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Abstract

A ten segment traveling-wave chopper has been
constructed and successfully tested at 570 of the design 12
MHz repetition rate. The chopper must remove
unbunched tails from a partially bunched heavy-ion beam
in order to avoid undue emittance growth in the Iinac and
the production of undesirable satellite beam bunches.
When poorly bunched beams traverse the traditional
sine-wave chopper, it produces unacceptable transverse
emittance growth and unnecessary beam loss. These
effects are expected to be much reduced in the traveling
wave chopper. First tests have confirmed the validity of
these claims, clearly showing much reduced transverse
emittance growth as compared to the original sine wave
chopper and excellent selectivity for the desired beam.
Details of these tests will be presented and compared to
calculations. Operation of the new chopper at the full 12
MHz rate is the next goal. Development of a driver power
supply capable of full CW operation will also be
&scribed.

1 INTRODUCTION
Excellent beam quality is an important feature of

heavy-ion beams provided to the research program by the
ATLAS superconducting linear accelerator. The
measure of beam quality includes relatively low
emittance, small spot sizes with little or no halo, small
energy sprea~ and when requested excellent bunch time
width (<200 ps FWHM) on target. In order to make use
of these properties, a rather huger bunch period of 82.4
ns is provided meaning that only every sixth or eighth RF
bucket is filled with beam.

To achieve these beam quality goals, a two-stage
bunching systems converts the DC beam from the ion
source into a beam with a 12.125 MHz bunch structure.
The system is able to bunch approximately 70% of the
DC beam into acceptable pulses. The remainder of the
DC beam must be removed in order to provide the correct
bunch structure and beam quality. This unbunched beam
‘tail’ is removed with a vertically deflecting electric beam
chopper.

The beam chopper which has been used up to now at
ATLAS is a resonant ‘sine wave’ chopper. Bunches are
phased so as to arrive at the center of the chopper plates

as the sine wave passes through the zero-voltage p~lnt.
The chopper therefore operates at half the frequency of
the bunch structure deflecting the unwanted tails both
‘up’ and ‘down’. Since the good beam also sees some
voltage due to the finite transit time of the beam bunch
through the plate region, portions of the beam pulse are
deflected slightly both up and down causing an emittance
growth of the transmitted beam. A similar energy gain
effect also takes place due to the entrance and exit
flinging fields of the chopper. Thus such a device has a
significant detrimental effect on beam emittance. The
magnitude of the effect depends on the time width of the
beam bunch at the chopper. If the chopper can be located
in a location with a narrow bunch width these effects can
be miniied and acceptable performance is possible.
The geometry of a new bunching system in the ion source
region of the ATLAS Positive Ion Injector(PII) does not
allow the chopper to be located at a location where the
beam time width is narrow and the resulting emittance
growth from a sine wave chopper will be unacceptable.

Therefore a new non-resonant traveling-wave
transmission-line chopping system (TWC) is IAng
developed which can largely eliminate the emittance
growth effects described above. The conceptual design
and modeled performance has been previously reported
[1]. This paper describes the final design and first low
duty factor tests of the chopper.

2 CHOPPER DESIGN
TheTWC consists of ten shielded plate pair segments

arranged transversely to the beam, like rungs on a ladder.
The top plates are a part of one continuous impedance-
matched transmission line as are the lower plates. Such a
system can propagate a well-formed voltage pulse down
the line with a group velocity matched to the velocity of
the bunched beam traveling between the plates. The
deflector plates have a center-t-center spacing of 4.5 cm
which corresponds to a 17.66 ns ion transit time between
plates. The deflector plates are isolated from each other
by field clamp electrodes which also can be biased with a
DC voltage to fine tune any slight beam deflection from
incomplete voltage shutoff on the deflector plates.
Stripline electrodes are supported by plexiglass plastic
strips which provide critical spacing to maintain the
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Microstructural Examination of Irradiated V-(4-5’30)Cr-(4-5%)Ti
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Microstructural examination results are reported for WO heats of V-(4-5 %) Cr-(4-5Yc)Ti
irradiated in the EBR-11 X530 experiment to 4.5 dpa at -400”C to provide an
understanding of the m.icrostructural evolution that maybe associated with degradation
of mechanical properties. Fine precipitates were observed in high density intermixed
with small defect clusters for all conditions examined following the irradiation. The
irradiation-induced precipitation does not appear to be affected by preirradiation heat
treatment at 950-1125”C. There was no evidence for a significant density of large
(diameter >10 mm) dislocation loops or network dislocations. Analytical investigations
successfully demonstrated that the precipitates were enriched in titanium, depleted in
vanadium and contained no nitrogen. These results are discussed in terms of future
alloy development options.

