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Jet Engines
Industry
Rolls-Royce is: £13bn revenue, 90% exported, 
80% civil, ~50% of the twin-aisle market, a £76bn 
order book, 20% gross margins (civil aero), £1.2bn 
R&D spend, is 2.5% of UK GVA, employs 24,000 
people in the UK + 150,000 in the supply chain - 
0.6% of UK total employment.
 
Emissions Civil Aero is 6.6tn RPK, 7 GtCO2e or 
170 gCO2e/person-km, US$105bn in fuel.

Noise The B787 is 7dB quieter than the B767/
A330 (4X lower perceived noise)

Safety 3bn people took 25m flights with 224 
deaths in air accidents.  In the UK you have 100X 
the chance of dying in a road traffic accident than 
in the air - 1 in 3.5 m each yr.
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Superelasticity

particularly for S15. {110}b peaks measured outside of this
limit do not.

Raw diffraction patterns for the four samples tested in
cyclic tension are shown in Fig. 4. The left column com-
prises initial patterns recorded at zero load. The central
column comprises patterns recorded at maximum load
in the third load cycle at the stress given in the captions.
The right column shows diffraction patterns after release
of load. Partial new diffraction rings are apparent in all
four samples at maximum load, which then revert to the
original b phase upon load release. Progressing from
sample S08 to S40, the new rings become weaker and less
complete in v with increasing oxygen content. Peak stress
patterns were acquired before onset of plastic yield.
Samples S15 and S20 thereafter sustained approximately
2% plastic strain before load release, so that traces of

stress-induced rings in Fig. 4f and i do not imply non-
reversibility of the stress-induced phase in the superelastic
range.

The stress-induced diffraction peaks can be indexed as
a00. The most intense of the new peaks, visible immediately
outside the innermost {110}b ring at peak stress in Fig. 4,
is indexed as ð021Þa00 . Evolution of this peak during cyclic
loading at an azimuth angle where it has maximum inten-
sity and of {110}b averaged over all v are shown in Fig
5. Formation of a00 in S08, Fig. 5a–c, occurs in the second
and third load cycles. Peak height increases nearly linearly
with the applied stress and the peak half-width at half-max-
imum (HWHM) of ð021Þa00 is approximately 1.5 times that
of {110}b. There is a corresponding decrease in the height
of {110}b; nevertheless the height and HWHM of the
plateau at around 1/2 Hmax in Fig. 5c are artefacts of the

Fig. 4. SXRD patterns from (a–c) S08, (d–f) S15, (g–i) S20 and (j–l) S40 acquired (left) at initial condition, (centre) at peak stress of respectively 665, 797,
853 and 762 MPa and (right) after unloading; tensile axis (v= 0) is horizontal.

116 E.G. Obbard et al. / Acta Materialia 59 (2011) 112–125
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Superelasticity

Images: Talling, Dye et al, Acta Mater (2009)
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6.3.2    TEM 

 
Figure 6.13: (a) Dark field TEM image showing stress-induced ω plates in the IM0.0 specimen; 
(b) SAD pattern of area in (a) with zone axis close to .]211[ β  

Figure 6.13 shows faults in the IM0.0 specimen, which are comprised of stress-induced 

ω plates. The orientation of these plates is close to <111>β. Figure 6.14 shows the same area as 

that in Figure 6.13, but with the beam direction close to [001]β. It can be seen that the fault 

planes either side of the ω plates are composed of plate-like features, which traverse across the 

fault plane and terminate at the neighbouring ω plate. It appears that each fault plane is 

composed of a singular variant of the plate. 

 
Figure 6.14: (a) Bright field TEM image from the same area as in Figure 6.13 in the IM0.0 
specimen, and; (b) corresponding dark field image of the same area as (a); inset [001]β SAD 
pattern. 

Figure 6.15 gives a clearer view of how the plates are distributed along the fault planes. 

It is evident that the plates align across the whole plane. 
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Figure 6.19: (a) TEM bright field and; (b) dark field image of the same area in (a); (c) SAD 
pattern with the beam direction close to [110]β; (d) key diagram of (c). The dark field image in 
(b) is obtained using the "α)011( spot. 

