large negative reactivity insertion, the power level decreases
with this time constant (80.2 sec), independent of the amount of negative reactivity added.
However, for the ACRR, this will not be the case due to the photoneutron population.

The longest lived photoneutron precursor in Table 1 is shown to have a half-life of 12.8 days. In
previous unreferenced work, the author has found that an additional longer-lived precursor group
exists, with a half-life of 369 days, which is not presented in the Keepin data. Note that in Table
1, the longest-lived photoneutron precursor that has a significant group fraction is precursor
number four with a half-life of 3.11 hours. This precursor dominates the daily variation in the
ACRR neutron source along with the longer-lived precursors (numbers one through three),
providing the more constant background neutron source level. The shortest-lived photoneutron
precursor is 30.6 seconds, which is close to the longest-lived delayed neutron precursor.



Table 1. Delayed Photoneutron 9-Group Constants from Keepin.

Group
Fraction
Group Number | Half-Life Ai (s b (107)
1 12.8d 6.24E-7 0.057
2 77.7h 2.48E-6 0.038
3 12.1h 1.59E-5 0.260
4 3.11h 6.20E-5 3.20
5 432m 2.67E-4 0.36
6 15.5m 7.42E-4 3.68
7 3.2m 3.60E-3 1.85
8 13m 8.85E-3 3.66
9 30.6 s 2.26E-2 2.07
total -- - 15.175

Table 2. Delayed 8-Group Constants from Campbell and Spriggs
for U-235 Thermal Fission.

Group

Fraction

Group Number | Half-Life Ai (s b (107)
1 55.6's 1.25E-2 0.231
2 245 s 2.83E-2 1.078
3 16.3 s 4.25E-2 0.637
4 521s 1.33E-1 1.379
5 2.37 s 2.92E-1 2.317
6 1.04 s 6.66E-1 0.630
7 0.424 s 1.63E-0 0.567
8 0.195 s 3.55E-0 0.161
total -- - 7.00




The modifications required to the KIFLHE code, in order to include these additional delayed
group constants, turned out to be only a few minor changes. The code now has the ability to run
the 6-group Lewins (U-235 thermal) values, the 8-group Campbell and Spriggs (U-235 thermal)
values, or a combination of the 8-group Campbell and Spriggs values with the 9-group Keepin
Be photoneutron values. It is unclear as to how accurate the Keepin photoneutron group fraction
values are in relation to the ACRR. The values are shown in Keepin to represent experimental
results accurately. However, the gamma-to-neutron conversion effectiveness and the neutron
effectiveness factors for ACRR are unknown. Further work using MCNP could allow a more
accurate representation of the group fractions to be determined for ACRR. It is believed that the
values for the group fractions presented in Keepin represent the largest values possible. Hence it
is expected that the calculative results represent an overestimate of their effect on the kinetic
behavior of the reactor. Also, the delayed neutron contribution from U-235 and U-238 fast
fission was not included in the KIFLHE calculations. Although expected to be small, these
contributions could change the group fractions slightly. This contribution would not be expected
to have any major significance on the results, although future work could include MCNP
calculations to determine the fast fission contribution to the reactor power and associated delayed
neutron contribution. b effective used in the KIFLE calculations was 0.0073, which has
historically been used for ACRR.



3 RESULTS

KIFLHE calculations were run both with and without the photoneutron delayed group
contribution. Two pulse conditions were studied: a large pulse where $3.16 of reactivity was
added resulting in ~280M]J of reactor energy deposition; and a small pulse where $1.35 of
reactivity was added resulting in ~38 MJ of reactor energy deposition. These conditions
represent typical values for a large and small pulse, respectively. Three initial conditions were
considered prior to the pulse: 1) no initial contribution from photoneutrons; 2) photoneutron
population from several pulses during the day; and 3) photoneutron population from a long
steady-state power operation.

3.1 Single Pulse

Single pulse analyses were performed to determine the effects of the photoneutrons on the pulse
transient, without a prior photoneutron population. This case represents the “clean core”
condition found during the first pulse of the day or following a weekend shutdown. KIFLHE
calculations, both with and without the photoneutron delayed groups, were run using the
following conditions. These conditions were derived from discussions with ACRR operations
staff and represent typical pulse conditions.

