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Nuclear materials development has a two-fold problem
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magnets, two electrostatic steerers, and three dipole bending mag-
nets are used between the ion sources and the TEM. In the same
way, a set of four viewing screens, five Faraday cups, and three
beam profile monitors is used to characterize both ion beams at
several locations along the beamlines. The range and complexity
of a portion of this ion beam system can be seen in the I3TEM
beamline schematic shown in Fig. 2.

3. Ex situ dual beam capabilities

A significant concern with any in situ TEM experiment is deter-
mining the effects associated with TEM sample preparation, small
sample dimensions, and electron beam irradiation of the sample. In
order to address these concerns, an ex situ implantation chamber
was incorporated less than 1 m upstream of the TEM, as shown
in Fig. 1A. The chamber was placed as close to the TEM as was
allowed by the physical connection and final ion beam character-
ization components. This arrangement permits validating electri-

cal, thermal, and small-scale mechanical testing experiments to
be run on larger samples exposed to identical ion species, energies,
and dose conditions as those observed during in situ TEM experi-
ments. The chamber can expose sub-regions of samples up to
100 mm in diameter to any combination of ion beams that can
be aligned into the TEM, including concurrent combinations of
high-energy heavy ion beams from the Tandem accelerator and
low-energy gas ion beams from the Colutron. The samples are posi-
tioned by a four-axis stage, and the chamber includes unused ports
that ensure additional potential for expansion. A significant vac-
uum capacity including Venturi, cryosorption, and turbomolecular
pumps permits independent venting and rapid pumping of the
chamber during full isolated operation of the TEM, Colutron, and
Tandem. The ability to perform dual beam experiments on regions
of wafer-size samples provides both a unique capability to validate
in situ TEM experiments and a means to provide deeper direct
understanding into the property evolution that occurs in extreme
radiation environments.

Fig. 1. I3TEM facility (A) JEOL 2100 TEM with key beamline and stage capabilities identified. (B) 6 MV EN Tandem Accelerator with the location of the ion sources identified.
(C) 10 kV Colutron.
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higher levels of carbon in HT9 relative to that in T91 and T92. Of
particular note in Fig. 17 was the decrease in volume fraction as a
consequence of decreased number density beyond 450 dpa. The
decrease in number density and saturation in length was also
observed by Borodin et al. [28] in HT9 irradiated with 1.8 MeV Cr3þ

ion irradiation at 500 "C from 100 to 150 dpa. Decreased number
density of M2X was attributed to a loss in coherency of the M2X as
M2X increase to very large length of approximately 100 nm.

4. Discussion

4.1. Void swelling behavior with damage and between alloys

The void swelling behavior for alloy HT9, T91 and T92 was
compared in Figs. 9 and 10. Note from Fig. 9 that the void diameter
increased with dpa muchmore than did the number density, which
was an order of magnitude lower in T91 than HT9. Together, this
suggests that swelling resistance is dictated primarily by nucle-
ation, and that the eventual swelling rate is the same for T91 and
HT9. Alloy T92 may eventually reach the same swelling rate but

since both diameter growth and number density were suppressed
out to 650 dpa, no conclusions on the steady state behavior can be
made.

An additional consideration not previously addressed in the
literature is the effect of very high swelling on the ion damage
distribution. The formation of voids in the sample has the effect of
decreasing the effective density of target material, which extends
the damage curve and therefore the depth at which voids appear
farther into the sample. By accounting for the decrease in effective
density as a result of void swelling-induced porosity, the actual
damage rate may be less than that calculated for the as-received
sample. The methodology to account for the swelling-induced
density decrease described in Ref. [29] was applied here and was
found to have a negligible effect on the measured swelling values.

The swelling rate in HT9 (~0.033%/ dpa) is comparable with
results from the literature. Smidt et al. [17] determined a linear
swelling rate of ~0.02%/ dpa up to 250 dpa, respectively, for HT9
irradiated with 2.8 MeV Feþþ at 500 "C with 1 appm He pre-
implanted. Toloczko et al. [7] determined a final swelling rate of
0.2%/ dpa from 1.8 MeV Cr3þ at 450 "C from 400 to 600 dpa. Again,

Fig. 9. Void a) diameter and b) number density as function of damage in 5 MeV Feþþ-irradiated HT9, T91 and T92 at 460 "C with 10 appm He pre-implanted.