Figure 6.19 shows another set of images from the faults in Figure 6.16. The diffraction 

pattern in Figure 6.19(c) shows that when the beam direction is close to [110]β, reflections from 

α", in addition to the ω phase are present. The SAD pattern is in agreement with that obtained in 

a recent study which observed the shape memory effect in Ti-30Nb-3Pd [125]. In ref. [125] it 

was speculated that the α" phase consumed the ω phase during loading. Figure 6.19(b) shows 

that the plates on the fault planes are composed of α" variants. One of the fault planes comprises 

the [020]α" variant and the other comprises the ".α]103[  
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Complexion-mediated martensitic phase
transformation in Titanium
J. Zhang1,2, C.C. Tasan3, M.J. Lai1, A.-C. Dippel4 & D. Raabe1

The most efficient way to tune microstructures and mechanical properties of metallic alloys

lies in designing and using athermal phase transformations. Examples are shape memory

alloys and high strength steels, which together stand for 1,500 million tons annual production.

In these materials, martensite formation and mechanical twinning are tuned via composition

adjustment for realizing complex microstructures and beneficial mechanical properties. Here

we report a new phase transformation that has the potential to widen the application window

of Ti alloys, the most important structural material in aerospace design, by nanostructuring

them via complexion-mediated transformation. This is a reversible martensitic transformation

mechanism that leads to a final nanolaminate structure of a00 (orthorhombic) martensite

bounded with planar complexions of athermal o (a–o, hexagonal). Both phases are

crystallographically related to the parent b (BCC) matrix. As expected from a planar

complexion, the a–o is stable only at the hetero-interface.

DOI: 10.1038/ncomms14210 OPEN
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The α→ω transformation in Zr (and Ti)

H-R Wenk et al, Phys.Rev.Lett. (111):195701, 2013

Orientation Relations During the !-! Phase Transition of Zirconium: In Situ Texture
Observations at High Pressure and Temperature

H.-R. Wenk,1,* P. Kaercher,1 W. Kanitpanyacharoen,1 E. Zepeda-Alarcon,1 and Y. Wang2

1Department of Earth and Planetary Science, University of California, Berkeley, California 94720, USA
2Center for Advanced Radiation Sources, The University of Chicago, Chicago, Illinois 60637, USA

(Received 15 May 2013; published 6 November 2013)

Transition metals Ti, Zr, and Hf have a hexagonal close-packed structure (!) at ambient conditions, but

undergo phase transformations with increasing temperature and pressure. Of particular significance is the

high-pressure hexagonal ! phase which is brittle compared to the ! phase. There has been a long debate

about transformation mechanisms and orientation relations between the two crystal structures. Here we

present the first high pressure experiments with in situ synchrotron x-ray diffraction texture studies on

polycrystalline aggregates. We follow crystal orientation changes in Zr, confirming the original suggestion

by Silcock for an ! ! ! martensitic transition for Ti, with ð0001Þ!jjð11!20Þ!, and a remarkable

orientation memory when ! reverts back to !.

DOI: 10.1103/PhysRevLett.111.195701 PACS numbers: 64.70.kd, 07.85.Qe, 62.50.#p

At ambient conditions transition metals such as titanium,
zirconium, and hafnium crystallize in a distorted hexagonal
close-packed structure (!). These metals have received a
great deal of attention, particularly due to the importance
of Ti as a light structural metal, and Zr and Hf as compo-
nents of nuclear reactors. At high temperature the ! phase
of these metals transforms to a body-centered-cubic (bcc)
structure ("),while at high pressure it converts to a different
hexagonal structure (!) (Fig. 1). The ! ! ! transition is
significant from a mechanistic point of view, since the !
phase is ductile and the! phase is brittle. The! phase was
first discovered in Ti alloys that were quenched from the
high temperature" structure [1]. Later, static high pressure
experiments established that the! structure is stable at high
pressure [2–5], which was further confirmed by shock
experiments [6]. In all previous experiments the ! phase
did not revert to the ! phase at pressure release and was
analyzed at ambient conditions. The phase relations of Zr
have been studied experimentally and equations of state
were established [7,8].

The electronic transfer between the broad sp band and
the much narrower d band in group IV transition metals is a
likely driving force behind structural transitions [9] and has
stimulated a large number of molecular dynamic investi-
gations that explore the changes in bonding [10–13].

