ya.

/—7

» Los Alamos
NATIONAL LABORATORY
————— (37.0%4) ~

LA-UR-16-27009

Approved for public release; distribution is unlimited.

Title:

Author(s):

Intended for:

Issued:

Validation of Dosimetry Data Using Historic and Recent Measurements on
the Flattop Critical Assembly

White, Morgan Curtis

ND2016 International Conference on Nuclear Data for Science and
Technology, 2016-09-11/2016-09-16 (Brugge, Belgium)

2016-09-13




Disclaimer:
Los Alamos National Laboratory, an affirmative action/equal opportunity employer, is operated by the Los Alamos National Security, LLC for

the National Nuclear Security Administration of the U.S. Department of Energy under contract DE-AC52-06NA25396. By approving this
article, the publisher recognizes that the U.S. Government retains nonexclusive, royalty-free license to publish or reproduce the published
form of this contribution, or to allow others to do so, for U.S. Government purposes. Los Alamos National Laboratory requests that the
publisher identify this article as work performed under the auspices of the U.S. Department of Energy. Los Alamos National Laboratory
strongly supports academic freedom and a researcher's right to publish; as an institution, however, the Laboratory does not endorse the
viewpoint of a publication or guarantee its technical correctness.



Validation of Dosimetry Data Using
Historic and Recent Measurements on
the Flattop Critical Assembly

Morgan C. White

NDZ2016 International Conference on
Nuclear Data for Science and Technology
September 11-16, 2016, Bruges, Belgium

.

« Los Alamos



= 3 -
L w” ”’% :
e . . s ]

C—

7

DE I’E&'LAMI 0/
SummicAngliz
C!‘\CEL!‘ AR 1T/

Redra

Lovmx: o ‘

/’? sicace /] -
(& ;
- *,U

Many shall pass too and fro
and knowledge
shall be increased

Francis Bacon's Novum Organum
(1620): Straits of Gibraltar flanked by
the colossal pillars of Hercules.

Plus Ultra
there is more beyond

(motto of the great scientific pioneers

of the 16th & 17th Century)

*Slide thanks to Mark Chadwick (LANL)
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Abstract

First assembled in March 1958, the Flattop critical assembly remains one of the mainstays of
critical assembly experiments today. As such, it is likely the longest running suite of critical
experiments ever fielded on the same machine. A nearly infinitely thick, spherical natural uranium
reflector surrounds a central cavity where various fissile cores can be placed. Flattop-25 (or just
Flattop) is the most well-known configuration using a highly enriched uranium-235 core; Flattop-
Pu and Flattop-23 use plutonium (6% Pu-240) and uranium-233 cores. Three large control rods
and multiple mass adjustment buttons allow for substantial variation in reactivity control. A glory
hole traversing one side of the reflector and the full width of each core enables access to many
neutron spectra. One of its primary roles of this assembly has been to provide standard neutron
fields for activation irradiations. The first irradiation performed using Flattop, similar to many
recent measurements, was a set of actinide irradiations to study cumulative fission product
yields. Activation measurements of standard dosimetry reactions have also been taken at many

times over the years. These measurements have influenced decades of nuclear data
evaluations, particularly the ENDF/B libraries, and have been used for validation of, among
others, the IRDFF international dosimetry libraries. In this study we explore the rich history of the
measurements and modeling of this assembly to see what new lessons we can learn from this
unique resource. In particular, we examine the consistency of measurement results over the
years and aspects of the uncertainties of the measurement and modeling techniques used for
these comparisons.

.
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The Nuclear Data Pipeline.

Differential o
Experiments ==z s The pipeline is
cr s ¥ e - long, complex

Compilation = = and has feedback

Nuclear Theory loops that are not
g_\ always evident.

Evaluation Bl

Processing Sl Ems

Validation

Applications




Applications rule the day.

Making a general purpose nuclear data library is difficult.

The ENDF/B nuclear data library is intended to be
valid for use in a wide range of applications.

Nuclear data evaluation adapts the best
experimental data and theory.

This includes both differential and integral data.

Evaluated data survive in a Darwinian-like
competition of the fittest™. (*Best fit is subjective.)

Nuclear data’s dirty secret is that we allow key data
from integral benchmarks and applications to
strongly influence this process. a

« Los Alamos
G NATIONAL LABORATORY



Applications
Nuclear Energy
Nuclear Astrophysics

Nuclear Medicine

Nuclear Security




Nuclear data are essential to nuclear reactor
design, fabrication, operation and disposal.

7y

Steamline
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| Coolant et emegenuar|1OW CArbON alternative.

P Structure Supply Systems

*Graphics US NRC and the Simpsons.
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Nuclear data are essential to our understand
the origins of the universe.

thermonuclear burning processes in the cosmos

126 &)
_am -
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- appl % Fission's. ..z
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Ll ..I
% »” supern
Ip-process -V upernova

I-process

=" s-process

-
NO Cy ¢ J
g n,
N AN — 1)
i 2 eutrons " ‘
= EM;SBIG“BANG (B* v, EC)
Bang

Timmes, Schatz, Smith, Wiescher, Greife 2005

*Graphics ORNL Astrophysics Group.
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Nuclear data are essential to develop,
produce and use nuclear medicines.

10s of millions of

patients undergo

treatment involving ’/\
nuclear medicine

every year. And that

number is growing.

NBCNEWS.COM

: -
*Graphics LANL Isotope Program & NBC. /F)
i Los Alamos




Nuclear data are essential to detect, develop,
maintain and dispose of nuclear weapons.

