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1 EXECUTIVE SUMMARY

JASON was asked by the National Nuclear Security Administration (NNSA) to exam-
ine the current plans from the NNSA laboratories for hydrodynamic and subcritical
experiments and to make recommendations for future efforts. The NNSA recently es-
tablished the Office of Nuclear Experiments to coordinate a single long-term program
of hydrodynamic experiments using surrogate materials and subcritical experiments
using plutonium. The goal of this program is to develop improved understanding of
the underlying physics of the materials and components in nuclear weapons in sup-
port of recent efforts such as the National Boost Initiative. JASON reviewed ongoing
activities and plans for these experiments at the NNSA laboratories. The following

summarizes the principal findings and recommendations of the report.

1.1 Overview

Modern stewardship of the US nuclear-weapon stockpile uses a science-based under-
standing both of weapons performance and of the behavior over time of the weapons
and their components in the stockpile. This relies on the calibration of codes based on
data available from the more than 1000 nuclear-explosion tests that were performed
until the early 1990s. It was recognized from the outset of the Stockpile Stewardship
Program (SSP), and in fact since the Manhattan Project, that experiments beyond
those of nuclear-explosion tests were needed. Important advances and successes in
the first two decades of the SSP include certification of a primary using a new manu-
facturing process, assessments of pit lifetimes, weapons life-extension programs, and
the development of advanced simulation codes. But there are new challenges such as
those arising from continued aging of the stockpile, the potential for new technical
requirements (including surety), and the ongoing need to educate and train the next

generation of scientists and engineers having responsibility for nuclear weapons.
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Meeting these challenges requires a continued effort to improve understanding of
weapons performance for assessing the stockpile based on the quantification of mar-
gins and uncertainties (QMU). In conjunction with theory and simulation, a broad
range of experiments supply relevant scientific and engineering data. Two kinds of
data are obtained from such experiments, materials properties (particularly those of
plutonium) and implosion characteristics for weapons-related geometries and materi-
als in integrated systems. The requisite tools span a broad range of scales and costs,
from bench-top instrumentation to large and complex facilities. This experimental
program is executed at a variety of sites throughout the DOE complex. This effort is
also informed by the large archival database provided by previous nuclear-explosion

tests.

The program of hydrodynamic and nuclear experiments has several technical
as well as programmatic objectives, and comprises a broad range of fundamental,
focused, and integral experiments. Fundamental experiments include measurements
of fundamental properties of materials, that is, intrinsic or atomic-level properties
such as structures, phases, equations of state and other thermodynamic properties.
Focused experiments include studies of non-equilibrium properties, as well as the
behavior of real materials, and, in particular, weapons materials, with their defects,
impurities, and microstructure; these can involve high-explosive-driven hydrodynamic
experiments on plutonium in subcritical assemblies or on plutonium surrogates. Fi-
nally, integral experiments are conducted to assess the coupling of combinations of
materials and may examine several operative phenomena simultaneously; they include
large-scale hydrodynamic experiments as well as subcritical plutonium experiments,

in weapons-relevant geometries.

The present study is motivated in part by a request to assess a program for a
new series of integral experiments. These are subcritical implosion experiments on
subscale primaries diagnosed via radiography or internal diagnostics compared with
equivalent experiments on surrogate materials at full and subscale. The program is

underway, and a plutonium subscale experiment is scheduled for execution in 2012.
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We distinguish between the scientific, engineering, manufacturing, and programmatic
value of the subscale plutonium experiments to the Stockpile Stewardship Program.
This study assessed the scientific value of these experiments. We define scientific
value here to mean the potential of these experiments to advance our understanding
of weapons performance. This is to be contrasted with the engineering value, which
concerns advances regarding the engineering and production of components of the
experiments (e.g., the design and fabrication of smaller pits with improved tolerances),
and the programmatic value, such as the need to exercise the processes of the nuclear
weapons complex or to maintain an ongoing authorization basis for experiments with
plutonium. On the other hand, we do comment on the role of the subscale experiment
program in driving the development of new diagnostics, enhancing the responsiveness
of the laboratories to new experimental challenges, and the potential benefits of the
planned experiments for professional development. Finally, we do not specifically
review the subscale experiments to be conducted in 2011-2012; rather, summaries of
plans and progress on those experiments that were provided to us served as a basis

for our assessment of future efforts in the experimental program.