Introduction

Vanadium-based alloys are being developed for application as a first wall material for
magnetic fusion power systems. It has been shown that alloys of composition V-(4-
5%) Cr-(4-5%)Ti have very promising physical and mechaniczd properties. [1] Recent
attention in this alloy class has focused on several issues, such as the effect of
low-temperature irradiation on fracture toughness, the effect of helium generation the
effect of minor impurities, and heat-to-heat variation in work-hardening behavior at low
irradiation temperatures. While other classes of alloys are still considered, it may still
be possible to optimize the V-(4-5 %) Cr-(4-5Yo)Ti alloys in order to suppress their
susceptibility to loss of work-hardening capability following irradiation at low
temperatures. Susceptibility of the alloy class to this process under fusion-relevant
helium-generating conditions is considered to be a major factor in governing the
minimum operating temperature of magnetic fusion devices.

Recent irradiation experiments at < 430°C have shown that the loss of \vork-hardening
capability and uniform elongation of V-4 Cr-4Ti vary strongly from heat to heat and are
influenced significantly by helium generated in the alloy. [2] The present effort was
initiated to provide an understanding of the microstructural evolution in some heats of
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the V-(4-5 %) Cr-(4-5Yi)Ti class that correspond to specimens with degradation of
mechanical properties. [3] Specifically, two issues were addressed: the microstructural
characteristics of a 5.00-kg heat of V-4Cr-4Ti’ (Heat #832665, referred to in reference
3 as BL-71) not previously examined following irradiation, and the cause of degraded
properties in both an 80-kg heat of V-5 Cr-5Ti (Heat BL-63) and the 500-kg heat
following irradiation at -385°C to -4 dpa in the X530 experiment in the”Experimental
Breeder Reactor - II (EBR-11). Finally, it can be noted that whereas the 500-kg heat
did suffer from virtual loss of work-hardening capability during the irradiation, samples
of a Russian 100-kg heat of V-4 Cr-4Ti (Heat VX-8) gave widely varying results
depending on the irradiation capsule, indicating that irradiation induced hardening may
be avoided. [4]

Experimental Procedure

Specimens in the form of microscopy disks 3 mm in diameter were included in the X530
experiment. Five samples were selected for examination comprising two heats of
material but each with a different preirradiation heat treatment condition. The
compositions of the heats are given in Table 1[5,6] and the specimen conditions are
shown in Table 2. Specimens of BL-63 had been included in capsule S8 and specimens
of BL-71 had been included in capsule S9 of the EBR-11 X530 experiment[7] which
achieved an exposure of 35 effective full power days yielding a peak fluence of 7.3x1021
n/cm2 (E> 0.1 MeV) corresponding to damage of -4 dpa.[8] The capsules also
contained matching miniature tensile specimens of the same conditions but from thicker
sheet stock. The bottom of capsule S8 was 9.80 inches from the bottom of the core and
the bottom of capsule S9 was 7.35 inches above the bottom of the core upon which
actual irradiation temperatures and doses have been estimated and included in Table
2.[9,10] One specimen of each of the BL-71 conditions was electrolytically thinned at
A.NL following irradiatio~ and one specimen of each of the BL-63 conditions was
thimed at PNNL. Specimen BL-71-WR105O was briefly repolished at PNNL.
Examinations were performed on JEOL 1200EX and 201OF analytical transmission
microscopes at PNNL and on Philips CM12 and CM200 microscopes at ORNL.

Table 1. Composition of Heats Examined .

Minor Impurities [appm]’
Heat # Nominal Composition,

WWo o N c Si Other

BL-63 V-4.6 Cr-5.lTi 440 28 73 310 ~oo ~

832665, V-3.8 Cr-3.9Ti ‘ 310 85 80 7s3 Wo Fe,
BL-71 190 Al
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Table 2. Specimen and Irradiation Conditions for the X53
II 1 I

Specimen Preirradiation heat treatment Fluence
Designation (n/cm2)

BL-63- cold rolled, annealed at 6.7x1021
CR950 950°C/lh

BL-63- cold rolled, annealed at 6.7x1021
CR105O 1050°C/lh

BL-71- warm rolled, annealed at 7.3X1021
WR950 95@C/lh

BL-71- warm rolled, annealed at 7.3X1021
W’R105O 105(YC/lh

BL-71- warm rolled, annealed at 7.3X1021
WR1125 1125°C/.lh

Experi

Dose
(dpa)

4.3

4.3

4.7

4.7

4.7

ent.