= As long as there are nuclear weapons in the world, the U.S.
Is committed to sustaining a safe, secure, and effective
nuclear deterrent.

= Proliferation poses a great risk. In a world with nuclear
weapons, safeguards, non-proliferation treaty verification and
counter-proliferation are essential.

Many of our experimental techniques and neutronics
capabilities trace their origins to the Manhattan project.

= |n the 1950s, it was decided that fundamental nuclear data
should be placed in the public domain.

.
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Common goals:

Boltzmann Equation
neutron reactivity
criticality safety
radiation shielding

Bateman Equation
Isotopic transmutation
waste disposal
dosimetry

*Graphic D. Brown (BNL)
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How critical assembly influence
nuclear data library...




First, do no harm.
-- Mark Chadwick, ENDF/B Evaluation Chairman

Skip Kahler’s 1187 benchmark suite...

Stephanie Frankle’s 119 benchmark suite...

07 % ENDF/B-VIII.0 § 1
] o— . : ; i [Mean = 1.0024
g RN s s | s
k] N ; i e i :
B 0.5 0 S SO SO I S
& Z g — : :
- (O . H
2E o3
w O
R 02 e o
= 3 ENDF/B-VII.1
. i i |o = 0.0059
0.0 i i S i i
v vi.8 VILO Vil e D e
ENDF Version . ; , * ' '
i ! .
FIG. 1. Calculated/measured root mean square deviation (in i e A G
%) from unity for nuclear criticality, kes, for a suite of 119 crit-
ical assemblies, as a function of ENDF library version number. 0 ; i m Ss o ;
0.97 0.98 0.99 1.00 1.01 1.02 1.03

CIELO paper (DOI: 10.1016/.nds.2014.04.002)

Histogram Comparison of Cross Section Libraries

MCNP k., / Experiment kg,
Paul Mendoza (Texas A&M, 2016 summer student LANL)

ENDF/B-VIII.0 Beta 1 shows a clear bias to over
estimate neutron reactivity. More work to do.

* So does ENDF/B-VII.1, though it

is better.
« Los Alamos
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The broad view...

K-eigenvalue Ratio vs. Benchmark Number

ENDF/B-VIII.O 5 1
- I ! ' l T I Y ! T T T
1.02F-------memeie-

g M TRy
1.0140. .. PROM RIS Ve SRR O A T TRISNS USSR
1.00 0% : ' :

0.99F ... _

VR:Y:] AR SRS R . _ , _ _ _ , , ,
0.96 ' i ' i ' i i i i i

1.03 ' ' ' _ . . ' '
T R S e
1.01 - : : : : : : : : ‘ : ' :
1.00 SRR %

0.99F ooy : : . : :
e R . L ;
%% 100 200 300 400 500 600 700 800 900 1000 1100

Benchmark Number

MCNP k.. / Experiment kg,

* From Paul Mendoza report LA-UR-16-26595 & -26661
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What has changed...

K-eigenvalue (MCNP) Ratio vs. Benchmark Number
MCNP Calculated values

! ! ! !
) ' ' )

1.03 , ! !
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® ® PU-MET-FAST

@ @ PU-MET-INTER
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: : : ; : : : : : : {|© © U233-MET-FAST
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* From Paul Mendoza report LA-UR-16-26595 & -26661
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Are there trends...

Calculated Eigenvalues with ENDF/B-VII.1 Cross Sections

kess C/E

1.0100 ; ; ; ; ;
1.0075 f----------- b bomooooees bommomoooos bommoooooos bommommeos
1.0050 Ei---------- e Pom-o-noos e ool
O i i i i
O ! o ! ! !
1.0025 f------- EI":L ----------- :L ----------- :L ----------- :L ----------- :L -----------
‘- L0 g ! :
i i i l;] = i
. i i : "
10000 e e — o | W "
i i i | :
! ! ! ! =
0.9975 [------n----- s R e T T
! ! ! ! |
LTI E— R R S S S
0.9925 |[----=-=---- bommene e bommenee e R R R
e71 23°Pu mf3/mt18 background cross sections have been deleted.
0.9900 S O i
0.0E+00 2.5E+05 5.0E+05 7.5E+05 1.0E+06 1.3E+06

Energy of Average Lethargy causing Fission, eV

* From Skip Kahler report LA-UR-16-23419

Yes.

W PMF1, Jezebel
W PMF2, "dirty" Jezebel

B PMF22, bare sphere (8, 98%)
[ PMF29, bare sphere (o, 88%)
[0 PMF9, Sphere w/Al

[0 PMF23, Sphere w/Graphite
[0 PMF28, Sphere w/Fe

@ PMF6, Flattop-Pu

O PMF5, Sphere w/W

O PMF18, Sphere w/Be

O PMF19, Sphere w/Be

There is an obvious
positive bias in
ENDF/B-VII.1 Kegic
for the PMF class
as a function of
decreasing average
fission energy.

[0 PMF24, Sphere w/CH2
PMF44.3, Sphere w/Be & CH2

OPMF44.1, Sphere w/Mo & CH2

O PMF44.2, Sphere w/Fe & CH2

B PMF44.5, Sphere w/C & CH2

O PMF44.4, Sphere w/Al & CH2

[0 PMF31, Sphere w/CH2

® PMF11, Sphere w/H20

[ PMF27, Sphere w/CH2

OPMF16.x, 3x3x3 w/H20

1.5E+06
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Key calibrations introduce compensating errors that are hiding
non-unique solutions. No one seems to have “the answer”.