The following are the principal findings and recommendations of the study; sup-
porting material and more specific findings and recommendations are provided in

subsequent chapters.

1.2 Findings

1. JASON finds that the scientific base of the Stockpile Stewardship Program
remains strong, and continues to provide a mechanism for maintaining a reliable,
safe and secure nuclear deterrent. The program must remain prepared to adapt
to new challenges that may arise in the future as a result of technical surprise
or policy changes. A robust, responsive and prioritized experimental effort is

essential for Stockpile Stewardship.
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2. Fundamental and focused experiments are designed specifically to measure key

material and dynamic properties that determine early time primary performance
and set up the initial conditions for boost. Important issues in this regime are
the determination of the equation of state, phase diagram, strength and ejecta
properties of plutonium at high pressures and temperatures. Fundamental and
focused experiments offer the best near-term approach to obtaining the data
essential for planning and interpreting integral subcritical, including subscale,
experiments as well as validating theory and simulation. They will also help

attract, develop and retain scientific and technical expertise.

. Subscale plutonium experiments are integral validation exercises, and enable
assessments of the ability to predict the integrated dynamic response of mate-
rials during the implosion of a primary. Such experiments, which also address
issues of surrogacy and scaling, can be a component of the long-term plan for
hydrodynamic and nuclear experiments for Stockpile Stewardship. However, as
currently planned and with proposed diagnostics the near-term subscale exper-
iments by themselves, cannot be used to determine material properties to the
accuracy required to distinguish between competing materials models. These
experiments will also not provide the accuracy needed to determine implosion
features that are key to understanding the boost process and quantifying weapon
performance. Future subscale and other subcritical experiments will benefit
from improvements in existing radiographic facilities and recent developments

in internal diagnostics.

. The NNSA laboratories have not adequately prioritized and executed experi-
ments that are needed to provide information crucial for understanding primary
performance, including boost. The 2007 Dynamic Plutonium Experiments pro-
gram plan provides an appropriate framework for obtaining the requisite data,
but the plan is several years behind schedule and must be updated with better

plans for implementation as well as for sustaining necessary facilities.
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1.3 Recommendations

1. Prior to undertaking future plutonium subscale experiments or investing in asso-

ciated facilities, the scientific value of those experiments should be established.
Initial priorities should emphasize fundamental and focused experiments that
address outstanding scientific issues in understanding implosion physics essen-
tial for determining initial conditions for boost. Such an approach will provide
data essential for planning and interpreting integral, including subscale, exper-

iments and the associated diagnostics.

. NNSA and the nuclear weapons laboratories should revisit and update the 2007

plan for the Dynamic Plutonium Experiments program plan, evaluate and pri-
oritize focused, fundamental, and integral (including subscale) experiments, and
put planned experiments on a realistic schedule with appropriate funding. In-
tegration of the programs in the three laboratories should be stressed, and the

full range of experimental facilities needs should be prioritized.

3. The laboratories, together with NNSA, should strengthen foundational science

in support of the weapons program. The coordination of science initiatives
among the laboratories should be re-examined in partnership with NNSA in
the context of modern national security needs. A strengthened science base
will enable the weapons program to adapt to new challenges that may arise in
the future, whether due to technical surprise or policy changes. The program
should also enhance professional development and interactions with the broader

research community to the extent possible.
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1.4 Response to Study Charge Questions

The following are responses to specific questions posed in the charge.

1. What fundamental static and dynamic materials properties data need

to be acquired?

The data that need to be acquired are the equation of state, strength, kinetics,
and phase transitions of plutonium at high pressures and temperatures. These
data are key to understanding the boost process in primaries. Related data
should be obtained for selected other materials, including plutonium surrogates,
for purposes of annual assessments, life extension programs, and resolution of
potential significant finding investigations (SFIs). QMU techniques will deter-

mine the necessary quantity, quality, and diversity of measurements required.

2. What experiments would best inform the understanding of hydrody-

namic phenomena important to Stockpile Stewardship?

