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BREMSSTRAHLUNG PAIR-PRODUCTION OF POSITRONS WITH LOW
NEUTRON BACKGROUND*

~’c
E. Lessner, M. White ~@”o

Argonne National Laboratory, Argonne, Illinois 60439 USA “$~2~ ~a
(3. s .

Abstract

Minimization of component activation is highly desirable
at accelerator-basedpositron sources. Electrons in the 8-
to 14-MeV energy range impinging on a target produce
photons energeticenough to create electron-positronpairs
however, few of the photons are energeticenough to pro-
duce photoneu~ons. Slow positron production by low-
energy electrons impinging on a multilayer tungsten tar-
get with and without electromagneticextraction between
the layers was studied by simulation. The neutron back-
ground from 14-MeV electrons is expected to be signifi-
cantly lower than that encounteredwithhigher-energyelec-
tron beams. Numerical results are presented and some
ideas for a low-activation slow-positron source are dk-
cussed.

1 INTRODUCTION

Slow positrons are wideIy used in materials science and
solid state physics research. Positron annihilation tech-
niques are used to characterize vacancy-typedefects in
metals and alloys. Very low energy positrons are ideal
probes for surfacecrystallographydue to their shallowpen-
etration and weak scattering with the atomicion core.

The use of the Advanced Photon Source (APS) linac
beam as a source of slow positrons has been investigated
for incident electron beam energiesbetween 200 and 400
MeV [1], [2]. Accelerator studies indicatethat the electron
linac is capable of producingabout 13kWof incidentbeam
power [3]. Simulation studies to optimize the target indi-
cate that for those incident-electronenergies,a high slow-
positron yield can be obtained.

Activation of components in the area near the target is a
potentially serious problem at positron sources. Compo-
nent activation can be reduced if the input beam energy
is low enough such that the cross section for photoneu-
tron production is still quite low,yet high enough to create
electron-positron pairs. In this paper, we study the pro-
duction of slow positrons using electronswith energiesbe-
tween 8 and 14MeV.

Monte Carlo simulation results of low-energyelectrons
impinging on a multilayer tungsten target are described.
Positron production rates with and withoutelectromagnetic
extraction between target layers are compared.Some ideas
for a low-backgroundpositron sourcearediscussed.

“ Work suppotted by U. S. Department of Energy, Office of Basic En-
ergy Sciences under Contrnct No. W-31-109-ENG-38

2 CHOICE OF ELECTRON ii!lEfijf
ENERGY

Several factors influencethe choice of the incident elec-
tron beam energyfor a slow-positronsource with minimal
neutrons. One factor is the efficiencywith which the inci-
dent beam createspositrons, the other is the neutron yield.
For high productivity,most of the incident electron ~U
should penetrate the target. The number of backscattered
electrons increasesexponentiallywith decreasingelectron
energy,as can be seen in Fig. 1. As shown in the figure,
there is essentially no backscattering for energies above
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Figure 1: Number of backscatteredelectrons versus inci-
dent beamenergywith a superimposedexponentialfit.

8 MeV.At 3 MeV,about 0.5% of the incoming particles
are backscattered,thus reducing overall efficiency. In our
simulations,we chose an energy range between 8 and 14
MeV for the primaryelectronbeam.

The neutronyield per incidentelectron in a high-Ztarget
is lowforenergiesbelow 14MeV.The photoneutroncross-
section for tungsten is about 400 mb for 14-MeVphotons
and becomesnegligiblefor photons of 6-MeV energy and
lower [4]. For one radiation-iength-thicktargets,measure-
ments indicate that there are 2.5x10-4 neutrons per 14-
MeV electron [5]. Shown in Fig. 2 is the photon energy
distribution from 20000 14-MeVelectrons impinging on
a 1.2-mmtungsten target. An energy cutoff of 1.0 MeV
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1.0 Introduction

The McClellen Nuclear Radiation Center (MNRC) reactor was previously licensed to operate at an
operational safety limit of 1.lMW and was known as the Station~ Neutron Radiography System.
The thermal and hydraulic design is described in detail in the Safety Analysis Report (References 1
and 2). A new analysis was required to show that the MNRC could be safely operated at powers
in excess of the 1. lMW safety limit. The required analysis has been performed using the
RELAP5/MOD3. 1 computer program (Reference 3). The RELAP5 code was developed for the
USNRC by the ldaho National Engineering Laboratory (lN_EL) to analyze transients and accidents
in light water reactors. The RELAP5 code is highly generic and can be used to analyze a wide
variety of hydraulic and thermal transients involving almost any user defined nuclear or non-
nuclear system.

