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This working group on 4th Generation Light Source (4GLS) Instrumentation w~fo @ @

low-up to the opening-discussion on Challenges fi Beam Profiling. It was in parallel with@!e -
Feedback Systems session. We filled the SSRL Conference Room with about 25 participants. The
session opened with an introduction by Lumpkin. The target beam parameter values for a few-
angstrom, self-amplified spontaneous emissions (SASE) experiment and for a diffraction-limited
soft x-ray storage ring source were addressed. Instrument resolution would of course need to be 2-
3 times better than the value measured, if possible. The nominal targeted performance parameters
are emittance (1-27cmm mrad), bunch length (100 fs), peak-current (l-5 kA), beam size (10 pm),

beam divergence (1 Wad), energy spread (2 x 10A), and beam energy (10’s of GeV). These are
mostly the SASE values, and the possible parameters for a diffraction-limited soft x-ray source
would be relaxed somewhat. Beam stability and alignment specifications in the sub-micron
domain for either device are anticipated.

Vinod B. (SLAC) then presented the specific design parameters for the Linac Coherent
Light Source (LCLS) SASE project at 15 angstroms (0.8 keV) and 1.5 angstroms (8.2 keV) using
beam energies of 4.5 and 14.4 GeV, respectively. Roger Carr (SLAC) then presented comments on
the undulator and beam-based alignment techniques for the LCLS. Since the BIW’96 meeting, the
strategy of steering and making position measurements every few meters between undulator sec-
tions has been accepted. Vinokurov pointed this out in the APS SASE design, and it was con-
firmed by adjusted calculations by Kim at LBNL for the LCLS. This revised strategy reduced the
instrumentation challenges over the 100-m length undulator. The overlap of the beams should be
held to about 5 ym over 10m.

Transverse beam size measurements were then discussed. Alex Lumpkin (APS) presented
the results of using a 3.5-m-long diagnostics undulator with the 7-GeV beam to measure a parti-
cle-beam divergence of 3.3 prad. The fundamental radiation was at 0.5 angstroms (26 keV), close
to the 4GLS wavelength. The technique should scale to the l-prad regime and possibly to the sin-
gle, few-nC micropulse charge. Lumpkin proposed such a device as one line of the array of undu-
latory at an eventual 4GLS user facility. Additionally, the x-ray pinhole imaging technique with an
x-ray streak camera was shown to measure 10’s of microns with projected l-ps (sigma) resolution
in an earlier presentation. The issues related to signal strength for slices of the micropulse at sub-
ps regimes remains an area for development, but the transverse size averaged over the rnicropuke
seems solved.

The discussion moved to the measurement of sub-ps microbunches. In particular, the tem-
poral profiles at the sub-100 fs regime are an issue. Most of the correlation methods using coher-
ent transition radiation (CTR), coherent diffraction radiation (CDR), coherent Smith-Purcell
Radiation (CSPR), or coherent synchrotronsradiation (CSR) will provide a measure of pulse dura-
tion. The temporal profile is much more ambiguously determined and often relied on the
“assumption” of the shape first. William Graves (BNL) commented on laser gating of a material’s
transmission or reflection property to provide sampling of converted visible radiation from the
particle beam, e.g., an OTR signal. This could work at the 100-fs level with a ultra-fast laser
probe. Other laser-based techniques have been suggested. As a side note, the differential optical
gating technique has been demonstrated recently at the Stanford FEL by Schwettman, Smith, et.
al. Temporal profiles on the sub-ps domain were obtained although not on a single pulse. Still, the
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ABSTRACT