Temperature
(“c)

400

400

400

400

400

Results

The rnicrostructures of all conditions were as expected, showing large and intermediate
sized (Ti,V) oxy-carbo-nitride particles randomly distributed, and small particles
decorating grain boundaries in the BL-71-WR105O and BL-71-WR1125.[11] Evidence
for effects of irradiation could only be identified on a fine scale but was quite apparent
at magnifications on the order of 30KX.

Careful examination of diffraction information indicated enhanced scattering in two
regions of reciprocal space: a radial streak in the <200> direction at approximately
3A<200> and a similar tangential streak at approximately %< 222>. Dark field imaging
with each of these features showed similar but not identical distributions of fine
features, assumed to be precipitates. As streaking is in different directions for each of
these, diffraction features, different populations of precipitates would be expected to be
in contrast. Similar attempts to image the dislocation structure using weak beam
conditions on matrix reflections gave very complex images with features of similar size
to the precipitate features. It is therefore likely that several matrix reflections
superimpose on precipitate reflections. It was possible to obtain precipitate dark field”
images for each sample condition using 34<200> contrast in stereo by tilting on (200).
Stereo model observations demonstrated that the precipitate features tended to form
in layers distributed through the foil thickness, verifying that they were not surface
artifacts. All specimens gave similar diffraction behavior. Examples of one dark field
image for each sample condition using ~ = 3A<200> are provided in Figure 1. Fi=wre
1 also includes an example of the diffraction information. inset.

From Figure 1, it can be seen that precipitation is very fine. For example. particles in
Figure Id are 2 nm Iong by 1 nm wide, the narrow dimension corresponding to the
streaking in <200>. It is surprising that such small particles can be successfully imaged.
The precipitate dark field images appear to differ between the two heats. but the size
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distribution is invariant with respect to the preirradiation heat treatment. The exact
nature of the differences between the precipitate morphologies for the two heats is
difficult to quanti~. Although the images of precipitates in BL-63 appear to be larger,
careful examination of the negatives suggests that the larger particles are a result of
rafts of closely spaced smaller particles, of similar size to those in BL-71. However, it
can be argued that the particles are larger in BL-63, and the fine structure appears for
other reasons. The precipitation response made imaging the dislocation structure
impractical. Neither defect clusters (dislocation loops) or network dislocations were
successfully imaged.

Stereoscopic precipitate measurements gave particle densities as follows; BL-63-CR950:
6.3 nrn mean diameter at 4X1017cm-3 for a volume fraction of 3.5%, BL-63-CR105O: 4.9
nm mean diameter at 2X1017cm-3 for a volume fraction of 0.8%, BL-71-WR950: 4.4 nm
mean diameter at 1.1x1017 cm-3 for a volume fraction of 0.3%, BL-71-WR105O: 4.8 nrn
mean diameter at 4X1017 cm-3 for a volume fraction of 1.3%, and BL-71-WR1 125: 3.7
nm mean diameter at 3X1017cm-3 for a volume fraction of 0.4%. These measurements
should be considered estimates given the difficulty of the analysis, but they provide
further indication that the precipitation found could be responsible for the observed
irradiation hardening in BL-71 but do not explain the difference in behavior between
the two heats.

Several attempts were made to obtain compositional information from the fine
precipitate features using energy dispersive x-ray spectroscopy. Difficulties were
encountered identifying the exact location of a precipitate so that a 1 nm focussed spot
could be positioned to obtain characteristic precipitate composition information.
Techniques based on %<200 > dark field imaging and lattice imaging to identi&
precipitate locations failed to provide any composition dependencies that could be
considered characteristic. Initial attempts to identi~ composition differences at a grain
boundary in BL-71-WR105O were also unsuccessful.

The matrix precipitate composition was studied in more detail using an annular dark
field “(ADF) aperture and a Parallel Electron Energy Loss Spectrometer (PEELS). A
PEELS line profile showing Ti concentrations varying across the specimen which
correlates with defects as imaged by ADF scanning transmission electron microscopy
is shown in Figure 2. This titanium signal has been enhanced by dividing by the
vanadium sibgnal. A 100 eV window in front of the L edge was used to fit, extrapolate
and subtract a background from the EELS spectra below the titanium L edges. The
beam trace is defined by the 50 nm line across the rnicrograph insert. h good fit
between enhanced titanium concentrations and bright features in the dark field image
was obtained.