The hexagonal ! structure has been described as a
distorted bcc structure [14,15] which can be achieved by
displacing atoms in the ! structure (Fig. 1). Orientation
relationships between ! and ! were explored with x-ray
diffraction [1], transmission electron microscopy [16,17],
and ab initio calculations [18] to investigate the martensitic
nature of the transformation. While orientation changes
and texture memory in the ! ! " phase transition in Ti
have been extensively studied in situ [19], and a martens-
itic mechanism described by Burgers [20] is firmly estab-
lished with the topotactic relations ð0001Þ!jjf110g", i.e.,

the (0001) plane in ! becomes equivalent to the {110}
planes in", andh11!20i!jjh1!11i", there is still considerable
debate about the martensitic mechanism during the
! ! ! transformation. For Ti the mechanism originally
suggested by Silcock [1] with ð0001Þ!jjð11!20Þ! and
½11!20%!jj½0001%! is at odds with the ab initio calculations
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FIG. 1 (color online). The pressure-temperature paths for D-
DIA and DAC experiments are shown within the Zhang et al.
[27] phase diagram. Dotted lines in D-DIA experiments indicate
large compressive strain. Dashed lines in DAC experiments
indicate uncertainties in pressure estimates for the ! phase at
higher temperature. The structures of the three phases are
illustrated in assumed orientations and on the same scale.
Numbers refer to diffraction images in Table I.
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β↔ω:  {111}β || {0001}ω, 
β↔α:   {110}β || {0001}α,     <111>β || <1120>α

α↔ω: 
Silcock (exp’t):   {0001}α || {1120}ω,   <1120>α || <0001>ω
Trinkle (DFT):    {0001}α || {0111}ω,  <1120>α || <0111>ω



Linac Coherent Light Source @SLAC

World’s first hard X-ray Free Electron Laser, built using the Stanford Linear Accelerator 
Laboratory tunnel, 14 GeV linac.  Photons 0.27-11 keV, 1012-1013 photons/pulse, 50-550 fs 
duration, ΔE/E 0.2 - 0.5 %, up to 120Hz, linearly polarised. 

c.f. ESRF UpgradeII: 6GeV ring, photons to 200 keV, ~10MHz, 11 ps bunch, ΔE/E 0.1%, 



Linac Coherent Light Source @SLAC
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Linac Coherent Light Source (LCLS) 

electron beam 

x-ray beam 

 Injector 

1km linac 14 GeV 

AMO 
SXR 

XPP 

XCS 

CXI 
MEC 

Far-hall: 3 instruments 

Undulator hall 

Near-hall: 3 instruments 





160fs Diffraction @ CXI, LCLS, SLAC
Collect data at 50ps intervals

2μm Zr foil - shock traverses foil in 
~600 ps

Pump-Probe: optical laser w/ 
130-500μm spot size (FWHM),  
using X-ray laser (λ=0.129nm) of 
30μm spot size

TD Swinburne et al, Phys.Rev.B (93):144119, 2016
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FIG. 3. Time resolved (data every 50ps) response of Zr foils to
a laser shock. Main figures: Strain as inferred from position
of di↵raction peaks for a) lowest laser power (18.44Jm�2)
and b) medium laser power (79.3Jm�2). Insets: widths of
di↵raction peaks. The strain and width of the new peak is
referenced to the final steady state, whereas they are referred
to the unshocked state for the ↵ phase. c) Normalised X-Ray
di↵raction intensities for the ↵ peaks (solid line: FEL, dotted
line: reconstructed from laboratory X-ray di↵raction), and
the ! peak at the end of the shock event. It can be observed
that the {1011}! texture corresponds to the parent {1010}↵.

Due to the strong basal texture of the ↵-Zr samples,
Figure 1, the di↵raction rings had significant azimuthal
intensity variation meaning the crystallographic texture
could be inferred[8] for the {101̄0}↵ and {101̄1}↵ reflec-
tions throughout the shock, as well as the new {101̄1}!
reflection after the shock. Lattice planes in the di↵raction
condition have a large angle to the foil normal, therefore
lying near the periphery of the pole figures in Figure 1;
the FEL and laboratory X-ray pole figure periphery in-
tensity variations correspond to the solid and dotted lines
in Figure3(c).