SEM micrographs of U-10 wt.% Mo irradiated at low temperature in the ATR to about 40
at. !%burnup show the presence of cavities. We have used a rate-theory-based modeI to
investigate the nucleation and growth of cavities during low-temperature irradiation of
uranium-molybdenum alloys in the presence of irradiation-induced interstitial-loop
formation and growth. In addition, the evolution of forest dislocations was calculated
based on dislocation loop growth and simultaneous climb and glide of unfa@ed loops.
Consolidation of the dislocation structure takes into account capture of interstitial
dislocation loops and annihilation of adjacent dislocations, as well as loss to grain
boundaries. A di-interstitial is assumed to be the nucleus of a dislocation loop. Cavities
are nucleated when two gas atoms come together in the presence of at least one vacancy.
Cavity growth occurs by the influx of gas atoms and/or vacancies, In turn, the free
interstitial concentration, and thus (due to recombination) the free-vacancy concentration,
depends on the dislocation density. Bias-driven growth of cavities can lead to substantial
swelling of the alloy (void swelling). However, our calculations indicate that the
swelling mechanism in the U- 10 wt.% Mo alloy at low irradiation temperatures is fission
gas driven. The calculations also indicate that the observed bubbles must be associated
with a sub-grain structure. Calculated swelling and bubble-size-distribution are
compared with irradiation data.

INTRODUCTION

An important aspect of modeling the behavior of candidate LEU high-density
uranium-alloy dispersion fuels is the identification of key irradiation-induced swelling
mechanisms. The delineation of these physical processes facilitates the design of an
optimal fuel type, and provides confidence in irradiation performance in regions beyond
those explored experimentally. Pure uranium and various alloys of uranium that exist in
the orthorhombica -phase (e.g., U-Zr-Nb) are poor performers under irradiation due to
anisotropic growth that induces grain-boundary tearing and resultant breakaway swelling.
U-10 wt.% Mo is one in a series of alloys designed to maintain uranium in a metastable
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cubic ~ phase. The “hope” for these } stabilized alloys is stable swelling behavior
throughout fuel lifetime.

MATRIX SWELLING MODEL

The model consists of a set of coupled equations for the time rate of change of the
vacancy (c,) and interstitial (ci ) concentrations, the interstitial loop diameter (D{) and
density (Nl), the density of forest dislocation (f~), the cavity radius (q) ~d density (c.),

the average number of gas atoms in each cavity (N~), and, the concentration of gas atoms

in solution in the fuel matrix (c~). These equations are given by

dcv(t)
—= K–(ZrCvCi –kv(p,)Dvcv,

dt

dci(t)
— = K– (XrCvCi– ki(pl)Dici – 16nDicici

dt

dNl
— = 16~icici / (f2a2) _ ~~(t)N1 1D~,

dt

la2,

(1)

(2)

(3)

Previous calculation [1] of the irradiation-induced swelling of U- 10 wt.% Mo has
shown that the predicted swelling is a strong fimction of the steady-state value of the
dislocation density. Increasing the dislocation density by a factor of two can mean the
difference between gas-driven growth and bias-driven (void) growth. The bias-driven
(void) growth mechanism results in significantly more swelling than the bubble driven
component, and can lead to breakaway swelling behavior. Thus, it is important to pin
down the dislocation kinetics. In the past both the U.S. and the Russian authors have
partitioned the swelling calculations into various stages, e.g., dislocation nucleation and
growth, void nucleation and growth, gas-bubble growth. However, this approach
precludes the possibility that the bubble/void nucleation mechanism competes with the
dislocation nucleatiordgrowth mechanism for irradiation produced defects (vacancies add
interstitial). In addition, previous calculations of the dislocation density (taken as the
interstitial loop line length) have resrdted in an over prediction due to ignored constraints
on the growth of the loop size distribution. The loops evolve until the spacing between
loops reaches a distance characteristic of that separating crystalline defects such as
dislocations, grains, pores, bubbles and inclusions of a second phase. In this case we may
expect the transition from a fme dislocation loop structure to a coarse dislocation forest.
In what follows, a coupIed model for the calculation of the dislocation density ~d ca~ty-
size distribution in U- 10 wt.!%oMo is presented that remedies these shortcomings.
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dDd(t) 2

dt
=Ivl(t),

~ = nv/(t)N1 –&v((t)f~3’2 -4vl(t)f~ /d~,

~ = kvDv(cv –C:)– kiDici,

dc~
— = G – 16nf,r~D~c~c~–4mCD~cCc~+ bN~cC,
dt

C1.Ng
—= 4mcD~c~– bN~ + 16dW~rcDCcC,

dt
where

-(P~-2}/rc-o)/QkT
c: = c~e *

and

(4)

