
RECENT OBSERVATIONS ON THE APS STORAGE RING USING
\

SYNCHROTRONS RADIATION MONITORS*

M. Borland, L. Emery, A. H. Lum@in, N. Serene, and B. X. Yang
Advanced Photon Source

~~C5JV~D ~~~~~a~ni~a;~zf~

Cfp 2 ~ @ Argonne, IL 60439 USA

The Advanced Photon Source (AI%) 7-GeV storage ring
and our synchrotrons radiation diagnostics have matured
noticeably in the past year. The monitors now include infor-
mation from two separate bending-magnet sources (one at a
dispersive point in the lattice) as well as a 198-period diag-
nostic undulator. Data logging via EPICS of the observed
transverse beam size is coupled with the measured lattice
parameters to calculate emittrmce on-line as well. Irtforma-
tion on the beam emittance (7 * 1 nm rad) in both the stan-
dard lattice and a low By lattice, the vertical coupling (1 to

4%), and beam position and jitter are logged. In addition,
measurements of divergence, (3 to 7 juad), beam bunch
length (- 35 ps), and even effects of the moon’s gravity on
the source point image position have been performed.

1 INTRODUCTION

As the Advanced Photon Source (APS) storage ring (SR)
has matured, our diagnostics captillitics using optical syn-
chrotrons radiation (OSR) and x-ray synchrotrons radiation
(XSR) have also been developed. In the 1997-98 period, we
have supplemented our initial bending magnet source point
imaging lines [1,2] with the recent commissioning of trans-
port lines for a diagnostics undulator and another bending-
magnet source at a zero dispersion point in the lattice.
Within this period, the SR lattice has also been adjusted for
a reduced vertical (3value in the straight sections to accom-
modate a small-gap (5 mm) insertion device vacuum cham-
ber in one area of the ring. The tests on vertical coupling
and beam divergence were checked with our full comple-
ment of source points. On-line data logging of the beam’s
transverse size and the calculated emittance based on the
measured lattice parameters was done under user condi-
tions. Improvements in the x-ray pinhole camera hardware
and image analysis have allowed tie detection of the effects
of the moon’s gravity on the SR effective orbit circumfer-
ence. This phenomenon has been previously reported using
a laser polarimeter at the LEP storage ring [3] and using rf
BPMs [4] at the APS storage ring.

●Work supprmed by U.S. Department of Energy,Officeof Basic
EnergySciences, under Contract No. W-31-109-ENG-38.

2 EXPERIMENTAL BACKGROUND

The APS storage ring diagnostics have been summarized
in more detail elsewhere [5], and the initial OSR diagnos-
tics results were described at PAC’95 [1]. The basic acceler-
ator parameters for diagnostics are listed in Table 1. The
fundamental rf frequency is 351.9 MHz with a harmonic
number of 1296 in the 1104-m-circumference ring. The rev-
olution period is 3.68 ps with a tninimum bunch spacing of
2.8 ns. Our most used fill patterns include a train of 6 con-
secutive bunches (used for rf BPM electronics) and then
sets of 25 triplets about 100 ns apart or 22 singlets about
150 ns apart. Three source points for synchrotrons radiation
are now imaged: two bending magnets and one insertion

device. The natural emittance baseline is 8.2 nm rad.

Table 1: Accelerator Parameters for Diagnostics in the
Storage Ring Baseline Design Lattice

Parameter
Storage

Ring

Energy (GeV) 7

Natural emittance (run rad) 8.2

rf fkq. (MHz) 351.93

Harmonic no. 1296

~ Design max. single-bunch current (mA) 5

Nominal multibunch current (mA) 100

Bunch length (2c) (ps) 35-1oo

Transverse beam profiles and bunch lengthshave been
measured using both OSR and XSR imaging techniques. In
the case of transverse beam size, the visible light pick-off
mirror is a single Mo surface whose central region is shad-
owed from the intense x-rays by a water-cooled copper
tube. The visible light is transported out of the tunnel to an
optics room. The standard charged<oupled device (CCD)
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ABSTIWCT

‘IVO realistic benchmark problems are defined and
used to assess the performance of coupled thermal-
hydraulic and neutronic codes used in simulating dynamic
processes in VVER-1OOO and RBMK reactor systems.
One of the problems simulates a design basis accident
involving the ejection of three control and protection
system rods from a VVER-1OOO reactor. The other is
based on a postulated rod withdrawal from an operating
RBMK reactor.