Impact of nuclear data components
on neutron reactivity.
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B. Morillon et al. (CEA,DAM,DIF), Status of 235U CIELO Evaluation,
from presentation to SG40 at the May 2015 WPEC meeting.

Critical assembly
benchmarks provide very
tight integral constraints

Examining the difference in
how two nuclear data
evaluations perform in such
validation exposes
differences in the underlying
differential data

= There are many ways to match the constraints we have.
= Discrepancies in the data allow for subjective expert judgments
that often result in solutions that are themselves discrepant.

= Untangling this requires the creation of advanced techniques to
measure data in new ways and the study of historic measurements
to illuminate and understand previously undiagnosed errors.

« Los Alamos
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Can activation data be used to help?

Calculated / Measured

1.50
® 239Pu(n,f) 0 239Pu(n.f) O 237Np(n.f)
@ 238U(n,f) 0 238U(n,f) W 238U(n,2n)
0238U(n,2n) 0203Tin,2n) 0O169Tm(n,2n)
0191ir(n,2n) 0197Au(n,2n) 0 204Pb(n,2n)
0 75As(n,2n) 0902Zr(n,2n) ©325(n,p)
AS51V(n,a) : ' :
1,25 |[---cmeemeeeeees S e e S e e
100 [N I PR N, RIS,
- Actlvatlons |n uranlum systems
“Closed" data points are from Godiva, ' '
“Open” data points are from Flattop-25 - -
N D D D  ENDF/B-VII.1
0.0 25 5.0 7.5 10.0 12,5 15.0

Average Reaction Energy, MeV

Figure 4, Kahler ISRD2015 (DOI: 10.1051/epjconf/201610604007)

Assembly

Reaction Calculation Experiment
GODIVA

2387(n,2n) 7.84E-3 + 13% 7.73E-3 + 4%
Flattop-25

238U(n,2n 7.08E-3 + 13% 6.94E-3 + 4%

1.70E-3 + 13%
1.78E-3 + 3%
1.76E-3 + 12%

1.52E-3 + 6%
1.47E-3 + 4%
1.89E-3 + 4%

197 Au(n,2n 1.43E-3 + 5% 1.61E-3 + 3%

204ph(n,2n 1.66E-5 + 12% 1.64E-5 + 6%

S As(n,2n 1.43E-4 + % 1.50E-4 + 6%

07r(n,2n 4.40E-5 + 3% 4.85E-5 + 3%

328(n,p) 3.11E-2 3.06E-2 + 6%

51V(n,a) 1.18E-5 + 12% 1.11E-5 + 6%
Jezebel

2387(n,2n)
169 m(n,2n)

1.32E-2 + 12%
3.72E-3 + 3%

1.06E-2 + 4%
3.13E-3 + 3%

917y (n,2n) 3.76E-3 + 11% 3.21E-3 + 4%
Flattop-Pu

238U(n,2n) 1.10E-2 + 12% 9.02E-3 + 4%

2037 (n,2n) 2.92E-3 + 13% 2.27E-3 + 6%

19T m(n,2n) 3.05E-3 £+ 3% 2.43E-3 + 3%

910y (n,2n) 3.08E-3 + 11% 2.83E-3 + 4%

Table 1 from CIELO paper (DOI: 10.1016/j.nds.2014.04.002)

Nuclear Data Sheets ENDF/B-VII.0, ENDF/B-VII.1, CIELO and many

other articles show many examples of diving into these data.

« Los Alamos
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Should we change Pu239 PFNS or scattering?

Calculated / Measured

1.50

1.25

1.00

0.75

0.50

®239Pu(n,f) "o 239Pu(n,f) ;237Np(n,f) 5
0237Np(n,f) ©238U(nf)  ©238U(n,f) ;
B238U(n,2n) 0O238U(n,2n) 0O203Tin,2n) E
W169Tm(n,2n) D169Tm(n,2n) W 191ir(n,2n) E
01191ir(n,2n) 5 8
----------- o T AR R i . P ———
e% %
Actlvatlons |n plutonlum systems
"Closed" data points are from Jezebel;
"Open" data points are from Flattop-Pu. .
! ! 'ENDF/B-VII.1
e I e s it g e e g
0.0 2.5 5.0 7.5 10.0 12.5

Average Reaction Energy, MeV

15.0

Figure 3, Kahler ISRD2015 (DOI: 10.1051/epjconf/201610604007)
Table 1 from CIELO paper (DOI: 10.1016/j.nds.2014.04.002)

Assembly
Reaction Calculation Experiment
GODIVA
2387(n,2n) 7.84E-3 + 13% 7.73E-3 + 4%
Flattop-25
238U (n,2n) 7.08E-3 + 13% 6.94E-3 + 4%
2037 (n,2n) 1.70E-3 + 13% 1.52E-3 + 6%
169Tm(n,2n) 1.78E-3 + 3% 1.47E-3 4+ 4%
910y (n,2n) 1.76E-3 + 12% 1.89E-3 + 4%
197 Au(n,2n) 1.43E-3 &+ 5% 1.61E-3 &+ 3%
204ph(n,2n) 1.66E-5 + 12% 1.64E-5 + 6%
™5 As(n,2n) 1.43E-4 + 7% 1.50E-4 + 6%
90%r(n,2n) 4.40E-5 + 3% 4.85E-5 + 3%
328(n,p) 3.11E-2 3.06E-2 + 6%
SV (n,a) 1.18E-5 + 12% 1.11E-5 + 6%
Jezebel