Fig. 10. a) Void swelling evolution in 5 MeV Feþþ-irradiated HT9, T91 and T92 pre-implanted with 10 appm He and irradiated at 460 "C, b) and a more detailed view of the low
swelling regime.
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magnets, two electrostatic steerers, and three dipole bending mag-
nets are used between the ion sources and the TEM. In the same
way, a set of four viewing screens, five Faraday cups, and three
beam profile monitors is used to characterize both ion beams at
several locations along the beamlines. The range and complexity
of a portion of this ion beam system can be seen in the I3TEM
beamline schematic shown in Fig. 2.

3. Ex situ dual beam capabilities

A significant concern with any in situ TEM experiment is deter-
mining the effects associated with TEM sample preparation, small
sample dimensions, and electron beam irradiation of the sample. In
order to address these concerns, an ex situ implantation chamber
was incorporated less than 1 m upstream of the TEM, as shown
in Fig. 1A. The chamber was placed as close to the TEM as was
allowed by the physical connection and final ion beam character-
ization components. This arrangement permits validating electri-

cal, thermal, and small-scale mechanical testing experiments to
be run on larger samples exposed to identical ion species, energies,
and dose conditions as those observed during in situ TEM experi-
ments. The chamber can expose sub-regions of samples up to
100 mm in diameter to any combination of ion beams that can
be aligned into the TEM, including concurrent combinations of
high-energy heavy ion beams from the Tandem accelerator and
low-energy gas ion beams from the Colutron. The samples are posi-
tioned by a four-axis stage, and the chamber includes unused ports
that ensure additional potential for expansion. A significant vac-
uum capacity including Venturi, cryosorption, and turbomolecular
pumps permits independent venting and rapid pumping of the
chamber during full isolated operation of the TEM, Colutron, and
Tandem. The ability to perform dual beam experiments on regions
of wafer-size samples provides both a unique capability to validate
in situ TEM experiments and a means to provide deeper direct
understanding into the property evolution that occurs in extreme
radiation environments.

Fig. 1. I3TEM facility (A) JEOL 2100 TEM with key beamline and stage capabilities identified. (B) 6 MV EN Tandem Accelerator with the location of the ion sources identified.
(C) 10 kV Colutron.
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ions. This setup allows the monitoring of solid/liquid interfaces un-
der irradiation giving access to radiolysis effects. The damage in-
duced in UO2 by He ion irradiation was more particularly
investigated.[19,20] Recently, a research group from the Inter Univer-
sity Accelerator Centre (IUAC, New Delhi) has installed an in situ
micro-Raman setup, based on a Renishaw In Via Ramanmicroscope
equipped with a fiber optic probe (FOP), coupled to a tandem
Pelletron™ able to deliver swift heavy ion beams.[21] After each in-
crement of ion fluence, the target ladder is rotated by 90° for re-
cording the micro-Raman spectra.

The specificity of the JANNUS platform is the possibility to vary
many parameters during irradiation experiments: projected range
(large variety of ions types and energies), flux, fluence, nuclear to
electronic stopping power ratio and temperature. Multiple ion
beam facilities have been used for nearly 30 years to simulate
the irradiation effects of neutrons on relevant nuclear materials.
Actually, simultaneous ion beam irradiation allows the study of
structural damage build-up and foreign atom accumulation. More-
over, some studies show that sequential single beam or simulta-
neous multiple beam irradiations do not produce the same type
of microstructural evolution. For example, Lévy and coworkers[22]

clearly demonstrated that sequential dual-beam irradiation of
316 steel (using Ni and He ions) could lead to substantially dif-
ferent results in terms of swelling amplitude. More recently,
Thomé and coworkers[23] performed at JANNUS-Saclay sequential
single and dual-beam irradiations of oxides (ZrO2, MgO and
Gd2Ti2O7) and carbides (SiC) to study combined effects of nuclear
stopping power Sn (using 900-keV I ion) and electronic stopping
power Se (using 36-MeV W ions). A synergy between Sn and Se
was observed, leading to a strong decrease of the accumulated
damage in two materials (SiC and MgO). On the contrary, the
two other systems investigated in this study (ZrO2 and Gd2Ti2O7)
did not exhibit damage healing. These results present a strong in-
terest for both the understanding of the ion-solid interactions and
technological applications in the nuclear industry where expected
cooperative Sn/Se effects may occur.