(5)

(6)

(7)

(8) ‘

(9)

(lo)

V/(t)= zi~2(t)Dici- zv~f (t)Dvcv,

p[(t)= ZN{D1. (12)

In the above equations, K is the damage rate in dpak; a, is the usual recombination
coefficient; a and Q are the lattice constant and atomic volume, respectively; D,, Di, and

D, are the vacancy, interstitial, and gas-atom diffusivity, respectively; kv(pl) and ki(~l)

are the vacancy and interstitial sink strengths, respectively f. is the gas bubble
nucleation facto~ r~ is the gas-atom radius; G is the gas-atom generation rate in

atoms/cm3/s; D~ is the gas-atom diffusivity; z, and Zi are the vacancy and interstitial

bias factors; c; is the thermal equilibrium vacancy concentration; P, is the internal gas

pressure in the cavity o is the external stress on the cavity; and, } is the surface energy.

The vacancy and gas-atom diffusivities are given by

D~ = D: +; V5’3115.

(13)

(14)

and



~ is the fission rate in fissions/cm3/s, Em is the vacancy migration energy, and D:

is the thermal component of the gas-atom diffusivity (<< ~V5’3/ 15 at ATR
temperatures). The irradiation-enhanced diffusion component of D, and D~ was

derived based on studies of structural changes taking place in two-phase uranium-
molybdenum alloys under the action of neutron irradiation [2]. This assumption
is reasonable if the irradiation-induced diffusion mechanism is similar to the
irradiation-induced phase mixing mechanism. The volume of thermal spikes
important for vacancy diffusion, V, based on calculations of temperature-time
curves in the thermal spike is estimated to be 8.2x 10-18cm3 at 373 K. The
irradiation component of D, was introduced to achieve physically realistic results
at low temperatures for point defect concentrations and a saturated dislocation
density. The value of the gas-atom diffusion coefficient given by Eq. 14 lies within
the scatter of the measured diffusion coefficients in oxides, mixed oxides,
carbides, and nitrides [3].

The dislocation loops evolve according to Eqs.3 and 4 until the spacing between
loops reaches some characteristic distance. It is assumed here that loop nucleation and
growth (Eqs.3 and 4, respectively) continues until the loops contact each other, i.e.,;.:,,

Dl(t)pl(t) = 1. (15)

Eq. 15 yields a similar result as that based on impurity pinning.

MATRIX SWELLING ANALYSIS

Eqs. 1-15 were solved numerically for a fission rate of 1X1014fissions cm-3 S-l and
a fuel temperature of 373 K Figure 1 shows the calculated total dislocation density
P = PI + f~ as a func”on of irradiation time for two values of the vacancy migration
energy ~m. Em is the critical parameter in the theory for these operating conditions (low
temperature and high fission rate). The calculations shown in Fig. 1 indicate that the
dislocation density reaches a steady state value for irradiation times greater than = 6X10G
s. This time corresponds to =7.5 at.% bumup of U-1OMO. A reduction in the value
of~m from 1.1 to 0.75 eV results in an increase in the calculated dislocation density of
more than an order of magnitude (i.e., from = 109to = 1010cm-2). A decrease in &
translates to higher vacancy diffhsivities and a higher loss rate of vacancies to sinks such
as dislocations and cavities. A decrease in the vacancy concentration causes a reduction
in the recombination rate between vacancies and interstitia.k, and thus an increase in the
interstitial concentration. A higher interstitial concentration promotes increased loop
nucleation and growth and results in a higher value of the dislocation density.

,..,,....