Preliminary results calculated by various codes are
compared. While these results show significant differ-
ences, the intercomparisons performed so far provide a
basis for further evaluation of code Iirnitations and
modeling assumptions.

I. INTRODUCTION

The U.S. and Russian Federation International
Nuclear Safety Centers (INSCS) were established in
accordance with the Joint Declaration of the former Gore-
Chemomyrdin Commission adopted during the Sixth
Session in 1995. The centers provide avenues for cooper-
ation in the areas of nuclear operational safety
enhancement, nuclear safety assessments, and risk
reduction measures. Various joint projects have been
established by the two centers in order to achieve these
goals. One of these joint projects, which is on “Coupled
Neutronic and Thermal-Hydraulic Codes;’ establishes
R&D collaborations between the two centers on the
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development testing, and application of advanced compu-
tational capabilities for use in operational safety assess-
ments and analysis of potential accident sequences in
Russian and Western reactors. The first phase of this joint
project was completed in 1997 and had as its main objec-
tives the exchange of information on coupled code devel-
opment and testing efforts in the Russian Federation and
the U.S. and the development of specifications for
benchmark problems that can be used in a systematic
verification and validation activity as part of a second
phase which is currently underway. The two Centers have
recently developed a joint two-year plan that specifies
activities in coupIed code capability enhancement and
efficiency improvement code verification through joint
execution of benchmark tests, and identification of
relevant experimental measurements (and their specifica-
tions) that could be used for future work on code
validation.

In this paper, we present the results of ongoing
benchmarking activities in the second phase of the joint
project. These benchmarks address dynamic phenomena
in Soviet-designed VVER and RBMK reactors. ‘Rvo
benchmark cases have been selected for presentation in
this paper. The first of these two problems defines a postu-
lated unprotected rod ejection event in a WER-1OOO
reactor at a low power level and beginning of life condl-
tions. The second is a rod withdrawal event in an RBMK
reactor operating at nominal conditions.

The descriptions of the benchmark problems are
provided in Section II. Section III contains brief descrip-

,
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ticms of the coupled neutronic and thermal-hydraulic
codes used by benchmark participants for analyzing the
problems. The preliminary results currently available are
presented in Section IV. The paper ends with a discussion
on future plans for this benchmarking activity.

II. BENCHMARK PROBLEMS

A. VVER- 1000 Problem Description

The VVER- 1000 problem defines a hypothetical
ejection of three control and protection system (CPS)
rods without scram from the core of a VVER-1OOO
reactor operating at 10% nominal power and at beginning
of life. The benchmark problem is based on a scenario
similar to the design-basis accident case recommended
for consideration during the substantiation of the safety
of VVER-reactor plants. The problem, which is specified
by the participant from AtomEnergoProekt (AEP), is
intended for verification and validation of the codes used
for coupled, full-scale dynamic simulation of VVER-
1000 reactors. Figure 1 displays the core layout and CPS
rod positions. The rods in the three shaded locations are
assumed ejected. This ejected rod configuration is
selected in order to produce a non-symmetric three-
dimensional flux field in the core during the transient.

In addition to the core layout data of Fig. 1, the
benchmark problem also specifies other data pertaining to
the geometric, neutronic and thermal-hydraulic character-
istics of a VVER-1OOOreactor. These incIudtx

● Dimensions of the core, fuel assembly, and fuel
and control rods.

● ‘JSvo-neutron group cross sections and their
dependence on bumup, critical boron concen-
tration (CBC), fuel temperature, coolant temper-
ature and density, and control rod state.