In this paper, we describe the in situ Raman device implanted in
the triple-beam chamber at the JANNUS-Saclay laboratory, and we
illustrate the possibilities of this setup by presenting typical results
obtained on three different nuclear materials. The first example
concerns silicon carbide (SiC), a material which is selected for a va-
riety of applications including fuel cladding in fission reactors and
structural components in fusion reactors. The second example is re-
lated to the effects of ion irradiation on zirconia oxide layer (ZrO2)
formed on zircaloy-4 during 50-day corrosion test simulating the re-
sult of the exposition of fuel cladding to aggressive aqueous envi-
ronment in pressurized water reactors (PWR). The last example
deals with boron carbide (B4C), a material which is widely used as
neutron absorber in nearly all types of nuclear power plants.

Experimental procedures

The JANNUS-Saclay facility and the Raman setup

The JANNUS triple-irradiation facility at Saclay includes three accel-
erators: Épiméthée, a 3-MV single-ended Pelletron™ (3UH-4 from
National Electrostatics Corporation) equipped with an electron cy-
clotron resonance (ECR) source (Pantechnik, Nanogan™ type) able
to provide heavy ion beams with high energies and ranges from
gases or volatile organometallic compounds; Japet, a 2-MV Tandem
Pelletron™ (6SDH-2 from National Electrostatics Corporation)
equipped with an external SNICS II ion source (cesium sputter

source) which delivers single-charged ions with energies ranging
between 0.5 and 4MeV, doubly charged ions up to 6MeV and
higher charge-state ions with higher energies but lower currents;
Pandore, a 2.5-MV single-ended Pelletron™ (7.5SH-2 from National
Electrostatics Corporation) equipped with a radio frequency (RF)
ion source which produces protons, deuterons, 3He, 4He, Ar and
Kr ions.

The triple-beam chamber allows single, dual or triple-beam irra-
diations. Each beam line, converging towards the triple beam
chamber with an incidence angle of 15°, is equipped with a raster
scanner unit able to spread the beam homogeneously over an area
of 2 cm in diameter on the sample surface. Energy degraders may
also be used to produce almost homogeneous irradiation damage
along the whole ion range. The sample holder mounted on the rear
part of the chamber is able to operate from liquid nitrogen temper-
ature up to 800 °C.

The facility includes a Renishaw Invia Reflex™ spectrometer
Raman equipped with a Leica DM2500 microscope with five objec-
tives (×5, ×20, ×50, ×50L and ×100 magnification). A 100-mW,
frequency-doubled Nd: YAG (532nm) laser, with four power filters
to obtain 16 power levels (from 0.00005 to 100%), is used as the ex-
citation source. This spectrometer includes two diffraction gratings
(1800 and 2400 lines/mm) and edge filters, allowing 1 cm!1 spectral
resolution. This facility aims at performing point acquisition but also
two-dimensional (2D) maps and depth scans, before and after ion
irradiation.

The micro-Raman setup can be easily switched from ex situ to in
situmode. In in situmode, an additional mirror, located in the spec-
trometer intercepts and injects the laser into a 50-m-long fiber up
to the triple-beam chamber. In the chamber (Fig. 1), this fiber is con-
nected to a FOP, equipped with a video device and a 57-cm exten-
sion tube containing the objective. The FOP, the extension tube
and the collection optics have been specially designed by
Renishaw. The extension tube is inserted inside a protecting tube
closed by a 5-mm-thick silica window used for vacuum sealing. This
additional system is maintained on a three-axis manipulator. The
specifications of the collection optics: diameter, working distance