2387(n,2n)
169 m(n,2n)

1.32E-2 + 12%
3.72E-3 + 3%

1.06E-2 + 4%
3.13E-3 + 3%

917y (n,2n) 3.76E-3 + 11% 3.21E-3 + 4%
Flattop-Pu

238U(n,2n) 1.10E-2 + 12% 9.02E-3 + 4%

2037 (n,2n) 2.92E-3 + 13% 2.27E-3 + 6%

19T m(n,2n) 3.05E-3 £+ 3% 2.43E-3 + 3%

910y (n,2n) 3.08E-3 + 11% 2.83E-3 + 4%

Nuclear Data Sheets ENDF/B-VII.0, ENDF/B-VII.1, CIELO and many

other articles show many examples of diving into these data.

« Los Alamos
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= |s |t fair to tune our nuclear data libraries to
these data”?

= |s so, when we show such a match, is that
really validation”’

If the data are tuned to achieve these results, it is not a prediction.

= How do we play this game fairly?




Diving deeper, where did the
reaction rate data come from?




Recent reports on reaction rates

(Not complete, but gives you a flavor...)
ENDF-202 1974 CSEWG Benchmark Specifications
-> |[CSBEP Supplemental Info

ENDF/B-VII.0O NDS V107 (10.1016/j.nds.2006.11.001) pp. 3017-3021
Young, U Evaluations NDS V108 (10.1016/j.nds.2007.11.002) Tables 8-14
Reaction Rates ND2007 (10.1051/ndata:07332)

ENDF/B-VII.1 NDS V112 (10.1016/j.nds.2011.11.002) pp. 2970-2971
Integral Testing ENDF/B-VII.1 NDS V112 (10.1016/j.nds.2011.11.003)

The most complete listing to date is given in...
CIELO NDS V118 (10.1016/j.nds.2014.04.002) Appendix A




Where are the original data recorded...

In a box or drawer,
somewhere...

*Thanks to Indiana Jones
Raiders of the Lost Ark

« Los Alamos
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Critical assembly data




The US nuclear data and neutronic simulation
capabilities originated in the Manhattan project.

= The first priority was to measure the fundamental

data — fission cross sections, nubar, and the fission
emission distribution™.

« Given the time pressures, the lllinois Cockcroft-Walton
accelerator, Wisconsin Long Tank (Van de Graff) and the
Harvard Cyclotron were moved to Los Alamos in the
summer of 1943 to make differential measurements.

= As larger quantities of material became available

critical experiments were performed (1940s —
1950s) to provide determine “truth”.

* For example, the very first informal report — LAMS-1, Bennett and
Richards, A Discussion of the Fission Neutron Spectrum.



Our concept of simulations is dramatically
different from the original experimentalists.

1.0E+16
eta -E X
g PR 2 o LAMS-3067 G
o) c = X
O 1.0E+13 - | | |
3 tera 1.0E+12 ? -g HandbOOk X X
. §_ 1.0E+11 h‘—u g l.- ICSBEP
o 1.0E+10 - R = ,
; /) . 2 O o A PN
8 S giga § 10609 E d>) - | | " oo
- E 1.0E+08 " —
g., E 51.0&07 8 g .g ' T 4 “ CSEWG BenChmarkS
.‘g 8— mega ; 1.06406 ‘lt;; M i ® Hybrid cluster
g— u°) 1.0405 O ‘5 ‘ +* \
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O O 1.0E+04 T *» —
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Data libraries came late in this process.

1955 First Edition 1068 ENDF/B.|

BNL-325 Barn Book
\ /

Hardware Systems/(Processors)
Model | | Strela | CDC 6600
Relay Calculator | IBM 650 1st supercomput
| Atanasoff-Berry Computer | IBM 704 | BESM-6
| Z3 | Harwell CADET | DEC PI
| Harvard Mark | | IBM 305 RAMAC ID
| Relay Interpolator | IBM 608 D
| Colossus |UNIVAC Il
| ENIAC | AN/FSQ-7 - largest
| IBM SSEC computers ever built
| Manchester SSEM | IBM 1401
| Manchester Mark 1 | DEC PDP-1
| Ferranti Mark 1 | CDC 1604
first commercial computer | | |BM 7030 Stretch
| LEO | - first business computer | ATLAS
| UNIVAC | | ReserVec
| Whirlwind | DEC PDP-6
| UNIVAC 1101 | IBM 360
| IBM 701 | DEC PDP-8

1940 1950 / 1960 1970

1957 Fortran-1

« Los Alamos
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During the development of the bare critical
assemblies, experiments ruled the day.

= Early experiments hand stacked simple shapes — plates,
shells and cubes — until 1945-6 criticality accidents

prompted move to remote operations.

= First general purpose machine TOPSY ~1947
« Followed quickly by ELSIE, COMET and PLANET
«  TOPSY/ELSIE used cubes with/without thick reflectors
«  COMET/PLANET were lift assemblies with materials to order
- Established criticality safety limits for other operations
« Used to establish trends (and tune simulations)

= Development of dedicated assemblies 1950s
- Established bare critical mass of HEU (1951), PU (1954) and U233
- Established (near-)infinite natural uranium reflector (1955)

.

gros i sinos

A



Basic experimental measurement techniques
were still being actively developed...