The MOD3 version of RELAP5 has been developed jointly by the NRC and a consortium of
several countries and domestic organizations that are members of the International Code
Assessment and Applications Program (ICAP). The RELAP5/MOD3 development program
included many improvements based on the results of assessments against small-break LOCAS and
operational transient test data.

A RELAP5 model consists of a system of control volumes which are connected by flow junctions.
The fluid mass, momentum, and energy equations along with the appropriate equation of state are
solved for the user defined geometry. The RELAP5/MOD3 code uses a fill non-homogeneous,
non-equilibrium, six-equation, two-fluid model for transient simulation of two-phase system
behavior. User defined heat structures are used to simulate the reactor fuel rods. Heat transfer
coefficients are computed as appropriate for the channel flow and fluid state. A space independent
reactor kinetics model is available for reactivity transients.

Some of the RELAP5M40D3 features important for simulating a natural circulation reactor like
MNRC include:

● ability to compute the system density distribution and the gravity force terms in the momentum
equation

● ability to implicitly compute the local pool or convective sub-cooled boiling which is known to
occur in TRIGA reactors

● anew critical heat flux correlation based upon an extensive tabular set of experimental data

● temperature dependent material properties

. special cross flow models which allow simulation of the two dimensional flow due to radiaI
power differences in the core

.,
,.

While no references to application of the REL~5 code for analysis of a TRIGA reactor couId be
found, analyses of many different systems have been reported in the open literature. Many of the
system transients analyzed were at low pressure and with natural circulation flow. The RELAPS -
code selects the heat transfer correlation to be used based upon the wall temperature and local flow
and fluid state. The critical heat flux correlation also uses local conditions and implicitly accounts
for axial power distribution. The critical heat flux correlation is fbrther corrected for potential -
errors if the correlation is entered with flow and fluid conditions which are not in the dominant
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regions of the data base. The critical heat flux obtained from the tables is also corrected for
application to a rod bundle geometry as appropriate. The RELAP5 code can thus be used for
analysis of the MNRC thermal and hydraulic performance.

2.0 Reactor Description

The MNRC reactor is a standard design, :natural-convection-cooled TRIGA reactor with the
graphite radial reflector modified to accept the source ends of four neutron radiography beam
tubes. These beams terminate in four separate neutron radiation bays. The reactor core is located
near the bottom of a water filled aluminum tank 2.29 m (7.0 ft) in diameter and about 7.47 m (24.5
ft) deep. The water provides adequate shielding over the surface of the tank. The reactor can be
operated in a steady state mode by either .manua.l or automatic control. The reactor can also be
operated in a square wave or pulsed mode.

The MNRC provides McClellan Air Force Base with the capability to radiograph a wide variety of
aircraft components. The facility includes four radiography bays and consequently four beams of
neutrons for radiography purposes. All bays contain the”equipment required to position the aircraft
parts for inspection. The system is designed to operate 24 hours per day.

To continue to achieve a high utilization factor for the facility, ad@onal missions are being
identified. These include, but are not necessarily limited to, the following:

I . Examination of advanced design turbine blades, both military and commercial.

I . Boron neutron capture therapy (BNCT) research for which an epithemml flux is needed.

. Neutron irradiation of silicon-based solid state materials to improve their properties. This-
application requires a very thermalized flux.

The TRIGA fuel is characterized by inherent safety, high fission product retention, and the
demonstrated ability to withstand water quenching with no adverse reaction from temperatures to
1100”C (2012”F). The inherent safety of this TRIGA reactor has been demonstrated by the
extensive experience acquired from similar TRIGA systems throughout the world.

The nominal operating parameters for the MNRC TRIGA reactor operating at 2.OMW are
presented in Table 1.

3.0 Analysis

As power in the MNRC core is increased, nucleation begins to occur on the fuel rod suifaces and
filly developed nucleate boiling occurs. If the surface heat flux remains below the critical heat flux
(CHF) it is possible to increase the heat flux without an appreciable increase in fuel rod surface .
temperature. If the CHJ? is exceeded, film,boiling occurs and the surface temperature increases
almost immediately to a much higher values and fiel rod darnage will occur. The safe operatioh of
the reactor is dependent upon the operating heat flux in relation to the critical heat flux. The ratio of
the critical heat flux to the peak core heat flux is a measure of the safety margin. A critical heat flux
ratio (CHFR) of 2.0 is normally assumed for a safety limit. In addition, a steady state peak fiel
temperature limit of 750”C ( 1382”F) is used.