This allows the orientation relationship of the ↵ ! !
transformation under shock conditions to be directly in-
ferred, Figure 3(c). The strong basal texture of the Zr foil
is clearly demonstrated by the weak, flat reflection for the
{0002}↵ pole figure periphery (PFP) data with a strong
six-fold symmetry for all other planes. As expected, the
{112̄0}↵ reflection has peaks at 30� to {101̄n}↵ reflec-
tions. The FEL data, which shows excellent agreement
with the PFP data, is an aggregate of all of the individ-

ual di↵raction images for the ↵ phase before and after
the FEL pulse. The data for the ! phase peak is an ag-
gregate of all the di↵raction data around 1.4ns after the
laser pulse where a steady state was observed, as shown
in Figures 2-3. Inspection of Figure 3 demonstrates that
both the periodicity and intensities of the {101̄1}!, is
aligned with the {101̄0}↵ reflection, clearly demonstrat-
ing an OR of {101̄0)↵||(101̄1}! between the alpha and
omega phases.
Moreover, such an observation is only possible because

of the characteristic rolling texture of the foil (Figure 1),
with the basal {0002}↵ poles lying between the foil nor-
mal (ND) and the twinning direction (TD), which means
that {101̄0}↵ poles are of low intensity in the TD.
The measured OR of (101̄0)↵||(101̄1)! is not compat-

ible with the two dominant ↵ ! ! pathways reported
in the literature, namely the Silcock[11] and TAO-1[13]
pathways. As discussed above, the disagreement with
adiabatic ! ! ↵ experiments is not unexpected for such a
high-dimensional non-equilibrium process such as a shock
driven solid state phase transformation. As a result, we
propose a simple shear-shu✏e pathway (Figure 4) that
is consistent with the partial OR observed here and of-
fers a possible complete OR for the shock driven ↵ ! !
transformation.

In the proposed pathway (Figure 4), atoms in the
alpha phase move by

p
3a/4 in the [101̄0]↵ direction to

lie on the prismatic (101̄0)↵ planes of the ↵ phase. The
transformed (101̄0)↵ planes are now related to (101̄1)!

FIG. 4. Proposed ↵ ! ! transformation mechanism consis-
tent with dynamic texture measurements of (101̄0)↵||(101̄1)!.
Left: Inter-basal ↵ atoms shu✏e along [101̄0]↵ directions onto
(101̄0)↵ prismatic planes. Right: Overlay of the post-shu✏e
(101̄0)↵ with the (101̄1)! plane, such that [0001]↵||[12̄10]!.
The two planes are coincident after a homogeneous strain.

TD Swinburne et al, Phys.Rev.B (93):144119, 2016



The α→ω transformation
Orientation Relations During the !-! Phase Transition of Zirconium: In Situ Texture

Observations at High Pressure and Temperature
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Transition metals Ti, Zr, and Hf have a hexagonal close-packed structure (!) at ambient conditions, but

undergo phase transformations with increasing temperature and pressure. Of particular significance is the

high-pressure hexagonal ! phase which is brittle compared to the ! phase. There has been a long debate

about transformation mechanisms and orientation relations between the two crystal structures. Here we

present the first high pressure experiments with in situ synchrotron x-ray diffraction texture studies on

polycrystalline aggregates. We follow crystal orientation changes in Zr, confirming the original suggestion

by Silcock for an ! ! ! martensitic transition for Ti, with ð0001Þ!jjð11!20Þ!, and a remarkable

orientation memory when ! reverts back to !.
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At ambient conditions transition metals such as titanium,
zirconium, and hafnium crystallize in a distorted hexagonal
close-packed structure (!). These metals have received a
great deal of attention, particularly due to the importance
of Ti as a light structural metal, and Zr and Hf as compo-
nents of nuclear reactors. At high temperature the ! phase
of these metals transforms to a body-centered-cubic (bcc)
structure ("),while at high pressure it converts to a different
hexagonal structure (!) (Fig. 1). The ! ! ! transition is
significant from a mechanistic point of view, since the !
phase is ductile and the! phase is brittle. The! phase was
first discovered in Ti alloys that were quenched from the
high temperature" structure [1]. Later, static high pressure
experiments established that the! structure is stable at high
pressure [2–5], which was further confirmed by shock
experiments [6]. In all previous experiments the ! phase
did not revert to the ! phase at pressure release and was
analyzed at ambient conditions. The phase relations of Zr
have been studied experimentally and equations of state
were established [7,8].