Early days experimentalists depended on
radiochemistry with alpha and beta counting
using scintillators and ionization chambers.

PMTs Rossi Alpha HPGe(Li)
1930s LA-744 1949 1963
& Yl

1940 1950 1970 \
Early days NIM 1968 CAMAC 1972
expenm.en.tahsts | Nuclear Computer-Aided
were building their Instrumentation - Measurement And Control
own electronics Module B =
EG&G 1947 o  VMEISS

.

« Los Alamos

o Yol ©
re ’t,:. AAAAAAAAAAAAAAAAAA



Isotope identification by gamma-rays without
radiochemistry is hard...

Gamma-Ray Spectra of Natural Background

1.0E+07 -

Plastic Scintillator (no resolution)

1 OE+06 P . High Purity Germanium

’ (excellent efficiency and resolution)
1.0E+05 JL\ : |
1.0E+04

]
[=
8 e
O Sodi , :

1.0E+03 odium lodide (poor resolution)

1.0E+02

Cadmium Zinc Telluride [CZT]
1.0E+01 (very poor efficiency)
1.0E+00 - T T T

0 500 1000 1500 2000 2500 3000
Energy (keV)

*Figure from ORTEC (www.ortec-online.com)
« Los Alamos
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During early experiments, scientists would
hand stack materials...

Configuration of the assembly at
the time of the August 21, 1945
accident that killed Harry Daghlian.

Configuration of the assembly at

the time the May 21, 1946 accident
that killed Louis Slotin.

e Los Alamos
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TOPSY (~1947) First universal, remote
operated critical assembly machine.

~ —SOURCE TUBE

| —r]

o=

MAIN TAMPER = e TR
' ._I_- Qe s |
e e ————— F *
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GLORY HOLE~ '_rEE‘Ll '“:é‘ CONTROL ROD DRIVE”
- : ‘/ : ._T;HMIMQEE )
CORE — ?E ‘I;EE'J EZ _ SAFETY e:.ocx= )
INNER CAN— - ﬁ""/\'“"""’\'\‘"“;j /
% 7
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< pLATFORM ]l - - - )
\ iTvE STOP— l /O) (':’\1
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Fig. 10. Sectional view of a typical assembly operating at delayed critical.

AAAAAAAAAAAAAAAAAA



ELSIE (~1948) Split-core universal, remote
operated critical assembly machine.

TOPSY ELSIE IDEAL

N
N

—_— S

N\

N
N

HEU-MET-FAST-002 and -003 describe
TOPSY and ELSIE assemblies done with cube

LJ materials using their idealized representations.
Do we trust “shape factors™? (LA-1155)

Figure 1. Types of Reflector Assemblies Used i Critical Mass Studies.




TOPSY (~1947) Design Requirements
From LA-1579 June 1953 Review Document

= The design of TOPSY was governed by two requirements
* Protection of personnel and equipment via remote assembly
* Precision — i.e. accurate, reproducible alignment and positioning

= A Dbasic experimental program consisted of...
« Time behavior (Rossi alpha) measurements of neutron lifetime
* Neutron distribution by various detection schemes
* Material replacement studies

= Measurements were a function of control rod calibration with
control rods and mass buttons allowing reasonable $ delta-k

= Measurement campaign was extensive covering a huge
range of nuclear material and reflector combinations

.
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We can measure reactivity in a critical
assembly with incredible precision.

= The Inhour equation is so named because it was only
required to discern whether a reactor increased power x2.71
over an hour (much longer than the longest delayed neutron
group) and this gives a precision on k-effective of a few pcm
(that is, we can measure criticality to 1 part in 100,000)

= First reference to the Inhour equation was published in 1947
as part of a measurement technique for absorption cross
sections http://dx.doi.org/10.1103/PhysRev.72.16

= The early (and modern) logbooks, reports and articles are full
of discussions of critical assembly measurements using
control rod positions, dollars and cents or similar units

.

« Los Alamos
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This methodology requires understanding
the delayed neutron response...

of— — : /,«/—‘ﬂ Need precise Beta-effective
| /A/ dn() _ )1 —58) — 1\
7 /" dt A . (1a)
y / - Z. Nevi Cit) + 7. S(0)
3 y .
f - ——'// | f":d'l‘”. - ‘?f-"i‘-” n(t) = \CAt) i=1,2---6 (Ib)
53 ‘ ' 117 CENTS / CONTROL ROD mcln _— i .
y 7 / e e 1 NSE Vol. 8 pp. 670-690 (1960)
/ Keepin and Cox,
| . il . 1 . General Solution of the
// Reactor Kinetic Equations
ém/,w] = e (Published version of LA-1033)

CONTROL ROD POSITION (INCMES)

LA-1614 Figure 6. Control rod worth for Lady Godiva.
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Possibly the earliest Criticality Handbook

TABLE 1

TOPSY DELAYED CRITICAL MASS DATA

LA-1579 June 1953

Core Tamper
3 _ Mate- 3 Critica
teference Material p(gm/cm™) Shape rial p(gm/cm™) Shape mass (kg
LA-1114 Oy (94%) 18.7 pseudosphere Tu A 19.0 pseudosphere 17.2
(1950) ~ 11" thick %
LA-1251 Oy (67.6%) 18.75 " " " pseudosphere 30.73 g
(1951) 8" thick g
=
" Oy (47.3%) 18.8 " M " pseudosphere 57.28 ©
7-3/4" thick o g
sended ”
" Oy (94%) 15.8 " " b pseudosphere 21“35 -
%" cubes ~ 8-3/4" thick *i G
at 18’7 ooooo: g
. . S
" Oy (94%) 9.35 " " " pseudosphere 39°°3%
1" cubes 7-1/4" thick cosses o
at 18.7 ssee E
LA-1114 Oy (94%) 18.7 " Ni 8.35 pseudosphere 21.20 2
(1950) ~ 8-3/4" thick
Not yet Pu alloy 15.7 sphere Tu ~ 19.0 pseudosphere 5.81
reported (central source ~ 9%" thick

cavity-0.4" diam.)