A phenonomon refered to as “chugging” has been observed to occur in operating TRIGA reactors
(Reference 7). If steam bubbles coalesce in the hottest cooling channel to form a void, the negative -
void coefficient abruptly reduces the reactor power. At the lowered power level, the steam void
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collapses returning the reactor power to the original level and the process is repeated. The vapor
led to estimate the potential for “chuggin{”
2MW

void ‘ad liquid su-kooling wer~ exan
Maximum steady-state power
Neutron flux - -
Fuel type
Fuel-moderator material
Uranium content
Uranium enrichment
Length of fuel
Diameter of fuel element
Diameter of fhel meat
Cladding material
Number of fuel elements
Excess reactivity
Cold-hot reactivity loss
Reactivity loss for equil. xenon
Number of control rods
Total reactivity worth of rods
Reactor coolh”g

10IJrdcmz-sec
GGA
U-ZrH1,~-17
8.5 to 20 wt. %
Up to 20% U-235
38 cm ( 15 in) overall
3.75 cm ( 1.478 in) OD
3.65 cm (1.435 in) OD
0.051 cm (0.020 in) 304 SS
-80-120
up to $9.50
-$4
-$2.7
4-6
$10-$18
Natural convection of pool water

.

Table 1 Nominal Design Parameters

The RELAP5 modelwsed in the MNRC analyses is shown in Figure 1. The model specifies pipe,
branch, or single volume components for all major regions of water between the lower grid plate
and the upper water surface. These components are connected by jimctions as required. Heat
structures are defined to simulate the fuel in the average core and hot channel. The hot fluid
channel is conservatively assumed to be connected only to rods with the hottest fuel rod power. _
Pipe components are divided into a user specified number of volumes. In-the core region where
the axial distribution is important, pipe components with 9 axially distributed volumes were used
for the average and hot channel regions. Branch components contain a single volume with a user
specified number of junctions connecting to other components. Branches were used to model the
unfieled rod regions directly above and below the active core. Single volume and single junction
components were used to model the balance of the system.

The primary loop including the N-16 diffuser was also modeled. Time dependent and single
junctions were used to model the flow from the upper reactor tank and the return flow to the
diffuser region and lower tank. The diffuser flow was assumed to be 2070 of the total primary
flow. A time dependent volume was used to reference the entire model to atmospheric pressure.

The net driving force for flow within the MNRC tank is the difference between the net buoyancy of
the water heated in the core and the friction within the flow paths. Both are computed implicitly by
the RELAP5 code. The friction losses consist mainly of the wall friction within the fuel pin flow
channels and form losses in the upper and lower grid regions. Friction in other flow paths are
computed but are small due to the low velocities. The wall friction is computed directly within
RELAP5. The form loss coefficients for the upper and lower grid regions are supplied as input--to
the code and were computed from data presented in handbooks for similar geometries. The
calculated loss coefficients are significantly larger than those used by General Atomics (Reference
5) in their analyses. The conservative computed values were used for the reactor thermal and
hydraulic analyses.
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Figure 1 MNRC REIAP5 Mociel .,
.’

The steady state fiel temperature depends strongly upon the thermal resistance at the fuel cladding
interface. The resistance was assumed to be zefo as in prior analyses (Reference 1).

The buoyancy of the water in the core hot channel can be influenced by the cross flow-lktween the
hot and average channels. Traditionally the hot and average channels have been assumed to be
completely separate (no cross flow) because of the very narrow spacing between the fuel rods.
The RELAP5 code provides a means for estimating the effects of cross flow between the hot and
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average flow channels. The cross flow effect is expected to be very small, and it is impossible to
assess the accuracy of computed cross flows. Scoping calculations with RELAP5 showed cross
flow to have no effect on fiel temperature and to slightly increase the critical heat flux ratio. Thus,
cross flow is conservatively neglected in this analysis.

Benchmarking consisted of comparing the RELAP5 results to measured fuel temperatures and to
the results of calculations performed by others. Core loading data and measured fhel temperatures
for a Bangladesh reactor of a similar design as MNRC were obtained from General Atomics. The
RELAP5 calculated fuel temperature of 425 “C compared very well with the measured temperature
of415 “C. The RELAP5 results were also found to compare favorably with values reported in the
Safety Analysis Report for a nearly identical reactor, Torrey Pines (Reference 6).