Fundamental and focused experiments are the best near-term approach to im-
proving the understanding of hydrodynamic phenomena relevant to Stockpile
Stewardship. As indicated above, such experiments are designed specifically to
measure key material and dynamic properties relevant to determining the initial
conditions for boost. Priority should be given to experiments that measure or
constrain the equation of state of plutonium at high pressures and temperatures
as well as the locations of static and dynamic phase boundaries (particularly
behavior at the melt line). The next priority should be experiments that can
validate strength models, followed by those which characterize the formation
and evolution of ejecta, spall, and damage in plutonium. Similar experiments

should be conducted on plutonium surrogates.

3. How should NINSA utilize subcritical experiments, including subscale
configurations, to best address the overall goals of Stockpile Steward-
ship?

6
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Subcritical focused experiments can be used to address several important issues
such as the formation and evolution of ejecta as well as the characterization
of mix. Such experiments are useful for isolating, diagnosing and studying
various dynamic effects that are operative in primary implosions. Again, the
interpretation of the results of these experiments will rely critically on data from
focused and fundamental experiments. Subscale experiments should be used as
validation tests of the overall level of understanding obtained from fundamental
and focused experiments and as tests of the use of scaling and surrogacy to

make inferences about primary implosion phenomena at full scale.

. Is the balance among large, mid-sized and small-scale experiments

appropriate?

There are too few fundamental and focused experiments with plutonium, but
a quantitative assessment of the balance remains to be done. In general, the
balance among small, medium and large scale experiments should be determined
by assessing the needs for key data. The 2007 Dynamic Plutonium Experiments
plan provides a useful starting point, but it needs better implementation, and
a corresponding integration plan for facilities that is properly prioritized and

sustainable.

. How should the hydrodynamic experimental program (including DARHT,

CFF, pRad, Ula, and other facilities) be augmented? Are there areas
of the experimental program where increased investments are war-

ranted?

The program should be augmented through investment in fundamental and
focused experiments on the plutonium properties described above, and through
the creation of an integrated sustainable plan for facilities and experiments.
Increased investments are warranted for pulsed-power facilities and for new
diagnostics for measuring dynamic materials behavior, including pyrometry,
imaging, spectroscopy, and diffraction. In addition, should a program of scaled

experiments be pursued at Ula it will be necessary to upgrade the existing

7
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radiographic facilities so that they can be used to provide images of the quality

required to make meaningful comparisons with the results of simulations.

. What other opportunities might be provided by the experimental

program to address the need for professional development?

Professional development would be enhanced with the development of coherent
programs of analysis and experiments that define specific goals, their importance
and systematic steps for achieving them, leading to peer-review publication of
results. Management should develop incentives to promote weapon scientist
skills, and to encourage scientists across the laboratories with expertise in dif-
ferent fields (i.e., outside of the weapons program) to support work related to

the weapons program in addition to their other research activities.
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2 INTRODUCTION AND OVERVIEW

2.1 Background

The moratorium on underground nuclear explosive tests led to the creation of the
Stockpile Stewardship Program to maintain this country’s nuclear deterrent. This
program is based upon the extensive data obtained from underground tests (UGTSs)
combined with modeling and simulation and surveillance of the enduring stockpile.
A component of the stockpile stewardship is a broad experimental program designed
to provide validation of the models and codes, examine components of the weapons
systems, provide knowledge needed for life extension programs (LEPs) and develop

new fundamental knowledge related to weapons behavior.

This experimental program consists of a broad range of instrumentation, tech-
niques, and facilities on many different scales — from experiments that examine com-
ponent materials to those that assess performance of the integrated system (short of
a yield-producing nuclear explosion). The support of this effort in stockpile steward-
ship has resulted in significant advances in understanding weapons performance, and
it continues to evolve from over the past two decades. As we move further from the
age of UGTSs, there have been calls for new classes of experiments. New techniques
have been developed, and new knowledge gained. Moreover, the national security
requirements have evolved, with a focus, for example, on weapons surety and aging,
and away from the threats envisaged during the Cold War. The balance of effort
in the experimental program has been of concern to the NNSA, and, in response,
an Office of Nuclear Experiments was recently created by NNSA to coordinate and

support this overall experimental program.