Figure 2 shows the calculated swelling due to matrix cavities for the same two
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Figure 1. Calculated total dislocation density p = pl + f~ as a function of irradiation time
for two values of the vacancy migration energy em.

values of &n. A value for Em of 1.1 eV results in matrix swelling cc 1% for fuel-
particle burnups >40 at.%. However, a value for $n of 0.75 eV results in cavity-
induced matrix swelling > 20(Mo! The reason for this dramatic four order of magnitude
increase in swelling for a 25% decrease in vacancy migration energy has its roots in the
difference between gas-driven (gas bubble) and bias-driven (void) swelling mechanisms.

In order to understand the nature of cavity swelling in the material, it is instructive
to examine the behavior of the excess cavity pressure P, -27 / rc that appears in the

exponent in Eq. 10 (in the following, the value of the external pressure o is assumed to be
negligible). Fig. 3 shows the calculated excess cavity pressure for the two values of fm
as a function of irradiation time. As shown in Fig. 3, for ~m = 1.1 eV
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Figure 2. Calculated swelling due to matrix cavities for two values of gm

PC-27 / rc is positive and increasing throughout the irradiation period. This means that

the gas pressure within the cavity, P,, is greater than the surface tension, 2? /r, and the

cavity is behaving like a gas bubble. The excess cavity pressure increases because of an
insufficient number of available vacancies in the matrix required for equilibration. If
sufficient vacancies are made available (e.g., by creep processes), bubble growth will
continue until the bubbles become equilibrated (excess pressure equal to zero).
Continued bubble growth requires the diffusion of gas atoms as well as vacancies to the
bubble. Bubble growth is also limited due to imadiation-induced gas-atom re-solution
from bubbles. For these reasons, swelling due to bubble growth is generally well
behaved (linear).

On the other hand, as shown in Fig. 3, for em = 0.75 eV the excess pressure is
negative throughout the entire irradiation period. For this case, the surface tension is
greater than the internal gas pressure, and, as the right hand side of Eq.6 is positive due to
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Fig.3. Calculated excess cavity pressure for two values of ~m as a function of irradiation
time.
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a super saturation of vacancies in the lattice, the cavity grows by the influx of vacancies.
Continued cavity growth under these conditions (bias-driven void growth) requires only



excess vacancies in the lattice. For this reason, void growth can lead to unstable swelling
behavior.

A key question is whether the irradiation-induced swelling of U-1OMOis bubble
or biased driven. If bubble driven, the swelling is expected to be stable. If biased driven,
the swelling could become unstable at high bumup leading to unacceptable materiak
behavior during irradiation. Given the above analysis, this question can be rephrased as
to whether the vacancy migration energy in U- 10Mo is closer to 1.1 eV or to 0.75 eV.

There is an observed linear relationship between the activation energy of uranium
selfdiffision in body-centered cubic metals and the melting point of the metals under
consideration [4]. This relationship can be expressed as

k = 1.453x10-3eV/(at K).

The energy for self-diffusio~ Q,.y, is related to the vacancy migration, ~~, and

formation, &ti, energies by

Q~e&= Em +&d. (17)

In general, &n = 05Q,=r so that

Em = 7.265x10A Tin,, (eV/ K). (18)

For metastable alloys, such as U- 10 wt.% Mo, the assumption is made that the solidus
point represents the mehing point. For U-10 wt.% Mo the solidus occurs at 1520K.
Thus, from Eq.18, &~= 1.1eV. Thus, from the analysis illustrated by Figs.1-3, we are
forced to the conclusion that any cavities in the lattice of the irradiated U-10 wt.% Mo are
gas bubbles and not voids.

GRAIN-BOUNDARY SWELLING ANALYSIS

Irradiation-induced recrystallization and enhanced bubble growth on the newly
formed grain boundaries was proposed as an interpretation of the observed fission-gas-
bubble-size distribution and swelling curve for U3Si2aluminum dispersion fuels and for
U02 power reactor fuels [5]. Recrystallization and intergranular bubble growth has been
definitively confined for U02 fuels [6]. Based on this experience, it was natural for the
authors to suppose that cavities, if observed, should be associated with a sub-grain
structure.
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Figure 4 shows DART [7] calculated fission-gas-bubble-size distributions for U-
10 wt.% Mo irradiated in the ATR at =40 at.% bumup for two recrystallization scenarios.
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Fig.4. DART calculated fission-gas-bubble-size distributions for U- 10 wt.% Mo
irradiated in the ATR to =40 at.% burnup for two recrystallization scenarios