3.1 Steady State Results

The RELAP5 model described above was used to evaluate the thermal and hydraulic performance
of the MNRC during steady state operation at a power level of 2.OMW. The power distribution in
the model corresponds to worst case conditions. This is a loading with the control rods lowered
1/3 of their travel from the fill up position. The axial peaking factor was 1.33. The core was
assumed to have 101 fhel elements with the hot I%elrod operating at 33.2kW for a radial peaking
factor of 1.68. The total peaking factor (axial* radial) was 2.23 which is higher than the 2.0
assumed in prior SAR analyses. The radial power distribution in the fuel was assumed to be
uniform. The temperature dependent fuel thermal properties were obtained from Reference 4.
Two calculations were performed. The power level and core inlet temperature were assumed to be
at the limiting operating power of 2.3 MW and 35°C respectively for the first case and at nominal
operating conditions of 2.0 MW power and 32.2°C irdet temperature for the second case.

The steady state resuhs are presented in Table 2.

The minimum critical heat flux ratio of 2.51 is much higher than the values calculated in prior
safety analyses because of the very conservative correlations used in the past. The current value
indicates that a significant margin exists between the proposed operating power(2MWt) and the
power which would result in exceeding the critical heat flux. The magnitude of the critical heat
flux is dependent upon local fluid conditions as well as channel inlet conditions and power. The
change in magnitude as power increases is, thus, not linear with power and the critical heat flux
correlation cannot be used directly to determine the CHFR. It is not practical to perform numerous
RELAP5 analyses to determine the power level at which the CHFR would exactly equal 1.0 as was
done in prior analyses(Reference 1). An alternate approach was chosen in which a calculation was
performed to show that fdm boiling will not occur at a power significantly above the new operating
power. A calculation at 3.0 MWt resulted in a CHFR of 2.0 and a maximum ikel temperature of
870”C. This calculation demonstrates that even when operating at power which resul& in the
steady state fuel temperature above the 750”C limit, some CHFR margin exists. Operation at
3.OMWt is clearly not acceptable even though film boiling is not predicted to occur. The predicted
outlet fluid temperature at 3.0 MWt was at saturation and a void’ fraction of approximately 15%
occurred. This is expected to result in fluid channel “chugging” which is known to cause power
fluctuations in TRIGA reactors. .,

All other reactor parameters in Table 2 are acceptable. The predicted fuel temperature is well below
the 750 “C limit. ,

The calculated axial fluid temperature and void distribution are shown in Figure 2. The calculated
coolant outlet temperature is subcooled and, thus, the predicted voids are expected to condense
immediately after detaching from the fuel rod surface. Chugging and the resultant power
fluctuations are, therefore, not expected to occur. If the power fluctuations were to occur, they are

\
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Parameter At Limiting Inlet At Nominal Inlet
Temperature (35°C) and Temperature(32.2 “C) and Powex

Power (2.3MW) (2.OMW)
>iameter of Fuel 3.75 cm 3.75 cm
~lement
.ength of Fuel 38.1 cm 38.1 cm
;lement
qow Area 546 C@ 546 Cti
-Iydraulic 1.86 cm 1.86 cm
)iarneter
ieat Transfer 4.53 rn2 4.53 rn2
hrface Area
nlet Coolant 35.0 ‘c 32.2 ‘C
Temperature
kit coolant 106”C 103 ‘c
temperature
Jpper Pool 66°C 57 “c
temperature
;oolant Mass 7.7 kg/see 6.7 kghec
:Iow
~vgFuel 373°C (hot pin) 341°C (hot pin)
‘temperature 273°C (average p~) 254°C(average pin)
faximum Clad 146 “C 144 ‘c
,urface
‘temperature
!laximum Fuel 705 “c 630 ‘C
‘temperature
~vgHeat Flux 50.8 W/C& 44.2 w/cm2
flaxHeat Flux 113w/crn2 98 W/C~

[ot Channel 4.070 2.0%
M.IetVoid
~oreoutlet 8 “C ll°C
dxooling
Iinimum CHF 2.51 2.94
:atio

.
., .

not a safety consideration and could be eliminated by adjusting the reactor operation.

Table 2 Steady State Results
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Figure 2 Steady State Temperature and Void Distribution

4.0 Conclusions

The RELAP5/Mod3. 1 computer program has been used to successfully perform thermal-hydraulic
analyses to support the Safety Analysis for increasing the MNRC reactor from 1.0 MW to 2.0
MW. The calculation results show the reactor to have operating margin for both the fiel
temperature and critical heat flux limits. The calculated maximum fuel temperature of 705 “C is
well below the 750 “C operating limit. The critical heat flux ratio was calculated to be 2.51.
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