The electronic transfer between the broad sp band and
the much narrower d band in group IV transition metals is a
likely driving force behind structural transitions [9] and has
stimulated a large number of molecular dynamic investi-
gations that explore the changes in bonding [10–13].

The hexagonal ! structure has been described as a
distorted bcc structure [14,15] which can be achieved by
displacing atoms in the ! structure (Fig. 1). Orientation
relationships between ! and ! were explored with x-ray
diffraction [1], transmission electron microscopy [16,17],
and ab initio calculations [18] to investigate the martensitic
nature of the transformation. While orientation changes
and texture memory in the ! ! " phase transition in Ti
have been extensively studied in situ [19], and a martens-
itic mechanism described by Burgers [20] is firmly estab-
lished with the topotactic relations ð0001Þ!jjf110g", i.e.,

the (0001) plane in ! becomes equivalent to the {110}
planes in", andh11!20i!jjh1!11i", there is still considerable
debate about the martensitic mechanism during the
! ! ! transformation. For Ti the mechanism originally
suggested by Silcock [1] with ð0001Þ!jjð11!20Þ! and
½11!20%!jj½0001%! is at odds with the ab initio calculations
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FIG. 1 (color online). The pressure-temperature paths for D-
DIA and DAC experiments are shown within the Zhang et al.
[27] phase diagram. Dotted lines in D-DIA experiments indicate
large compressive strain. Dashed lines in DAC experiments
indicate uncertainties in pressure estimates for the ! phase at
higher temperature. The structures of the three phases are
illustrated in assumed orientations and on the same scale.
Numbers refer to diffraction images in Table I.
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Silcock (quasi-static exp’t):   
{0001}α || {1120}ω,   <1120>α || <0001>ω

Trinkle (DFT):    
{0001}α || {0111}ω,  <1120>α || <0111>ω

Shock (exp’t):    
{1010}α || {0111}ω,  <0001>α || <1210>ω
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FIG. 3. Time resolved (data every 50ps) response of Zr foils to
a laser shock. Main figures: Strain as inferred from position
of di↵raction peaks for a) lowest laser power (18.44Jm�2)
and b) medium laser power (79.3Jm�2). Insets: widths of
di↵raction peaks. The strain and width of the new peak is
referenced to the final steady state, whereas they are referred
to the unshocked state for the ↵ phase. c) Normalised X-Ray
di↵raction intensities for the ↵ peaks (solid line: FEL, dotted
line: reconstructed from laboratory X-ray di↵raction), and
the ! peak at the end of the shock event. It can be observed
that the {1011}! texture corresponds to the parent {1010}↵.

Due to the strong basal texture of the ↵-Zr samples,
Figure 1, the di↵raction rings had significant azimuthal
intensity variation meaning the crystallographic texture
could be inferred[8] for the {101̄0}↵ and {101̄1}↵ reflec-
tions throughout the shock, as well as the new {101̄1}!
reflection after the shock. Lattice planes in the di↵raction
condition have a large angle to the foil normal, therefore
lying near the periphery of the pole figures in Figure 1;
the FEL and laboratory X-ray pole figure periphery in-
tensity variations correspond to the solid and dotted lines
in Figure3(c).

This allows the orientation relationship of the ↵ ! !
transformation under shock conditions to be directly in-
ferred, Figure 3(c). The strong basal texture of the Zr foil
is clearly demonstrated by the weak, flat reflection for the
{0002}↵ pole figure periphery (PFP) data with a strong
six-fold symmetry for all other planes. As expected, the
{112̄0}↵ reflection has peaks at 30� to {101̄n}↵ reflec-
tions. The FEL data, which shows excellent agreement
with the PFP data, is an aggregate of all of the individ-

ual di↵raction images for the ↵ phase before and after
the FEL pulse. The data for the ! phase peak is an ag-
gregate of all the di↵raction data around 1.4ns after the
laser pulse where a steady state was observed, as shown
in Figures 2-3. Inspection of Figure 3 demonstrates that
both the periodicity and intensities of the {101̄1}!, is
aligned with the {101̄0}↵ reflection, clearly demonstrat-
ing an OR of {101̄0)↵||(101̄1}! between the alpha and
omega phases.
Moreover, such an observation is only possible because