2.2 Study Charge

The following is the study charge to JASON from NNSA:
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“Hydrodynamic experiments have been important in the development and
evaluation of nuclear weapons since the Manhattan Project. Since the end
of nuclear explosive testing, hydrodynamic and subcritical experiments
have assumed a special role as the only experiments conducted using nu-
clear weapons-related assemblies driven with high explosives. As such,
these experiments provide unique integrated tests of codes and designs.
The importance of these experiments led to the construction of DARHT,
the development of Ula as the site for underground subcritical experi-
ments, and the continued investment in other firing sites and smaller scale
dynamic plutonium capabilities by NNSA. While these tools were being
developed, the rate of actual hydrodynamic and subcritical experiments

has been relatively low.”

“The goal of the newly-formed Office of Nuclear Experiments in NNSA
is to coordinate a single long-term program of hydrodynamic experiments
using surrogate materials, and subcritical experiments using plutonium
aimed at developing a better understanding of the underlying physics of
the materials and components in nuclear weapons. This effort will be
coordinated with the boost initiative which JASON reported on in 2008".
JASON will be asked to look at the current plans from the NNSA labs for
hydrodynamic and subcritical experiments and to make recommendations
for future efforts using available experimental facilities and platforms. In

particular, the JASONs are asked to consider the following questions:

1. What fundamental static and dynamic materials properties data

need to be acquired?

2. What experiments would best inform the understanding of hydrody-

namic phenomena important to stockpile stewardship?

3. How should NNSA utilize subcritical experiments, including subscale

This refers to the JASON study of boost undertaken in 2008 [1]
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configurations, to best address the overall goals of the stockpile stew-

ardship program?

4. Is the balance of effort among large, mid-sized. and small-scale ex-

periments appropriate?

ot

How should the hydrodynamic experimental program (including DARHT,
CFF, pRad, Ula, and other facilities) be augmented to address crit-
ical scientific issues in stockpile stewardship? Are there areas of the

experimental program where increased investments are warranted?

6. What other opportunities might be provided by the experimental
program to address the need for training and professional develop-

ment of scientists and engineers for stockpile stewardship?”

This study provides an assessment of the hydrodynamic and nuclear experiment
program of NNSA carried out by the three nuclear weapons laboratories, Los Alamos
National Laboratory (LANL), Lawrence Livermore National Laboratory (LLNL), and
Sandia National Laboratory (SNL), as well as associated facilities used by those labo-
ratories at the National Nuclear Security Site (NNSS, formerly the Nevada Test Site),
and other supporting facilities. The study addresses technical issues of the program,
but provides no cost-benefit analyses. We focus on scientific needs as opposed to
programmatic considerations. An example of a programmatic consideration is the
use of the proposed subscale experiments to exercise engineering and manufacturing
components of the NNSA complex or to ensure that there continues to be an autho-
rization basis for plutonium experiments at the Ula site. This study also does not
include any assessment of enhancements in engineering and manufacturing capability
that could result from the implementation of a specific experimental program. It
should also be noted that the Atomic Weapons Establishment (AWE) of the United
Kingdom also has a program of subscale experiments that are a component of the
UK weapons certification process. The NNSA laboratories do collaborate with AWE
on these experiments, but this study provides no assessment of this collaboration nor

of the AWE subscale experiment program.

11
iR SRR



Sandra.Lewandowski
Line

Sandra.Lewandowski
Line


To provide some technical background on the relevant issues, we describe briefly
in Section 2.3 the early time performance of a primary. The physical characteristics
of primary implosion set the requirements for measurements to be made through the
experimental program to be discussed in this report?. We will categorize the types
of experiments that are necessary to obtain the requisite physical measurements as
fundamental, focused, and integral experiments and discuss the relative roles of such
experiments. In Section 3 we discuss some of the important science issues associated
with understanding early time primary performance. Section 4 discusses some aspects
of the overall experimental program, including integral, focused and fundamental
experiments. In Section 5 we describe the proposed subscale experiments, which is
followed by a discussion of some aspects of the specific diagnostics to be used in these
experiments in Section 6. In Section 7 we discuss an overall strategic plan for the
experimental program with an emphasis on maintaining expertise and strengthening
foundational science for the weapons program. Some additional topics regarding the
quantification of uncertainty are covered in an Appendix. In Section A we discuss
several approaches to uncertainty quantification. In Section B we discuss some more
formal aspects of how Bayesian Inference can be used to compare experiment with

theory.