● Six delayed-neutron group and 24 decay-heat
group data representative of the VVER-1OOO
core state,

● Albedo. boundary conditions that accurately
reflect the neutron leakages radially and axially
out of the core.

● Core inlet and outlet temperatures and system
pressures and coolant flow rate, which are
boundary conditions for the thermal-hydraulic
calculations.

9 Variation of fuel and cladding thermal conduc-
tivity and heat capacity with temperature.

The calculation results requested for this benchmark
problem include:

● critical boron concentration,
. power distribution for the initial steady state,
. time evolutions of the total power and power

distribution,
. coolant temperature and density distributions,
. and average and maximum fuel temperatures.

B. RBMK Problem Description

The RBMK problem is based on a postulated rod
withdrawal event starting from an operating state of unit
3 of the Smolensk nuclear power plant; the control and
protection systems are assumed to function as designed.
The nominal power of this unit is 2877 MW. The
benchmark problem was specified by participants from
the Research and Development Institite for Power
Engineering (RDIPE) and RRC Kurchatov Institute (ICI).
Being a full-scale neutronic and thermal-hydraulic
model of an RBMK, this problem is computationally
challenging because of the large number of channels.
(The problem contains 2488 fueled and non-fueled
channels. This is a factor of about 10 or more greater than
the number of assemblies in typical PWR and VVER
reactor cores. In addition, the RBMK core height is about
twice or more of these other cores.) Thus, this problem
additionally provides a good test case for demonstrating
the capability of advanced parallelized coupled codes
designed for plant simulations.

The problem specification includes the core loading,
the core burnup distribution, detailed descriptions and
core locations of the control and protection system
control rods and detectors, coolant channel flow rates,
fuel and absorber channel dimensions, and material
densities and properties. The pressure at the steam drum
and the inlet coolant temperature are prescribed as the
boundary conditions for the thermal hydraulic calcula-
tions. Other thermal-hydraulic data include regional
cross-section areas, equivalent diameters, roughness
factors and distributed coefficients of local resistance.
Group cross section data are also provided for the non-
fuel and fuel channels. The cross section dependencies
specified for the fueled channels are bumup state, fuel
temperature and coolant density. The non-fuel channel
cross sections have no feedback dependencies. Delayed
neutron data and group velocities are also provided.

This benchmark problem was designed for either the
separate or combined testing of the neutronic and
thermal-hydraulic modules of coupled codes employed
for analyzing RBMK reactors. For tiis reason, the
probIem is divided into three stages. The first stage
involves a neutronic calculation using specified cross
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section sets (i.e. no thermal-hydraulic feedback). This
problem stage provides a reference state for comparing
the accuracy of the neutronic codes. The second stage
establishes the initial stationary state for the transient.
This stage requires coupled thermal-hydraulic and
neutronic iterations for the convergence of the steady
state neutron, temperature and density fields. The final
stage involves the coupled neutronic/therrnal-hydraulic
calculation of the rod withdrawal transient. Here it is
prescribed that the rod is withdrawn at the speed of 0.40
trds with the protection systems functional. Very
elaborate descriptions of the core power monitoring
detectors and CPS rod operations are provided for
modeling this stage of the benchmark problem.

The requested benchmark results include
● multiplication factor, ~ff,
● radial and axial power density distributions and

peaking factors for the initial stationary state,
● transient reactor power evolution,
● time variations of fiel and cladding temperature

in certain channels,
● temporal evolution of the inlet flow rates in

certain channels, and
● control rod axial positions in certain channels.

III. COUPLED CODES USED BY PARTICIPANTS

The codes employed for analyzing these benchmark
problems are those currently in use by participants in the
INSC joint project.

The SAS-DIF3DK1 code was developed at ANL for
analyzing a wide range of dynamic situations in thermal
reactor systems. The code currently consists of a nodal
neutron kinetics model coupled with a core channel
thermal-hydraulics model which uses a five-equation
treatment for two-phase coolant dynamics. This code,
though still under development has been shown to
provide a robust capability for modeling different types
of thermal reactor systems.