« Los Alamos
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26; -
T HEERRSESGE & The primary goal was not
: i i fouleiilolid 4 simulation benchmarks.
. " L - Rather, experimentalists
= ool i e sought functional forms relating
f, i : critical mass to, e.g., reflector
S : thickness, fuel density, fuel
220 concentration, etc.
g i §
=
5 i From LA-1251...
|8___ : ,' N i Note: Recent material replacement measurements on an
: .. untamped subcritical assembly lead to the relation
HH — M = const p=2:07+0.15 ,
16 . rm where the expected power of p is -2.00. The corresponding
: : concentration relation is
' M_ = const p~1:7820.15
! 21 . o 10 20 § Details are included in LA-1209 ('"Measurements on Untamped

TAMPER THICKNESS (cm Oralloy Assembly", Orndoff and Paxton, February 8, 1951).

LA-1114 Figure 8.
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Relationships for radiochemistry measurements
were also developed for diagnostics...

0.150

238Y(n,y)/%°U(n,f) Ratio

0.125

=
8

: O Flattop-25, Measured 6
F| O Big-10, Measured
| SABEMMARETEE 3 === Lt
F| ¢ Jezebel, Measured

: O Topsy, Measured

F| ===238U(n,y)/235U(n,f)- Flattop-25, Calculated

0.025 M w 238U(n,y)/235U(n f) - Big-10, Calculated |~~~ sy

28U(n,y)/**U(n,f)
g S

| ==—238U(n,y)/235U(n,f) - Flattop-Pu, Calculated
[| & 238U(n,y)/235U(n,f) - Jezebel, Calculated

0.000

0.01 0.10

238U(n,f)/%*5U(n,f)

NDS Vol. 112 p. 2887 “ENDF/B-VII.1 Big Paper” Figure 58
See also Figure 93 and many others
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Details are hard to find, most of the documentation
found is previous summaries.

On February 20 and March 13, 1901, experiments were performed on the
Flattop assembly (U=® with Y=38 tamper) which involved the irradiation

of foll packets located et various radial positions in the assenbly. The
folls used were of the same material and thicikness as those described in

"

Radiochemical Experiments on the 17<°°

J=11 Memo Jezebel Assembly” Sept. 9,
1961. For brevity in the following discussion the run of February 20, on

which Flattop was operated for 270 minutes at an extimated power level of 200 W
is designated as Run G4, and the run of March 13, for 30¢ miAJtcs at 200 ¥

designated as Run 9.

Browne. J-11, March 7, 1962, Radiochemical Experiments on the Flattop Assembly.

« Los Alamos
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Flattop Logbooks are all accounted for. But the
details available are scarce...

WAL Flattop
- Logbook
— Vol. 1 p. 60

ABORATOR




Useful notes “g.h. solid... 1 M.A. button — Full Cap”

Flattop Logbook Vol. 1 p. 60

“e LOS Alamos
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Useful notes foil positions and stacking order.

Flattop Logbook Vol. 1 p. 60
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Useful notes “1/2 power”, irradiation start and stop time,
“D.C.” with control rod positions (but not which one) and
total temperature rise during irradiation .

Flattop Logbook Vol. 1 p. 60
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TSourcc fulo ¥ €
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Moniton Respoase | 22 | di st ndc o ok ol | |
"Tand Scrams % 41 b
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Driid
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. | 135<lo " | | 125405 :
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o v 238 3
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Probably used “Rod F” for control of both irradiations.

Flattop Logbook Vol. 1 p. 65
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Can cross check the positions of the foils...

Foil composition in
TABLE 1 - Run 9% Foil Locations “Sept 5, 1961 ” memo'
Sample Radius Foils in Packet Not found yet_

‘ \
o ).

3 0.4C Oy, D-5¢, Zr, Tl
42 1,0% Oy, D-35, Zr, Tl TABLE 2 - Foll Weights
- ‘(- =
I ‘Il )-‘4- ’ | ‘, ”‘1: -‘* D-38 2 i
Shely 560 Oy, D-38, 2r, TL  sample (mg) (mg) () (ng)
o\ e} {'.‘.5::' Oy, D=3 » ."I‘, Tl
o) " ... 2 .—
ou5 7.70 D-38, 7r, T 9§5 b_-,.? 101.6 0 1}3 {
. 10.1¢ . ou2 4é.0 99.7 6. 146.5
. o ). 46.8 109.2 0.5 139.2
T 12.7! D38, 4r, Tl
i - oll 46.3 99.0 70.0 125.2
WO «d10 -‘j‘r )
) 940 4,0 93.7 69.1 147.3
) ——-- 91.5 GeeH 134,35
QU6 1.6 —-—— “——- com—
U7 “——- 90.7 70.0 14,1
& 46,0 - - ————

Browne. J-11, March 7, 1962, Radiochemical Experiments on the Flattop Assembly:

« Los Alamos

47 NATIONAL LABORATORY
EST.1943




And here is the “full” summary of the

radiochemistry...
2, Run 9,
TABLE 6 - Fission Data - Run 9k i
[ o =
Mo°® o/m/mg Oy  Mo®® c/m/mg D-36 MV %) 2 (nvt g )oy, 2
Sample X 10% e 1013{:i x 10° x 10%© oF’=8
) 3,262 5.42, 3.20; 4e324 64504
G2 3.19 5¢37a 3.1%g % ,»80 6432
941 2.0k 4.397 2.7T% 3+9%0 ¢ 998
Srl 2,004 2.T4) 1.972 2.5, T.S2g
o4O 1.5, 2,00g 1.2 1,420 9,904
45 (1.30) 1.00s (1.28) (0.90¢)  (14.1k4)
oh6 0.849¢ (0.390) (0.841) (0.350) (24.04)
L7 (0.58) 0.17%9 (0.575) (0.160) (35.92)
L8 0.421- (0,100) (0.418) (0.083) (47.51)

Browne. J-11, March 7, 1962, Radiochemical Experiments on the Flattop Assembly:gu¢
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We have made minor updates (0.3% below)
based on updated K-factors...

Location, cm
Measured Measured

(2;?;): REeeien (original)  (revised)
20-Feb-61

0.4 238U(n,f) / 23°U(n,f) 0.1537 0.1543
1.03 238U(n,f) / 23°U(n,f) 0.1555 0.1560
3.69 233U(n,f) / #3°U(n,f) 0.1430 0.1435
5.6 238U(n,f) / 2°U(n,f) 0.1261 0.1266
6.32 233U(n,f) / 3°U(n,f) 0.1002 0.1005
7.7 238U(n,f) / 2°U(n,f) 0.0707 0.0710
12.78 238U(n,f) / 2°U(n,f) 0.0278 0.0279

.
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And we can assign some systematic errors

to the radiochemistry...

LA-1721 Collected Radiochemistry Procedures (multiple editions from 1954 — 1990)
Defined standard procedures to separate elements for individual analysis.

LAMS-2342 Standard Deviations of Radiochemical Analysis
Provides analysis of precision during the 1959 timeframe.

TABLE I
Standard Deviations of Radiochemical Analyses
A. PFission Products

- Average Standard

Deviation
Nuclide Cases Studied (per cent)
Mo®® 348 0.962
Celés 219 1.22
Nal47 43 2.34

B. Heavy Elements
s 101 0775
Pu=°® 116 0.632

szss 2@ 0.9148

« Los Alamos
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PU-MET-FAST-001 rev 4 |

GROSS MASS
‘ " ADJUSTMENT DISK
-

UPPER SAFETY

BLOCK
\

PIANO WIRE

7
" 16" GuiDES

_——CONTROL ROD

THERMOCOUPLE

HANNEL ————n
$ =X CENTER SECTION
CLAMP SECTION

CENTER SECTION

e

GLORY HOLE
" diam.
T~ LOWER SAFETY
MASS BLOCK
ADJUSTMENT.~
PLUGS - !

DOVETAIL |_—
COLLET—

R7-N2-165

Figure 3. Proposed Jezebel Assembly (Reference 1).?
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PU-MET-FAST-001

PU-MET-FAST-001 rev 4

Upper spider assembly

Detail of Upper M2

0.01270 Ni

0.01270 Ni

035814 D01270 NI
S3oza0 |~ 0.02540 Ni
X 0.01270 Ni

340520

0.01270 Ni
< 0.00254 gap
0.01270 Ni

2.24079

0.01270 Ni
0.00254 %ap
0.01270 Ni

222886

0.01270 Ni
0.00254 ﬂap
0.01270 Ni

=

0.01270 Ni
0.02540 Ni

0.01270 Ni

“Not used in Configurations Aand D
"*Not used in Configurations Aand C

Lower spider assembly Dmem"'ﬂi«'v’&fﬂ

Figure 30. Assembly of Parts: View Plane Perpendicular to Glory Hole.
(Dimensions are in centimeters.)
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Modern measurements are ...

— T —

Bureaucracy defends
*  the status quolong
" pastthetime when the

Bureaucracy, the rule of no one,
has become the modern form of despotism.

Mary McCarthy, "The Vita Activa,”
The New Yorker, Oct. 18, 1958
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The current critical experiment measurement
campaigns have minimal new value* unless we can
address the following issues...

= Lack of verifiable characterization for existing materials

* Need modern assessments of mass, elemental analysis, isotopic
analysis, dimensions, gaps and most importantly density

= Lack of fabrication stream for new parts, particularly SNM
« With full material characterization

= Poor supporting infrastructure
* Must modernize measurement equipment and add count rooms

= [nability to perform experiment variations in a timely manner
« Early measurement campaigns did hundreds of variations

* Modern measurements are only getting a few variations often
separated by months of waiting

*as nuclear data benchmarks. /F)

gros i sinos

54



Summary

= Garbage in (still gives) garbage out (GIGO).
Faster, bigger computers make more garbage faster.
We must have good data.

= There is great value in tuning our nuclear data libraries
based on high-quality differential and integral data.

= There is still much that can be learned, and fit, from
examination of past measurements.

= Modern attempts to reproduce and extend key

measurements must be designed to assess — and document
— the relevant systematic uncertainties.

AAAAAAAAAAAAAAAAAA



Final bare critical mass experiments were a

testament to “getting it right”.