2.3 Early-time Primary Performance

The experimental program discussed in this report is most relevant to the early time
1
performance of the primary of a nuclear weapon. DOE (b)(3)

DOE (b)(3)

2We have examined here only the early-time aspects of primary performance as this is the regime
that is explored in hydrodynamic, subcritical, and the newly proposed subscale experiments. Ad-
ditional experiments are carried out in support of radiation-dominated processes like secondary
ignition on high energy density facilities such as NIF but we do not cover these aspects in this study.
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The process described above is shown graphically in Figure 1.
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Of central importance to the energy output of the primary is the rate of neutron

production due to fission. This is often characterized by plotting the logarithmic
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derivative with respect to time of the neutron population n(t) and is denoted by
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This reactivity or “a curve” is a key indicator of primary performance.
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2.4 Categories of Experiments

] Hydrodynamic and nuclear experiments have been central to our understanding of
the early time primary performance of a nuclear weapon. We distinguish two kinds of
data that are obtained from these types of experiments. The first are those directed at
material (including chemical) properties. Of central importance are data associated
with plutonium, and its pressure-temperature-density (P-T-p EOS), its phase dia-
gram (including melt line), transformation kinetics, and chemical reaction dynamics.
The list extends to surrogates for plutonium, tampers, gases, and other materials.
Information on materials behavior can be obtained from theoretical calculations that
have been validated at P-T-strain rate conditions that differ from those of direct rel-

evance to primary performance and thus require additional experimental validation.
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The second are those concerned with implosion dynamics and related hydrodynamic
phenomena. Information on these phenomena requires time dependent measurements
on bulk materials in weapons-related geometries as well as integrated systems with
multiple components and materials. They include the subscale experiments to be
described in Section 5. A variety of tools are used within this experimental program
to obtain these data ranging from bench-top instrumentation to large and complex
platforms that span a broad range of scales and costs. They include diagnostics as
well as facilities that will be described. The list includes the underground nuclear
tests that are no longer performed, but which have provided a large archival database

for analysis.

We categorize the various experiments as fundamental, focused, and integral:

Fundamental experiments - Fundamental experiments are those that address

physics and chemistry questions, typically of pristine materials.

Focused experiments - Focused experiments are defined here as those that
examine the properties of real materials, including defects, microscopic and
mesoscopic structure, and texture. As such, these experiments constrain non-
equilibrium properties. The samples include Pu coupons to assembly compo-

nents, and focused experiments therefore include some subcritical experiments.

Integral experiments - Integral experiments include larger scale subcritical exper-
iments that involve assemblies and weapons-related geometries. They involve
multiple assembled components to full assemblies. They range from hydrody-
namic experiments that test engineering designs to science-driven experiments
that address questions of the performance of integrated components. The pro-

posed subscale experiments are in this category.

While this taxonomy is not perfect, it provides a useful organizing principle that we

apply to the following discussion.

18
=S FECREFRR SRSl

oo frmens |

e |

prssare-

[ronsssrawed

EITTETTE



Sandra.Lewandowski
Line

Sandra.Lewandowski
Line


A

Table 2: Overview of the experimental facilities throughout the NNSA complex (con-

tinued on following page).

. Type of:
ey e ) O

LANL Integrated,

. non-nuclear
weapons

experiments

LLNL Integrated,

Facility (CFE) .- non-nuclear
; weapons

experiments

| LLNL focused

. Facility (NIF) experiments:
Radiation,

plasmas and
materials

SNL Focused
experiments:
Radiation,
plasmas and
materials
(including
plutonium)
UR-LLE Focused
experiments:
Radiation,
plasmas and
materials

DARHT captures high resolution images of moving, non-
nuciear weapon assemblies. Experiments are used to
obtain information critical to certifying weapons
performance in the absence of underground testing.
DARHT captures images from two views and at multiple
times,

CFF capabilities include high resolution imaging and high
fidelity velocity measurements of moving, non-nuclear
weapon assemblies. Experiments are used to obtain
information critical to certifying weapons performance in
the absence of underground testing. A single image and

many velocity measurements are captured per experiment.