The scenario represented by the solid line in Fig.4 is recrystallization induced in the
heavily deformed fuel particles due to grinding during fuel fabrication at = 500° C. For
this case 2pm size grains are presumed to have formed during fabrication and are
assumed to exist in the fuel during the entire irradiation. The scenario represented by the
dashed line in Fig.4 is irradiation-induced recrystallization. The DART recrystallization
model developed for U3Si2 fuels was utilized for this case. The model predicts that



recrystallization occurs at a fuel-particle fission density of 2.6x 102]cm-3 (=33 at.~o
burnup). Again, the recrystallized grain size is assumed to be 2pm. For both scenarios,
the calculated peaks of the bimodal distributions are associated with grain boundary
(larger peak) and grain comer (smaller peak) bubbles. The calculated intragranular
bubble sizes are well below those resolvable experimentally by scanning electron
microscopy. The calculations shown in Fig.4 predict that the larger bubble peak will
occur at a smaller bubble size for the case of irradiation-induced recrystallization than for
the case of fabrication-induced recrystallization. This is because for irradiation-induced
recrystallization the time that bubbles have to accumulate and grow on the grain
boundaries is shorter than for fabrication-induced recrystallization.

Fig.5 shows an SEM micrograph of U-10 wt.% Mo fabricated from ground
powder irradiated in the ATR to =40 at.% LEU bumup. Recrystallized grains with
diameter = 2pm and gas bubbles associated with the grain surfaces are clearly seen in
the micrograph. The bubbles appear to form a bimodal distribution with the larger
diameter (smaller density) population having sizes =1-1.5 pm. Measured bubble-size
distributions are currently not available. However, it is clear that the calculated
distributions as shown in Fig. 4 are in qualitative agreement with the obsemed bubbles
shown in Fig. 5.

Fig.6 shows the calculated fuel-particle swelling as a fimction of particle fission
density. 40 at.% burnup occurs at= 3.1x10m m-3. The difference between the flssion-
gas-bubble swelling (dashed curve) and the total fission-product swelling (solid) curve is
the solid-fission product swelling contribution. Swelling due to the interaction between
the fuel particle and the aluminum matrix has not been included in Fig.6. As can be seen
from the results shown in Fig.6, the swelling is linear throughout the entire irradiation
period. The total calculated fission-product swelling at= 80 at.% bumup is = 100%.
This swelling behavior is similar to that observed for U3Si2
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Fig.5. SEIM micrograph of C’-10 wt. % MO fabricated from ground powder irradiated in
the ATR to =40 at. 7C LEI.J bumup
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CONCLUSIONS

SEM micrographs of U-10 wt.% Mo irradiated at low temperature in the ATR to about 40
at.’% burnup show the presence of cavities. We have used a rate-theory-based model to
investigate the nucleation and growth of cavities during low-temperature irradiation of
uranium-molybdenum alloys in the presence of irradiation-induced interstitial-loop
formation and growth. In addition, the evolution of forest dislocations was calculated
based on dislocation loop growth and simultaneous climb and glide of unfaulted loops.
Consolidation of the dislocation structure takes into account capture of interstitial
dislocation loops and annihilation of adjacent dislocations, as well as loss to grain
boundaries. Bias-driven growth of cavities can lead to substantial swelling of the alloy
(void swelling). However, our calculations indicate that the swelling mechanism in the
U-10 wt.% Mo alloy at low irradiation temWratures is fission gas driven. The
calculations also indicate that the obsemed bubbles must be associated with a sub-grain
structure. Calculated swelling and bubble-size-distribution are in qualitative agreement
with the observations. The model predicts that U-10 wt.% Mo will exhibit stable fission-
product-swelling behavior throughout its lifetime.
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