“Lady Godiva”
LA-1614 first critical in August 1951

%
—y
(%
3 =
¥ - o
f
“
(

4 \

B [ | - r (3 ccemw
_l,jDamaged beyond repair in February 1954



CIELO paper (DOI: 10.1016/.nds.2014.04.002) * Tro u b I e
TABLE VII. Reaction rate measurements in the HEU Codiva =

critical assembly.

Assembly /date Reaction Measurement Lady GOdlva did not exist in

Godiva 2 U(n,2n)/"5U(n. f) _ 7.729F.03 1959. Th|s. is a measurement

6/30/1959  **U(n, f)/**U(n, f) 1.629E-01  0.1629 using Godiva-ll, a 7” diameter
__Pu(n,f)/"Un,f) _ 1.365 right cylindrical assembly.

There is a 3% disagreement
LA-1614 TABLE III.

, , between values in CIELO
Variation of the ratio of fission cross sections of

U-235 and U-238 with radial position of these detectors in paper and LA-1614.
Godiva. Data are based on radio-chemical analysis of foils
irradiated in the critical assembly.

Detector Position: Ratio: No details beyond LA-1614
1ot Godiva 54 (U-235) /g, (U-238) have been found (yet) on the
0.02 632 1/0.158 chemistry, counting, foil
| ' 277
0.50 6 23 170161 masses, decay constants, 7?7

Table XXXVII ENDF/B-VII.1 paper (NDS V112 p. 2971) propogates the same values as
HEU-MET-FAST-001 which quotes the values given in ENDF-202

ENDF-202 (1974) Benchmark specification gives a value of 0.1643 +/- 1% and cites
Nuc. Sci. & Eng. Vol. 8 pp. 608-614 which contains no fission data.

By coincidence, ENDF/B-VII.1 calculates 0.1579

« Los Alamos
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Dosimetry data calculations for ENDF/B-VII.1

TABLE XXXVII: Comparison of calculated spectra indices for ENDF/B-VII.1 with measured values in the center of various
Los Alamos critical assemblies. U238f/U235f refers to the 2*U fission rate divided by the ?**U fission rate, etc. Because
%81 and ?*"Np are threshold fissioners, the spectral indices for these isotopes (in ratio to **U) measure the hardness of the
neutron spectrum in the assembly Exp-A refers to experimental data as documented in the CSEWG Fast Reactor Benchmark
Compilation, BNL 19302 (June 1973); Exp-B refers to the same measurements, but as reanalyzed by G. Hansen, one of the lead
experimentalists, and transmitted to R. MacFarlane in 1984. The C/E ratios are based on the Hansen values where available.

Assembly  [Quantity [U2387 /02357 [Np2377 /U357 (U337 /U357 [Pul307 /US35T
Godiva Calc 0.157Y U.8301 10087 1.3823
(HMF001) |Exp-B  |0.1643 +0.0018]0.8516+0.012 1.4152 + 0.014
Exp-A  [0.1642 £0.0018{0.837 £0.013 |1.50+0.03  |1.402+0.025
Cale/Exp|C/E=0.9610 |C/E=0.9747 |C/E=0.9866 |C/E—=0.9768
Jezebel Calc 0.2085 U.9708 1.0061 1.42472
(PMF001) |Exp-B  |0.2133 +0.0023|0.9835 +0.014 1.4609 + 0.013
Exp-A  [0.2137 +0.0023[0.062 +0.016 |1.578 +0.027 |1.448 +0.029
Cale/Exp|C/E=09775 |C/E=0.9871 |C/E=0.9861 |C/E=0.9749
Jezebel-23 |Calc 02111 09970
(UMF001) [Exp-B |0.2131 +0.0026|0.0970 +0.015
Exp-A 02131 £0.003310.977 £0016
| Cale/Exp|C/E=0.9006 ~ |C/E=1.000
Flattop-25 |Calc 0.1438 0.7603 15674 13556
(HMF028) |Exp-B  [0.1492 +0.0016|0.7804 +0.01 [1.608 +0.003 [1.3847 +0.012
Exp-A [0.149 £0.002 |0.76 +0.01 1.60 +£0.003 |1.37 +0.02
Cale/Exp|C/E=0.9638 |C/E=0.9858 |C/E=0.9748 |C/E=0.9812
Flattop-Pu|Calc 01767 U.8021
(PMF006) |Exp-B  |0.1799 +0.002 |0.8561 +0.012
Exp-A  [0.180 +0.003" |0.84 +0.01
Cale/Exp|C/E=0.9822 |C/E=0.9053
Flattop-23 |Calc 01582 U.OT28
(UMF006) |Exp-B |0.1916 +0.0021|0.0103 +0.013
Exp-A  [0.191 £0.003 |0.80 +0.01
Cale/Exp|C/E=0.9823 |C/E=1.0027

ENDF/B-VII.1 paper (NDS V112 p. 2971)
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Uranium reflected experiments leading to
final FLATTOP design.

54 T

| |

O PRECISION POINTS GORRECTED TO A DENSITY OF

- 1875 gms/cm® AND A CONCENTRATION OF 93.9%

O VALUES LISTED IN LA-!I14 CORREGTED TO THE
ABOVE DENSITY AND CONGENTRATION CONDITIONS _|

A VALUES LISTED IN LA-1155 CORREGTED TO THE

I ABOVE DENSITY AND GONCENTRATION CONDITIONS _|

5205~ —
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FIG. 3. Oy critical mass as a function of tamper thickness for Tu.
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