Figure 1. Drawing of the in situ Raman system connected to the triple
beam chamber.
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Transient	grating	spectroscopy	is	a	technique	which	measures	thermo-
mechanical	properties	by	inducing	and	monitoring	surface	acoustic	waves
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Acoustic oscillations return 
elastic mechanical properties

Grating decay returns thermal 
transport properties

Dennett et. al., Phys. Rev. B, 94 (2016)
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Figure 3-4: Sample results from transient grating excitation with ⇤ = 4.82 µm along the (100)
direction of {001} oriented single crystal aluminum. The SAW response is superimposed over the
decaying thermal grating as a function of time. The inset shows the filtered power spectrum of the
response with a clear peak at the SAW frequency. Figure sourced from [35].

3.2 Amplitude and phase grating thermal transport

To use the TGS technique to monitor the thermal transport properties of bulk materials under

investigation, we must first construct an appropriate model for both the surface temperature profile

and the surface displacement profile as a function of time. Consider a two-dimensional semi-infinite

half-space defining a surface (at z = 0) on which a periodic transient grating will be projected.

We define the positive ẑ direction into surface. The surface temperature profile resulting from a

�-function grating excitation can be found by solving the thermal diffusion equation
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is the heat capacity, T is the temperature, k
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and k

z

are the thermal con-

ductivity components parallel and perpendicular to the surface, respectively, and Q(x, z, t) is the

absorbed heat density [24,22]. This equation can be solved for an infinite periodic surface excitation

of the form

Q(x, t) = Q0 cos(qx)�(t), (3.9)

where Q0 is a laser intensity, q is the grating wave vector as defined in Eq. (3.1), and �(t) is the Dirac

delta function, by using a Fourier transform technique for both spatial and temporal components of

the response [22]. Appropriate boundary conditions for the problem are given by

@T

@z

(z = 0) = 0

T (z = 1) = Tbulk,

(3.10)

30

power 
spectrum

recorded 
signal

1/fTG

fTG



0 1 2 3 4 5 6 7
Depth [µm]

0

10

20

30

40

50

60

70

80

90

D
os
e
[d
p
a]

35 MeV Cu6+ into Cu

Material Single crystal
{111} Cu

Ion Species Cu6+

Ion Energy 35 MeV

Temperature 400˚C

Spot Size 0.19 cm2

Beam Current 100-250 nA

Target Doses [0, 5, 10, 30, 
50, 100] dpa

TGS probe 
depth

Dennett et. al., Acta Mater. (2017) (submitted)



{111} plane – face centered cubic

110

112

110

112



0 10 20 30 40 50 60
1550

1600

1650

1700

1750

1800

1850

1900

1950

2000

Surface acoustic wave (SAW) response of irradiated Cu

110112

Unirradiated

110

112

110

112

Dennett et. al., Acta Mater. (2017) (submitted)



0 10 20 30 40 50 60
1550

1600

1650

1700

1750

1800

1850

1900

1950

2000

Surface acoustic wave (SAW) response of irradiated Cu

110112

Unirradiated
5 dpa
10 dpa
30 dpa
50 dpa
90 dpa

Dennett et. al., Acta Mater. (2017) (submitted)



0 20 40 60 80 100
0.95

0.96

0.97

0.98

0.99

1

1.01

1.02

dislocation-small defect 
cluster interactions1

volumetric swelling
-4.3%

1Parkin et. al., J. Phys. F: Met. Phys., 17 (1987)Dennett et. al., Acta Mater. (2017) (submitted)



5	µm

High angle annular dark field 
scanning transmission electron 

micrograph
(HAADF-STEM)

90 dpa

Incident 
ion beam

Large, crystallographic voids

Void denuded zone

High density, small size near 
damage peak

Dennett et. al., Acta Mater. (2017) (submitted)



1 μm5 dpa 10 dpa 30 dpa 50 dpa 90 dpa

ion beam 
direction

050
0

1

2

3

4

5

Dose (dpa)

D
ep

th
 (
μm

)

TGS 
penetration 

depth

a) b) c) d) e) f)

Dennett et. al., Acta Mater. (2017) (submitted)