Initial reactivity condition = $0.00 (delayed critical condition)
Initial power level = 1200 W
Pulse reactivity insertion = $3.16 (representing a large pulse - 280 MJ)
$1.35 (representing a small pulse - 38 MJ)
Reactivity insertion duration = 0.11 sec
Shutdown reactivity = -$11.50
Negative reactivity insertion duration = 0.5 sec
Start time of pulse = 5.1 sec (arbitrarily chosen in the code)
Start time of reactor shutdown = 5.34 s (0.24 sec following start of reactivity insertion)

The initial steady-state inventory for the delayed neutron and delayed photoneutron precursors
was set to correspond to a steady-state power level of 1200 W that represents the critical
condition established prior to the pulse. This condition places all of the delayed precursors, both
nominal and photoneutron, in equilibrium at 1200 W prior to the pulse. Although reasonable for
the nominal delayed neutrons, this condition may not be realistic for the photoneutron
precursors, since photoneutron groups one to five have relatively long half-lives and would take
several hours at this power level to reach equilibrium. In order to assess this effect on the reactor
power, a separate case was studied whereby only the short-lived photoneutron precursors were
placed in equilibrium at 1200 W.

Results for a Large Pulse

Figures 2 to 4 show the results of the calculated reactor power as a function of time with and
without the photoneutrons included in the large $3.16 pulse. The results are virtually identical
for the pulse portion of the curve, with the deviation in the tail due to the longer-lived
photoneutron effects.
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Peak power = 23,800 MW
Time at peak = 5.196 sec (0.096 sec following start of reactivity insertion

FWHM =9 ms

Total Energy = ~280 MJ (pulse and tail)

For the calculation without photoneutrons, the reactor power drops below 100 W at 404 s (6.7
0 s (9.8 min). With photoneutrons, the reactor power drops below
100 W at 890 s (14.8 min), and below 10 W at 6235 s (103.9 min). It can be seen in Figures 3
and 4 that the photoneutrons begin to become important and deviate from the nominal delayed
neutron case at ~300 s (5 min.), when the reactor power is ~1000 W. After ~10,000 s (2.8

min), and below 10 W at 59

hours), the power level is dominated, for the “with photoneutron” case, by the fourth

photoneutron precursor that

has a half-life of 3.11 hours.
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Figure 2. ACRR Power as a Function of Time for a $3.16 Pulse With and Without

Photoneutrons — Log-Log Scale.
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Figure 3. ACRR Power as a Function of Time for a $3.16 Pulse With and Without
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Figure 5 shows the time-integrated difference in the reactor power (energy as a function of time
resulting from the photoneutron case minus nominal result) after 300 s. At 10,000 s (2.8 hours)
the amount of energy deposited in the core due to the photoneutron effects is ~0.3 M1J.
Comparing this result to the 280 MJ total pulse energy represents about 0.1% of the total energy
deposited in the pulse. Since the photoneutron precursor concentration is dependent on the
number of fissions that occurred in the pulse, a smaller pulse would yield a proportionately
smaller precursor concentration and proportionally lower power level and energy in the tail.
Hence for all pulses, the additional energy deposited in the tail from the photoneutrons should be
~0.1%. The timing for the photoneutron importance should be the same as described above.

Another calculation was performed to determine the effects of not having any of the long-lived
photoneutron precursors (group numbers 1-5) in an initial state of equilibrium in the calculation.
Since the photoneutron precursors in these groups have relatively long half-lives, they would not
be expected to be in equilibrium for the first pulse of the day. The precursor values were initially
zeroed for groups 1-5 for this calculation. The results showed only a 10% effect on the reactor
power at late times. This result confirms what one would intuitively expect, that, like for
delayed precursors, the photoneutron precursor concentration is dominated by the fission
products produced in the pulse and not the low steady-state power level prior to the pulse.
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Figure 5. ACRR Power Integrated Over Time as a Function of Time for a $3.16 Pulse after
300 Seconds — Photoneutron Result Minus Nominal Result.
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Results for a Small Pulse

Figure 6 shows the results of the calculated reactor power as a function of time with and without
the photoneutrons included in the small $1.35 pulse. The results are again virtually identical for
the pulse portion of the curve, with the deviation in the tail due to the longer-lived photoneutron
effects.