of the characteristic rolling texture of the foil (Figure 1),
with the basal {0002}↵ poles lying between the foil nor-
mal (ND) and the twinning direction (TD), which means
that {101̄0}↵ poles are of low intensity in the TD.
The measured OR of (101̄0)↵||(101̄1)! is not compat-

ible with the two dominant ↵ ! ! pathways reported
in the literature, namely the Silcock[11] and TAO-1[13]
pathways. As discussed above, the disagreement with
adiabatic ! ! ↵ experiments is not unexpected for such a
high-dimensional non-equilibrium process such as a shock
driven solid state phase transformation. As a result, we
propose a simple shear-shu✏e pathway (Figure 4) that
is consistent with the partial OR observed here and of-
fers a possible complete OR for the shock driven ↵ ! !
transformation.

In the proposed pathway (Figure 4), atoms in the
alpha phase move by

p
3a/4 in the [101̄0]↵ direction to

lie on the prismatic (101̄0)↵ planes of the ↵ phase. The
transformed (101̄0)↵ planes are now related to (101̄1)!

FIG. 4. Proposed ↵ ! ! transformation mechanism consis-
tent with dynamic texture measurements of (101̄0)↵||(101̄1)!.
Left: Inter-basal ↵ atoms shu✏e along [101̄0]↵ directions onto
(101̄0)↵ prismatic planes. Right: Overlay of the post-shu✏e
(101̄0)↵ with the (101̄1)! plane, such that [0001]↵||[12̄10]!.
The two planes are coincident after a homogeneous strain.TD Swinburne et al, Phys.Rev.B (93):144119, 2016
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Figure 1: a) Experimental arrangement at LCLS. The XFEL beam impinges the Cu with substrate sample shortly
after a laser shock pulse with a ‘clipped’ leading edge. The wide angle x-ray scattering (WAXS) data are recorded
in the front detector and small angle (SAXS) data recorded in the rear detector. b) (111) pole figure from EBSD;
the intensity in the centre of the pole figure refers to the foil normal (growth) direction. c) Secondary electron
SEM imaged normal to the sputtered Cu surface illustrating the nanoscale planar pores between grains, and d) back
scattered electron SEM imaged at a 70 degree tilt angle highlighting the columnar grain microstructure through the
foil thickness.

1

SAXS on a FEL - first experiment, 2014

Collaboration w/ Milathianaki, Ilavsky, Wark, Coakley, Swinburne, Voronstov, Rahman, Lane, McGonegle, Higginbotham



SAXS on a FEL - standards comparison to APS

Unpublished collaboration w/ Milathianaki, Ilavsky, Wark, Coakley, Swinburne, Voronstov, Rahman, Lane, McGonegle, Higginbotham
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Thoughts on possible sub-ns FEL experiments:
I.  Laser Shock Peening

e.g. to manage stresses from Hertzian contact (fan blades, 
bearings eg wind turbines, automotive, rail etc)

Imaging elastic strains
Shock at 4-10E3 m/s
1mm resolution
Shock moves 1mm in 100 ns
 
c.f. ESRF (800m ring, 32 bunch) - pulse every 10 ns
-> Just about doable on a synchrotron [but, brightness?]

Also, dynamics of the ablation and shock generation process 
(much shorter timescale, more like the talk)



Thoughts on possible sub-ns FEL experiments:
II.  C-D nozzles in industrial processes

e.g. nanoparticle generation (turbulent flow)
e.g. melting of metal powders and their in-flight 
solidification. (cf additive manufacturing)

Imaging
Exit velocity 1500 m/s
10um resolution
O(1-10) ns time resolution

CHAPTER 6. V208G AND V208H - INGOT VERSUS POWDER METALLURGY
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along the grain boundaries and Figure 4.4 (c) shows the carbide particles found can be intergranular 

and transgranular.  

 

Figure 4.4:  The as-atomised powder particle of alloy V208 A showing the (a) EsB-SE micrograph of the FIB cross-section 

and STEM bright field image of (b) Carbide film along the grain boundary (c) Carbide particles inside the film and in the 

grain. 

The two types of carbide formed in the as-atomised stage are suspected to be the M23C6 and MC 

carbides. The M23C6 carbides are mainly formed along the grain boundaries at a relatively low 

c.f. ESRF (800m ring, 32 bunch) - 
pulse every 10 ns
-> Starting to challenge synchrotrons 
[but, brightness?]