The TENAR2 code is designed for simulating
coupled reactor dynamics and safety problems. The code
uses the KOW4T3D finite-element neutronic model for
the solution of the muhigroup, multidimensional,
neutron diffusion approximation and the RATEG module
for the solution of the two-velocity, two-temperature,
multi-channel thermal-hydraulic approximations.

The RAINBOW3 code is a systems code designed
for simulating dynamic processes in reactor plants of the
VVER design, The core and primary and secondary

circuits of a VVER reactor plant are modeled by the
code. The neutronic module of the code uses the finite
difference approximation with large nodes for solving the
time-dependent, two-group neutron diffusion equation
and the precursor concentration equations. The thermal-
hydraulic module for the reactor core models coolant
dynamics using the one-dimensional, homogeneous flow,
incompressible liquid approximations.

The STEPAN-KOBRA4 code solves the coupled
neutronic and thermal-hydraulic equations for the RBMK
reactor. The time-dependent, multidimensional, two-
neutron group diffusion equations are solved in the
STEPA.N module, using the finite difference approxi-
mation. Typically, one radial node is used per each
RBMK channel and between 16 to 32 axial nodes are
used along the axial direction. The KOBM thermrd-
hydraulic code uses the non-equilibrium, homogeneous
model for determining the coolant condition.

The DINA-SERPEN@ code system solves the time-
dependen~ one or two-group neutron diffbsion equations
using either the finite difference or nodal option in the
DINA module. The SERPENT module is a general
purpose code that is used for calculating the balance of
phnt of a water cooled nucIear plant. The code contains
different order approximations for the soIution of the
coolant hydraulic problem.

IV. PRELIMINARY RESULTS

A. Results for TWER-1OOOBenchmark Problem

Three different organizations (AEP, VNIIEF and
ANL) participating in the INSC joint project contributed
coupled-code solutions to tlis benchmark problem. The
ANL participants contributed solutions generated by the
SAS-DIF3DK code. The AEP group contributed solu-
tions obtained using the IQMN130W code. The solutions

‘generated using the TENAR code were contributed by the
VNIIEF participants. For the purpose of comparing the
results, the SAS-DIF3DK solution is selected as the ref-
erence.

The critical boron concentrations calculated by the
three groups are very similar, with the maximum
deviation being about 0.9%. This difference is attributed
in part to the fact that the &ff of the critical boron search
was not identically unity is some of the calculations. The
differences in the calculated assembly powers at the
initial state are presented in Fig. 2. The maximumdiffer-
ences between the reference SAS-DIF3DK solution and
the TENAR and RAINBOW codes are 6.5% and 26.4%,
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rcspwtively. These maximum power differences occur in
control rod locations. Similarly large differences were
observed throughout the transient. These differences are
attributed to the different spatial solution schemes used
for solving the neutron diffusion equations. The SAS-
D1F3DK code uses a nodal method with one radial node
per assembly, while the TENAR code uses a finite
element scheme with multiple grids per assembly. The
R41NBOW code uses the finite difference scheme with
one node per assembly, but with an auxiliary correction
scheme to account for heterogeneity effects.

Figure 3 shows the time evolution of the core power
calculated by the three groups. The initial power rise,
which resulted from the ejection of the three CPS rods,
was limited and terminated by feedback effects of the
heated fuel and coolant. The time evolutions of the
maximum and average fuel temperatures are compared
in Figs. 4 and 5. The observed differences in the
computed transient quantities are due to the differences in
the calculated ejected rod worth and reactivity
feedbacks, which resulted from the different flux and
power distributions calculated by the codes.