Peak power = 859 MW

Time at peak = 5.259 sec (0.159 sec following start of reactivity insertion
FWHM = 35 ms

Total Energy = ~38 MJ (pulse and tail)

For the calculation without photoneutrons, the reactor power drops below 100 W at 255 s (4.3
min), and below 10 W at 425 s (7.1 min). With photoneutrons, the reactor power drops below
100 W at 290 s (4.8 min), and below 10 W at 1136 s (18.9 min). The results are similar to the
large pulse results. The photoneutrons again begin to become important and deviate from the
nominal delayed neutron case at ~300 s (5 min.), when the reactor power is ~100 W. After
~10,000 s (2.8 hours), the power level is dominated, for the “with photoneutron” case, by the
fourth photoneutron precursor that has a half-life of 3.11 hours. The photoneutron results in the
tail for the small pulse case are approximately an order of magnitude less than for the large pulse,
as would be expected.
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Figure 6. ACRR Power as a Function of Time for a $1.35 Pulse With and Without
Photoneutrons — Log-Log Scale.
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3.2 Multiple Pulses

The background photoneutron inventory will change throughout the course of a day’s operational
history of the ACRR due to the long-lived photoneutron precursors in groups one through five
(Table 1). Both power runs and multiple pulses during the day will change the inventory. The
background photoneutron inventory affects both the pulse setup conditions and the pulse tail
power trace. After multiple pulses during the day or a long duration power run, the pulse setup
becomes problematic because delayed critical is established at a low steady-state power level
prior to the pulse. The larger background photoneutron source “masks” the “true” delayed
critical condition of the reactor by several cents of reactivity. The effect of this masking
condition is that the control rods are set, not at “true” delayed critical, but at a delayed subcritical
state. For reactors where a moveable source can be inserted or removed from the core, this
condition is known as “source critical.” If the reactor is placed in what is thought to be a delayed
critical condition and the source is removed from the core, the reactor will actually be in a
subcritical state by several cents of reactivity. This can be shown to be true analytically by
solving the point-reactor kinetics equations with a source. At the critical condition with a source
in place, the reactor maintains a slight positive period equivalent to a few cents of reactivity,
dependent on the source strength and position in the core.

The photoneutron source effect on the ACRR is that the reactivity inserted from the pulse rods
will be “short” of the desired reactivity insertion by a few cents. The effect will vary from pulse
to pulse, building up after many pulses in a day or after a long power run. This “reactivity
cheating” effect for pulses at the ACRR has been observed by Depriest (2008) and for transient
rod withdrawal operations by the author. The effect on the pulse tail is that the tail power level
will continue to increase proportionately with the amount of energy deposited in the core during
the day. However, after several hours with the reactor in a shutdown condition, the background
photoneutron effects diminish. In Table 1, the fourth photoneutron precursor can be seen to have
a relatively large group fraction, compared to groups one, two, and three. The half-life of the
fourth group photoneutron precursor is 3.11 hours. At about five half-lives following the last
reactor operation of the day (~15 hours), this precursor group will have decayed to virtually zero,
and the photoneutron background will be significantly diminished. This is typically observed at
the ACRR. The first pulse of the day has a significantly smaller source strength during the
delayed critical setup. Nothing can be done to change the tail behavior of the pulse, except to
minimize it by utilizing the first pulse of the day. The “reactivity cheating” effects can be
controlled by setting the control rod positions at the same values as delayed critical position for
the first pulse of the day. However, when this is done, the reactor will be on a slightly positive
period, due to the photoneutron source, prior to the pulse reactivity insertion. Another method
would be to set the control rods such that the reactor is slightly subcritical for the first pulse of
the day (5 to 10 cents negative) and maintaining this setup position for every pulse during the
day. The caveat is that this method will only work if the experiment package reactivity does not
change from one pulse to the next.

KIFLHE calculations were performed to determine the pulse tail effects for a pulse following a
series of large pulses. Figures 7 and 8 show the results for a $1.35 pulse (38 MJ) and a $3.16
pulse (280 MJ) following a series of three $3.16 pulses, two hours apart. The calculations were
performed in the same method as for a single pulse. In order to have the correct photoneutron
precursor inventory at the start of the pulse, the precursor inventory values, after a 2-hour decay
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from the previous pulse, were used as the initial precursor inventory for the calculation. The tail
is at a higher power level for the multiple pulse cases as compared to the single pulse. For the
$1.35 pulse case, the power level is about an order of magnitude greater between 2 and 15 hours
following the pulse as compared to Figure 6. For the $3.16 pulse, the power level is only about a
factor of two larger than the values in Figure 2.

Figure 9 shows the integrated power level difference for the $1.35 pulse case, both with and
without previous pulses. At 24 hours, the energy deposition is 0.24 MJ and 0.06 MJ, for the
multiple pulse and single pulse, respectively. The value is a factor of four larger for the multiple
pulse series, but still only represents 0.6% of the energy deposited in the pulse.

Figure 10 shows the integrated power level difference for the $3.16 pulse case, both with and
without previous pulses. At 24 hours, the energy deposition is 0.61 MJ and 0.40 MJ, for the
multiple pulse and single pulse, respectively. The value is a factor of 1.5 larger for the multiple
pulse series, but still only represents 0.2% of the energy deposited in the pulse.