The Ti/V ratio plotted in Figure 2 is of a qualitative nature only intended to show that
the peaks in Ti concentration correlate well with the defects visible in the STEM
images. The ratio was plotted since it automatically corrects for thickness and diffraction
effects. It should not be considered a plot of quantitative values. It can be noted that
the peaks in Ti concentration correlate well, but not perfectly, with the intensity in the
ADF STEM image. The line profile crossed four bright defects, all of which correspond
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to a peak in Ti intensity, but between the last two defects the profile shows another
peak in Ti concentration where no defect is visible. This may be due to the presence
of several variants in orientation so that not all appear in the same dark field image.

Also, it was possible using a grain bounda~ difference spectrum shown in Figure 3, to
show chromium enhancement at a grain boundary. A chromium peak is clearly visible.

Discussion

The purpose of this work was to provide an explanation for mechanical property
degradation in two heats of V-(4-5 %) Cr-(4-5Yi)Ti. The above results indicate that
precipitation during irradiation is responsible for irradiation hardening. Unfortunately,
the composition of the precipitate has not yet been completely established, so that it is
not yet possible to provide recommendations for composition modifications for
improved properties. This discussion is provided as speculation on the likely causes for
the behavior observed.

Several importaqt facts should be first summarized. Table 3 provides postirradiation
mechanic~ properties response [3] for conditions identical to those examined in this
study. From Table 3, it can be shown that BL-63 gave lower levels of both yield
strength (YS) and ultimate. tensile strength (UTS), but uniform elongation (U@ was
similar in comparison with BL-71 following annealing at 950”C, whereas higher
annealing temperatures for BL-71 produced lower UE. Total elongation “(TE) values
followed none of these trends. These properties corresponded to. ductile to brittle
transition temperatures (DBTTs> >300°C. Therefore, to a first order, both alloys have
unacceptable properties following irradiation at low temperatures. However,
comparison of the compositional differences in Table 1 demonstrates that BL-71
contains less chromium and titanium but higher silicon.

Table 3. Postirradiation mechanical properties for selected, specimens in the X530
experiment. .

Specimen Preirradiation heat treatment 0.270 Ys UTS UE TE
Designation (MPa) (MPa) (%) (%)

BL-63- cold rolled, annealed at 701 743 0.8 2.8
CR950 95(YC/lh

BL-63- cold rolled, annealed at 723 765 1.0 7.0
CR105O “ 1050°C/ lh

.
BL-71- warm rolled, annealed at 819 847 0.8 4.1
WR950 950°C/lh

BL-71- warm rolled, annealed at 809 S18 ().4 6.0
WR105O 105V’C/lh

BL-71- warm rolled, amealed at 880 883 0.2 6.0
WR1125 1125°C/lh
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Therefore, the experimental obsemations can be summarized as follows. BL-71
develops more harder@ and less uniform elongation following irradiation; BL-71
contains significantly more silicon and a little less chromium and titanium, but the
irradiation temperatures are expected to be very similar. [9] However, it should be
noted that all of the specimens in subcapsule S9 (including BL-71) exhibited lower
tensile ductilities than specimens irradiated in subcapsule S8. Based on this, one likely
cause for the observed efianced hardening would be expected to be precipitation of
silicide phases. The observed precipitate particles are very finely distributed, and
precipitate number density has been measured for each condition. It can be ar=ged that
the particles may be larger or more non-uniformly distributed in BL-63, and therefore
effectively at lower density (although not supported by quantitative microscopy because
distribution is not taken into account), in agreement with the observed hardening
behavior. Another explanation may be envisioned arising from impurity transfer flom
the 304 stainless steel subcapsule walls.