Thoughts on possible sub-ns FEL experiments:
II.  Particle stick/bounce

e.g. multi-$bn corrosion fatigue problem in gas turbine 
blades.

Associated with entrained S-containing particulate, 
residence/drying time, water vapour and particle velocity

So: ‘launch’ particle using laser ablation, observe particle 
interaction with surface, formation of surface reaction 
products… 

Imaging
Velocity 1500 m/s
sub-um resolution
O(10) ps time resolution, nano beam required



Thoughts on possible sub-ns FEL experiments:
III. Device physics

Ultraclean Single Photon Emission from a GaN Quantum Dot
Munetaka Arita,*,†,‡ Florian Le Roux,‡ Mark J. Holmes,†,‡ Satoshi Kako,†,‡ and Yasuhiko Arakawa*,†,‡

†Institute for Nano Quantum Information Electronics and ‡Institute of Industrial Science, The University of Tokyo, 4-6-1 Komaba,
Meguro-ku, Tokyo 153-8505, Japan

*S Supporting Information

ABSTRACT: Wide bandgap III-nitride quantum dots (QDs) are
promising materials for the realization of solid-state single-photon
sources, especially operating at room temperature. However, so
far a large degree of inhomogeneous broadening induced by
spectral diffusion has compromised their use. Here, we
demonstrate the ultraclean emission from single GaN QDs
formed at macrostep edges in a GaN/AlGaN quantum well. As a
likely consequence of the high growth temperature and hence a
reduced defect density, spectral diffusion is heavily suppressed to
levels at least 1 order of magnitude lower than conventional GaN
QDs. A record narrow line width of as small as 87 μeV is
obtained, while the low inhomogeneous broadening enables us to
assess an upper limit of homogeneous broadening in the QDs (27 μeV). Furthermore, the uncontaminated emission facilitates
the generation of ultraviolet single-photons with unprecedented purity (g(2)(0) = 0.02). The realization of high-quality GaN QDs
will enable exploration of optoelectronic properties of III-nitrides, opening up the possibility of realizing single-photon quantum
information systems operating at room temperature.
KEYWORDS: III-nitride, quantum dot, single photon source, inhomogeneous broadening, fine-structure splitting

Single photon sources (SPSs) will be crucial system
components in a number of quantum information

processing applications including linear optical quantum
computing,1 quantum key distribution,2 and quantum memo-
ries.3 Thanks to their outstanding potential as a material for
high-speed and integrated solid-state SPSs, semiconductor
quantum dots (QDs) have attracted considerable attention in
recent years.4,5 Wide bandgap III-nitride QDs in particular will
offer significant advantages because they enable high-temper-
ature operation of solid-state SPSs6−8 with wavelengths
spanning from the ultraviolet (UV) to the infrared.9−11 It is
obvious that both an in-depth understanding and a precise level
of control over the optoelectronic properties of III-nitride QDs
are crucial for the development of sophisticated devices,
especially for applications that will rely on single dots.
However, spectral diffusion, which is exacerbated by the
existence of an inherent strong electric field in wurtzite III-
nitride QDs, results in a considerable level of inhomogeneous
broadening of the emission line widths,12 thus hindering both
device development and fundamental studies.
To date, various methods or structures have been proposed

to suppress the spectral diffusion in GaN QDs. These include
reducing the exciton permanent dipole moment by employing
small and thin QDs13,14 or reducing the strength of the internal
electric field by using either nonpolar substrates15 or zinc-
blende crystals.16 Although relatively small line widths (440−
500 μeV) have been recently reported,13−16 the remaining
inhomogeneous broadening leads to the unavoidable con-
clusion that it is necessary to improve the quality of the crystal

around the QDs. In principle, this will require a reduction in
the density of defects, which are known to induce spectral
diffusion by the capture/release of charge. Nevertheless, this is
a challenging task for GaN/Al(Ga)N QDs, which are usually
grown at rather low temperatures (895−970 °C in the case of
growth by metalorganic chemical vapor deposition
(MOCVD),17,18 715−800 °C in the case of growth by
molecular beam epitaxy (MBE)10,19) in order to facilitate the
Stranski−Krastanov growth mode. Unfortunately, AlxGa1−xN
exhibits a higher point defect density when it is grown at a
temperature lower than optimum (between 1050−1100 °C for
GaN (x = 0)20 and 1300−1600 °C for AlN (x = 1)21,22 in
MOCVD).23,24 Therefore, during any standard III-nitride
growth process, the Al(Ga)N capping layer inevitably consists
of high density of point defects due to the serious mismatch of
the growth temperature.
In this Letter, we report the formation of interface-