The results clearly show that multiple pulses prior to a pulse do have an effect on the tail portion
of the pulse. However, the magnitude of this value with respect to the energy deposited in the
pulse is found to be less than 1%.
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Figure 7. ACRR Power as a Function of Time for a $1.35 Pulse With and Without
Photoneutrons Following a Series of Pulses — Log-Log Scale.
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Figure 8. ACRR Power as a Function of Time for a $3.16 Pulse With and Without
Photoneutrons Following a Series of Pulses — Log-Log Scale.
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Figure 9. ACRR Power Integrated Over Time as a Function of Time for a $1.35 Pulse after
300 Seconds — Photoneutron Result Minus Nominal Result.
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Figure 10. ACRR Power Integrated Over Time as a Function of Time for a $3.16 Pulse
after 300 Seconds — Photoneutron Result Minus Nominal Result.
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3.3  Pulse Following a Steady-State Power Run

KIFLHE calculations were also performed to determine the photoneutron effects on the pulse tail
following a steady-state power operation at high power for several hours. The condition
analyzed was for a 2-MW steady-state power level operation for seven hours followed by a 2-
hour decay period and the pulse. For long-power operations, the photoneutron precursors will
continue to build up until they reach an equilibrium inventory value. For the fourth group
photoneutron precursor, with a half-life of 3.11 hours, about 15 hours of operation would be
required in order to reach the equilibrium inventory.

Figures 11 and 12 show the results for a $1.35 pulse (38 MJ) and a $3.16 pulse (280 MJ)
following a 2-MW — 7-hour steady-state operation with a 2-hour decay period. In order to
maintain the correct photoneutron precursor inventory at the start of the pulse calculation, the
precursor inventory values, after a 2-hour decay from the end of the steady-state operation, were
used as the initial precursor inventory for the calculation. For the $1.35 pulse case, the power
level in the tail is about 300 times greater than for the single pulse value in Figure 6, between 2
and 15 hours following the pulse. For the $3.16 pulse, the power level is about 50 times larger
than for the single pulse value in Figure 2.

Figures 13 and 14 show the integrated power level difference for the $1.35 pulse case and $3.16
pulse case, respectively. At 24 hours, the energy deposition is 8.7 MJ and 10.9 MJ, for the two
cases. The values are a factor of 140 and 27 times larger than for the single pulse cases, and
represent 22% and 4% of the energy deposited in the pulse, for the $1.35 pulse case and $3.16
pulse case, respectively. These results are significant compared to the previous cases for a single
pulse and a pulse following multiple pulses during the day.

Although the result for a pulse following a high-power steady-state operation for several hours
represents the worst case condition for the pulse tail, it is unlikely that this condition would ever
be encountered, unless there was a specific experiment requiring this scenario. If a long-power
operation is performed, the reactor would probably remain shut down for several days following
the run (e.g., over a weekend) allowing the photoneutron precursors to decay to low background
levels.
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Figure 11. ACRR Power as a Function of Time for a $1.35 Pulse With and Without
Photoneutrons Following 2-MW Steady-State Power Run — Log-Log Scale.
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Figure 12. ACRR Power as a Function of Time for a $3.16 Pulse With and Without
Photoneutrons Following 2-MW Steady-State Power Run — Log-Log Scale.
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4 CONCLUSIONS

The KIFLHE transient reactor analysis code has been modified to include the 9-group
photoneutron precursor constants of Keepin and the 8-group delayed neutron precursor constants
of Campbell and Spriggs. Results indicate that the photoneutron source condition inherent in the
ACRR becomes an important contributor to the reactor power level at about 300 seconds
following a pulse but contributes less than 1% of the total energy of the pulse. Calculations were
performed for a small $1.35 pulse (38 MJ) and for a large $3.16 pulse (280 MJ) with and without
photoneutrons, and with and without previous pulses or a long-power run. The photoneutron
effects persist following a pulse, with the tail decaying with a half-life of about three hours due
to one dominant photoneutron precursor. The pulse tail power level and energy are
approximately proportional to the energy of the pulse, and continue to increase following each
reactor pulse during the day. The pulse tail could be significantly larger for a condition where a
pulse follows a high-power steady-state operation for several hours. For this condition, the
photoneutron contribution to the pulse energy could be significant, on the order of a few to tens
of percent.

Future work could include determining a more accurate representation for the photoneutron

group fraction using the MCNP model of the ACRR, since the values used in Table 1 are from
experimental data that may be different for the ACRR fuel.
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