The diffraction information obtained for this fine precipitation does not correspond to
straightfonvardly precipitation previously identified in this alloy class. Chung and
Smith[12] have provided diffraction information for Ti5(Si,P)3 and Ti20 that have
similar appearance but different diffraction response. One published diffraction pattern
in Figure 2 of reference [12] does show a streak at %.3< 222>, but no comment is
provided. Chung et al.[13] found similar grain boundary contrast in V-4Cr-4Ti
irradiated at 425°C to 31 dpa in the DHCE experiment but ruled out Ti+i3
precipitation. Chung, Loomis, and Srnith[14] showed microstructure in irradiated V-
4Cr-4Ti containing Ti$i3, but provided no diffraction information. Satou et al.[15]
showed diffraction and dark field images of Ti$i3 precipitates in V-5Ti-5Cr-lSi-Al
following irradiation at 520°C, but the diffraction information is not in agreement with
the present findings. Genes and Chung[16] found precipitation in V-5 Cr-5Ti following
irradiation with a diffraction streak at 3A<200>, but compositional information was not
obtained, and it was “anticipated that the phase was TiP, but similar morphologies have
been identified previously as Ti+i3.” Chung et al.[17] again published a grain boundary
image in V-4Cr-4Ti irradiated at 425°C to 31 dpa similar to those in the present work.
Finz+lly,Fukumoto et al.[18] showed dark field images of shn.ikr features in V-4Cr-4Ti
following irradiation but identified them as titanium oxide, Ti20 or TiOX (x<O.5)
without giving any diffraction information. Therefore, titanium oxide may be a
reasonable identification of the irradiation hardening phase found in our work, but
agreement from the literature is not available.

It can also be noted that ongoing work on some heat treated welds of the V-4Cr-4Ti
alloy showed very strong diffraction spots at %(200).[ 19] The heat treatment results in
many (100) planar precipitates which have an FCC crystal structure with a. = 0.42S nm.
The precipitate [100] corresponds to the MatrL~ [110]. The precipitate dz~ lattice
spacing matched the matrix dllo perfectly on two of the three axes, and thus the shape
is a large-diameter, thin disk. Previous work on welds heat treated similarly showed the
precipitates to be TiT04N2C. Therefore, it is possible that the precipitates found
following irradiation in the X530 experiment are of type Ti(OCN). It is not yet certain
that the %(222) diffraction spots are due to these defects; they may be due to a different
set of precipitates.
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From these analyses it appears that the precipitate found in the present work cannot
be identified as a silicide based on diffraction information, whereas it may be, but has
not definitively been shown to be, an oxide or a phosphide. If an oxy-carbo-nitride is
responsible for the hardening found in the X530 experiment, then differences between.
the BL-63 and BL-71 alloys could best be explained by a consequence of variation in
irradiation temperature in different subcapsules and not composition. However, as
noted in Table 2, due to capsule radial positions, the”calculated irradiation temperatures
are identical. [9] A phosphide cause for embrittlement is unlikely because phosphorus
levels are low in BL-71.[6] The most critical experiment continues to be identification
of the phase in BL-71 that causes the diffraction streaks at 3A<200> and ?4<222>.

CONCLUSIONS

Five specimen conditions from the X530 experiment, comprising two heats of V-
(4-5%) Cr-(4-5%)Ti given different preirradiation heat treatments and corresponding to
tested mechanical properties specimens, have been examined to identi~ the cause of
irradiation hardening. It is found that hardening is at least in part due to precipitation
of a high density of small particles. However, analytical electron microscopy was unable
to provide quantitative precipitate composition and it is not yet possible to provide an
explanation for the differences in response between the heats.
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Figure and Table Captions

Figure 1. Precipitate dark field images for specimens of V-(4-5 %) Cr-(4-5%)Ti
irradiated in the X530 experiment with a (0-11) diffraction pattern from BL-71-WR1 125
inset.

Figure 2. Titanium vanadium ratio based on a PEELS Line Profile across defects
visible in Annular Dark field STEM mode with the corresponding 50 run beam trace
marked on the micrograph inset.

Figure 3. Grain boundary EDX difference spectrum showing chromium enrichment
following irradiation in the X530 experiment.

Table 1. Composition of Heats Examined

Table 2. Specimen and Irradiation conditions for the X530 experiment.

Table 3. Postirradiation mechanical properties for selected specimens in the X530
experiment.

I

Figure 1. Precipitate dark field images for specimens of V-(4-5 Yc)Cr-(4-5Yo)Ti
irradiated in the X530 experiment with a (O-l-1) diffraction pattern from BL-71-
WRl 125 inset.
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Figure 2. Titanium vanadium ratio based on a PEELS Line Profile across
defects visible in Annular Dark fieId STEM mode with the corresponding 50
nm beam trace marked on the micrograph inset.
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l?i@re 3. Grain boundary EDX difference spectrum
showing chromium enrichment following irradiation in
the X530 experiment.
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