1.9×10-3 dpa/s 0.85×10-3 dpa/s



0 1 2 3 4 5 6

5

15

25

5

15

25

5

15

25

5

15

25

5

15

25 Areal Porosity
Volumetric Swelling 5 dpa

10 dpa

30 dpa

50 dpa

90 dpa

TGS penetration
depth

Dennett et. al., Acta Mater. (2017) (submitted)



Peak dose at 
4.25 um (dpa)

Intermediate dose 
at 2.4 um (dpa)

Peak dose rate 
(×10-3 dpa/s)

Δc/c0 along 

(%)
Areal 

porosity (%)
Volumetric 
swelling (%)

5.0 1.1 1.5 1.38 0.79 0.24

10 2.1 1.9 -0.80 1.96 1.36

30 6.3 0.85 -1.19 3.55 1.17

50 11 1.0 -1.43 8.59 8.82

90 19 1.7 -4.34 12.8 12.0

112

Dennett et. al., Acta Mater. (2017) (submitted)



0 10 20 30 40 50 60
1500

1600

1700

1800

1900

2000

Elastic theory predicts the expected SAW speed on single crystal surfaces

minimize best-fit elastic constants based on TGS data

unirradiated

90 dpa



𝜌
(g/cm3) C11 (GPa) C12 (GPa) C44 (GPa) A

Speed along

(m/s)

Speed along

(m/s)

Unirradiated 8.96 165.9 119.6 73.51 3.18 1945 1601

90 dpa 7.81 137.7 99.35 56.24 2.93 1861 1559

% change -12.8% -17.0% -17.0% -23.5% -7.9% -4.35% -0.75%

112 110

Zener anisotropy 
ratio

Dennett et. al., Acta Mater. (2017) (submitted)



To be a useful in situ diagnostic a new method must

be non-destructive

be non-contact

measure appropriate physical quantities

have sufficient time resolution
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Figure 3-10: Change in SAW speed, c

TG

, as a function of temperature for {111} oriented single
crystal aluminum. Each data point is a 15.5 second collection recorded on 20 second intervals. Red
circles indicate points taken on the heating cycle, blue triangles the cooling cycle, and the dashed
line is the expected SAW speed based on [48].

3.3.3 System performance discussion

In general, collecting traces of I

tot
S

(t) of with a signal-to-noise ratio sufficiently high enough in the

time domain to accurately fit thermal transport parameters requires a longer collection time than

that required to identify the primary excited acoustic oscillations as discussed here. The difference

in these time scales can vary widely between different material systems. As the ability to accurately

fit time dependent thermal diffusivity data from DH-TGS measurements is overall goal of this work,

a more complete discussion of the results and challenges of this procedure applied to the oxidation

of Fe-12Cr-2Si will be provided in the following sections.

A comment is required concerning the difference in the angles ✓1 and ✓2 which control the vertical

separation of the two probe paths in Fig. 3-7(b). In practice, these two angles should be set as close

as possible to each other while maintaining the ability to independently control the heterodyne

phase of each path. The lenses L1 and L2 used in the current iteration of this experiment are

achromatically, but not aspherically, corrected doublets. A small spherical aberration present in the

lens system causes a focal length shift between the two probing paths. The overlap volume of the

two pump beams is large enough with the spot sizes used here to allow for simultaneous collection

of both I

0
S

(t) and I

180
S

(t) with careful positioning of the sample surface in the beam path direction.

Upon initial alignment, the photodetectors must be tuned to compensate for differences in signal

amplitude occurring due to lens aberration as well as differences in intrinsic gain. The response

amplitudes can be matched by setting the heterodyne phase to � = 0

� for both probe paths, taking

the real-time Fourier transform of the photodetector response on the acquisition oscilloscope, and

43

Aluminum single crystal 
on a 30min heating and 

cooling cycle
15 sec per 
data point

Dennett and Short, Appl. Phys. Let., 110 (2017)



In situ TGS beamline experiment currently under development for 
Sandia Ion Beam Lab 6 MV tandem accelerator

operational bench-top TGS setup

Dedicated beamline in construction