CFF has a substantially larger field of view than DARHT.
NIF provides a piatform to investigate fundamental
properties of material, plasma, radiation, fusion ignition,
and thermonuclear burn at temperatures and pressures
relevant to those obtained In a nuclear weapon. in the
absence of underground testing, these conditions are not.
possible on any other experimental platform.

The Z Machine provides a platform to investigate
fundamental properties of material, plasma, and radiation,
and effects of radiation on electronics. Relatively large
samples and plasmas may be studied as well as certain
advanced certification concepts in parameter regimes of
interest.

Omega provides a platform to investigate fundamental
properties of HED material properties, plasmas, inertial
confinement fusion, and radiation as well as for the
development of targets, diagnostics and experimental
platforms for the NIF. Omega is uniquely accessible to
universities through the National Laser User’s Facility.
Targets are millimeters in diametey.

2.5 Overview of Experimental Facilities

Hydrodynamic and nuclear experiments are conducted at a broad range of facilities
across the NNSA complex. In Tables 2 and 3 we list the major facilities as well as
the number of experiments performed using Pu. M. Hockaday [4] provided a useful

overview of facilities and capabilities and we review these briefly here.

The following are some of tools, facilities, and platforms used for fundamental

and focused experiments each includes a range of diagnostics, some of which are

discussed in detail in later sectinos:
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Table 3: Overview of the experimental facilities within the NNSA complex (continued

from previous page).

NNSS

NNSS

LANL

LANL

NNSS

£ Facility (BEEF)

LANL

UlaFaclity.  JEIURC

Focused
experiments:
Explosives,
Materials
Focused
experiments:
Metals
{including
plutoniumy)
Focused
experiments:
Metals
(including
plutonium)

Focused
experiments:
Metals
Focused
experiments:
Materials

Integrated,
non-nuclear
weapons
experiments
Focused
experiments:
Metals
(including
plutonium)
Subcritical
experiments

HEAF provides a platform to investigate fundamental
properties and reactions of chemical explosives, as well as
gas guns to study materials. Experiments are focused on
continually improving the safety of our stockpile.

JASPER provides a platform to investigate the properties of
metals, including plutonium, at high shock pressures,
temperatures and strain rates. JASPER, LBPG, and TA-55
each cover unique areas of material phase space with some
overlap.

LBPG provides a platform to investigate the properties of
metals, including plutonium, at high shock pressures,
temperatures and strain rates, but with a larger target (size
of experiment) than JASPER. JASPER, LBPG, and TA-55 each
cover unique areas of material phase space with some
overlap. (Note: still in development).

LANSCE is a finear accelerator that uses neutrons to study
fundamental material properties.

pRad is a beam line and proton optics capability that uses
protons to study fundamental material properties. pRad
uses the LANSCE accelerator to produce protons for
radiography of static and dynamic materials.

BEEF is an experimental facility that allows the study and
investigation of materials as they are merged together by
high-explosive detonations.

TA-55 provides several platforms to investigate the
properties of metals, including plutonium, at high shock
pressures, temperatures and strain rates. The TA-55 gas
gun is located In a Category Il nuclear facility, but is limited
to Category Iil quantities.

Provides capability for subcritical physics experiments
providing material and system response data.

# Experiments per Quarter
Fy11a1 | Fr112 | £11Q3 | Fr1104 |
205 217
(1] 0
0 0
14 0
12 0
1 1
9 20
(6) (20)
1 1
(1) (1)

Diamond Anvil Cells - Diamond anvil cells (DACs)are used to explore the static

properties of Pu. In addition they are used to explore the static phase diagram.

Some of these experiments are performed at DOE Office of Science facilities

such as the Advanced Photon Source (APS) among other facilities.

TA-55 40 mm Gas/Powder Gun - This is a gas gun encased in a large glove

box. It is capable of exploring pressures up to 300 kbar in Pu. At present a

VISAR diagnostic is used to measure dynamic response of Pu targets.