B. Results for RBMK Benchmark Problem

Preliminruy results for this benchmark problem have
been provided by RDIPE (using the DINA-SERPENT
code), KI (using the STEPAN-KOBRA) code, VNDEF
(using the TENAR code), and ANL (using SAS-
DIF3DK). As a result of the complexity of the
benchmark problem, additional discussions, analysis and
comparisons of results are required before the final
solutions can be reported, The calculated K, and peaking
factors for the first two stages of the benchmark problem
are summarized in Tables 1 and 2. The largest deviation
in the lG.ffof the initial state (over 1.3% delta-k/k) was
recorded by the TENAR code. This large difference is
attributed to possible misinterpretation of the benchmark
problem or input error. Additionally, while the STEPAN-
KOBRA and DINA-SERPENT codes give very similar
values for the axial peaking factors of stages one and two,
the differences in the calculated radial peaking factors are
about 30% and 13% for stages one and two, respectively.
The causes of these differences are being investigated.

In stage three (transient) calculations, the maximum
channel power difference between STEPAN-KOBRA and
DINA-SERPENT is about 18% and the maximum fuel
and cladding temperature differences are about 10%
each. These differences further increase as the transient
progresses. Figure 6 shows the time evolution of the
power in channel 21-25 as calculated by the STEPAN-

KOBRA and DINA-SERPENT codes. The reactor power
initially increases as a result of the rod withdrawal. This
power increase is terminated by the action of CPS rod
motion and feedback. The two codes calculated different
power versus time profiles for this channel. Similarly
large differences are observed in the channel flow distri-
butions and control rod positions. The maximum channel
flow rate difference in the final state is about 20%. Figure
7 displays the differences in the time evolutions of some
of the CPS (LAR) rods as calculated by the two codes.

These differences are probably due to the fact that
the DINA and STEPAN neutronic modules use different
spatial approximations for solving the two-group
diffkion theory problem. The DINA code uses a nodal
approximation, while the STEPAN code uses the finite-
difference approach with one radial node per channel.
Other differences also arise because of the different ,
approximations used in the themml-hydraulic modules.
The breakdown of errors arising from the coupled-code
modules could be studied at a fhture time by defining an
additional problem that de-couples the thermal-hydraulic
calculation.

V. FUTURE Activities

Future coupled-code benchmark activities at the
INSC will stress efforts to resolve the differences that
were identified during the preliminary comparison of the
benchmark results. It is anticipated that further
assessment of the results will suggest needed corrections
or improvements in the benchmark analysis (e.g.
improved convergence), as well as potential refinements
in the code systems themselves. Other pressurized water
reactor and RBMK benchmark problems are also planned
for joint U.S.-Russia analysis. Additionally, work is
underway to provide the descriptions and pertinent data
for these benchmark problems on the INSC website, so
that other organizations can use the benchmarks to qualify
their codes.

VI. SUMMARY AND CONCLUSIONS

Coupled neutronic and thermal-hydraulic bench-
mark problems have been defined as a basis for intercom-
parison of codes available at the U.S. and Russian
Federation International Nuclear Safety Centers. Prelimi-
nary results for two of the benchmark problems defined
by the Russian participants were presented. Further anal-
yses of these benchmaxk problems with U.S. and
Russian codes are ongoing, with final comparison of
results and assessment of capabilities to be completed in
the future.
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It is anticipated that the results from the ongoing
benchmarking activities will help demonstrate the
capabilities and limitations of the existing codes, and
guide further enhancement of code capabilities.
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Table 1: Stage 1 Results (Steady State Without Feedback)

DINA-SERPENT STEPAN-KOBRA . TENAR

Kcff 0.9957 1.00004 1.0133

Radial peaking factor (location) 1.95 (35-65) 1.51 (24-55) 1.61 (35-65)

Axial Peaking factor 1.14 1.13 1.15

Table 2 Stage 2 Results (Steady State With Feedback)

DINA-SERPENT STEPAN-KOBRA TENAR

Kcff 0.99445 0.99988 1.0163

Radial peaking factor (location) 1.68 (35-65) 1.49 (24-55) 1.37 (35-65)

Axial Peaking factor 1.15 1.12 1.9
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Fig. 1.Loading Patternand CPS Positionsfor the VVER-1OOOProblem
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