JASPER - JASPER is the Joint Actinide Shock Physics Research Facility located
at the Nevada Nuclear Security Site (NNSS). It is a two stage gas gun able to

explore pressures up to several Megabar. Using graded impactors it can also

explore off-Hugoniot states of the EOS.
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Large Bore Powder Gun - This a gun facility that has a 40’ barrel and a 3.5”
bore. While it cannot explore very high pressures (it is limited to several hun-
dred kilobars), the large bore allows the use of larger samples and provides mea-
surement times of up to several microseconds, allowing improved off-Hugoniot

measurements. The gun is currently being prepared for installation at NNSS.

HEAF - The High Explosive Applications Facility at LLNL is used for investi-
gations of high explosive performance as well as for development of new HE

formulations.

Z Machine - The Z machine at SNL is a pulsed power facility. It can be used to
accelerate flyer plates upwards of 30 km/s and provide quasi isentropic compres-
sions on samples up to several megabar. Using a special containment system,
measurements on Pu have been made up to 1 Mbar with future capability tar-

geting 3.5 Mbar.

NIF - The National Ignition Facility utilizes laser drive to compress samples using
shock or quasi-isentropic compression, potentially to in excess of 100 Mbar.
Currently, samples have been ramp compressed to 50 Mbar. It can also be used
to explore high strain rates (up to 107/s). It has not yet been qualified to handle

Pu, but has provided important data on surrogates such as Ta.

Phoenix - Phoenix is an explosively driven pulsed power platform designed to isen-
tropically compress Pu samples up to pressures of 30 Mbar. Because larger sam-
ple sizes can be used, it is intended to explore longer time scales for dynamic
response compared to Z. Phoenix is still in the testing stage, and a decision to

begin an experiments on Pu will be made in FY12.

Omega - The Omega laser facility is located at the Laboratory for Laser Energet-
ics at the University of Rochester. It is used to perform high energy density
experiments but at lower pressures than NIF. There is no authorization to work

with Pu at this facility.

Hydrodynamic experiments (so-called “hydros”) utilize the following facilities.
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DARHT - DARHT is a dual axis radiographic hydrodynamic test facility located =
at LANL. Using two electron beam accelerators, it provides orthogonal views of i
a hydrodynamic experiment like the implosion of a surrogate primary enclosed -

in a vessel using 18-20 MeV X-rays. The second axis provides up to 4 pulses so
that epochal views are possible. DARHT is currently the premier radiographic
facility within the weapons complex. Unfortunately, there is no authorization

at present to use it for Pu experiments.

i il

CFF - CFF is the Contained Firing Facility located at LLNL. Because of its large
footprint and the large field of view of its radiographic facilities (FXR), CFF

o |

can be used for a variety of applications like nuclear counter terrorism and to

explore surety concepts. Pu experiments are not performed at CFF.

pRad - The pRad facility is located at the Los Alamos Neutron Science facility

(LANSCE). It uses accelerated protons to image implosions. It provides epochal

[

views (up to 41 frames) and can in principle image through areal densities of up
to 50 g/cm?. While experiments with special nuclear materials can be performed ;
at LANSCE the amount of material is limited to less than 11 g of Pu driven by -
30 g or less of HE.

B

kod

For subcritical experiments and the new subscale experiments, the following

facilities are involved

g

Ula - Ulais an experimental complex located at the NNSS. It provides a capability

1

to perform subcritical Pu experiments underground with a suite of diagnostics. 5

It is also the location for the new proposed subscale experiments. o

BEEF - The Big Explosive Experimental Facility (BEEF) is located at Ula and -

performs experiments with HE pushing metal using larger quantities of HE ;

o

than can safely be used at CFF, DARHT or HEAF. -

Cygnus - Cygnus is the X-ray facility used “down-hole” at the Ula site. It is a
dual axis facility able to capture radiographs at two views spaced sixty degrees
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apart. The dose capability of Cygnus is considerably less than DARHT (4 - 4.5
R at 1 m versus that of DARHT at 600 R at 1 m) as is the end-point energy
(2.25 MeV vs. 20 MeV). The spot size is comparable to that of DARHT, about

1.1 mm.

Tables 2 and 3 also list the number of experiments performed with plutonium
in the first and second quarters of FY11. As many of the facilities listed above have
no authorization to perform experiments with Pu, it is not surprising that there are
not many experiments listed. However, several of the facilities (notably Z, JASPER,
pRad, and Ula) are authorized to work with Pu yet the number of experiments is
quite low. We note again that while DARHT is ideally suited to image implosions

with Pu, the authorization to perform these experiments at LANL isYn\incomplete.

2.6 Dynamic Plutonium Experiments Program

In 2007 the three nuclear weapons laboratories (LANL, LLNL, and SNL) finalized the
plans for a ten year initiative to determine key properties of Pu relevant to the creation

of initial conditions for boost in a primary [5]. DOE (b)(3)

DOE (b)(3)
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Figure 4: The pressure and time regimes to be explored in the experiments described
in the Dynamic Plutonium Experiments (DPE) program plan.

LAleN DOE (b)(3)

The DPE program was organized around four technical elements:

1. EOS of Pu
2. constitutive properties
3. complex hydrodynamics

4. experimental capabilities.

A survey of existing or future experimental facilities was performed and a matching
of capability to required data was established. The program is notable in that it
was organized with a tri-lab perspective and with a focus on the P-T trajectories
that are accessed in a primary implosion. Shown in Figure 4 are the regions and

time durations accessed by the various experimental facilities.

\ ’\%\ DOE (v)(3)
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More recently, it has been demonstrated that lasers such as NIF may also be useful

in such investigations.

Several issues have arisen which have led to delays in the execution of the DPE
program. A higher degree of nuclear regulatory oversight was imposed on the JASPER
facility which required the temporary closure of the facility. Safety issues arose with
the use of the Large Bore Powder Gun at LANL and, as a result, this facility will be
reconstructed at Ula. Finally, the Phoenix experiments have encountered technical
issues associated with the robust delivery of current to the armature that provides
the compression. In total, these issues resulted in a three year delay in some of key
experiments and this has contributed to the relatively low rate of experiments in Pu

over the past few years.’ DOE (b)(3)

DOE (b)(3)

2.7 Assessing Priorities for Future Experiments

The sections above provide an overview of the physical states encountered in a pri-
mary and also describe the significant investment made by NNSA to address these
questions. An important question that arises is how to set the relative priorities for

the type of data that are required. ‘ DOE (b)(3)

DOE (b)(3)
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In setting these priorities, it is also important to understand what accuracy is

required for the various materials properties to be measured.

DOE (b)(3)

This also indicates why the DPE approach has merit: initial priorities were assessed
in the DPE plan based on the best experimental results available with the goal of

either validating or refuting these priorities.

Once such priorities are in hand, it is then possible to consider the types of ex-
periments which will best provide the required data. In the next chapter, we attempt
to provide some estimates of the importance of the phenomena described above. Our
investigations are very cursory, but provide some guidance as to the relative accu-
racies required. We then follow this discussion with some experimental approaches
which show promise in obtaining the required data. Note that the 2007 plan for the
DPE program plan described above provided a very good start on addressing these
issues. However, for a variety of reasons it has proven to be difficult to complete this

work.
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3 CURRENT QUESTIONS

In this section, we consider some of the physical phenomena discussed in the previous
chapter and attempt to provide some measure of their relative importance to primary

performance. DOE (b)(3)

DOE (b)(3)

DOE (b)(3) ‘What emerges from this discussion, and will

be amplified in the next chapter, is the important role of fundamental and focused

experiments as the best near term approach to clarifying the issues.

DOE (b)(3)
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DOE (b)(3) These'may
be used to reveal related physical phenomena, as described in the next section, but

quantitative information requires studies of Pu itself.
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CHE DOE (b)(3) The quality of the data com-

pared to what could be obtained now (e.g., on third generation synchrotron sources)
is revealed by examination of results obtained at that facility on Fe compared with

what has been measured more recently on that element [10].

/‘—,7/‘ 2=

|
, DOE (b)(3)
i
|

37


Sandra.Lewandowski
Line

Sandra.Lewandowski
Line


38

DOE (b)(3)



Sandra.Lewandowski
Line

Sandra.Lewandowski
Line


DOE (b)(3)



Sandra.Lewandowski
Line

Sandra.Lewandowski
Line


DOE (b)(3)

3.4 Entropy Generation

Beyond the P-T-p EOS are thermochemical properties that determine equilibrium
phase stability. During most of the course of a hydrodynamic experiment the flow

is nearly isentropic. It is usually nearly adiabatic (except within detonating high
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