fluctuation GaN QDs (that do not form via the Stranski−
Krastanov growth mode and therefore do not require low
growth temperatures) in a thin single GaN/AlxGa1−xN (x <
0.25) quantum well (QW) grown on sapphire (0001)
substrates by MOCVD. The high-temperature growth process
leads to a striking suppression of spectral diffusion, enabling us
to access an upper limit of homogeneous broadening in the
QDs as 27 ± 13 μeV. Also, the clean exciton emission (without
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Thoughts on possible sub-ns FEL experiments:
IV.  Scientific instruments

ns and fs lasers (eg tribeam system), atom probe needle 
evaporation, ion beam ablation (FIB)

femtosecond laser ablation study. The CMSX-4 superalloy
composition in wt % is 61.42 Ni, 9.6 Co, 6.6 Ta, 6.4 Cr, 6.4
W, 5.64 Al, 2.9 Re, 1.03 Ti, and 0.1 Hf.20 The laser used for
all experiments was a commercially available chirped-pulse
amplified Ti:sapphire laser !CPA-2001, Clark-MXR". The la-
ser produced pulses with a maximum energy of 800 !J, tem-
poral width of 150 fs, and a central wavelength of 775 nm.
The laser was operated at a repetition rate of 125 Hz. The
experiment was performed in air under ambient conditions.

The experimental setup in Fig. 1 shows that a beam
splitter was used to separate the laser beam into the pump
!P1" and probe !P2" paths. A fast acting shutter synchronized
with the laser was used to isolate single laser pulses prior to
splitting the beam. The pump path !P1, "=780 nm" received
20% of the available laser power and was focused onto the
sample surface with a 5 cm focal length, planoconvex lens at
normal incidence. The laser beam exhibited a near Gaussian
spatial intensity profile, with a focused spot diameter of
18.9# 0.6 !m on the sample surface. For each shadowgraph,
the sample was translated so that the incident pump pulse
encountered a previously unirradiated surface. Pump-probe
shadowgraphic images and the corresponding ablation mor-
phology resulting from pump-pulse laser fluences of 62.8,
30.4, 20.4, 10.1, 4.9, 3.92, 2.7, and 1.23 J /cm2 !# 5% " will
be presented here.

The probe path !P2, "=390 nm" received the remaining
80% of the available laser power and was frequency doubled
to enable probe light to be distinguished from that of the
pump. The probe pulse was focused with a 40 cm focal
length, planoconvex lens, yielding a laser fluence at the
sample that did not exceed 0.1 J /cm2. The probe pulse was
directed parallel to the sample surface !90° # 0.2° to sample
normal" and was therefore incident perpendicular to the
pump pulse. To produce a shadowgraph, the probe light was
collected after it passed through the ablation event with a
10$ microscope objective and directed onto a charge
coupled device camera located 80 cm from the back of the
objective. The probe pulse was delayed with respect to the

pump pulse so that images could be collected up to 10.3 ns,
following the onset of ablation. The pump-probe delay was
controlled with a four-pass variable optical delay present in
the probe beam path. The image exposure time for each
shadowgraph was approximately 150 fs, which is dictated by
the temporal pulse width produced by the laser.

RESULTS

Images of single pulse femtosecond laser ablation taken
over a range of time delays at several laser fluences are pre-
sented in Fig. 2. These images have been inverted !photo-
graphic negative" for ease of viewing but were otherwise not
manipulated. The edge of the sample !at the left of each
frame" produced diffraction fringes manifest in the form of
alternating bright and dark vertical bands to the right of the
sample surface.16 In the images of Fig. 2, the sample edge is
located at the left of the first dark line.21 The images show
the evolution of the ablation shock wave in the air in front of
the sample which is generated by the rapid thermal expan-
sion resulting from the absorption of the pump laser pulse at
the sample surface.22 Also present in the images produced at
a pump laser fluence of 62.8 J /cm2 is a shock wave associ-
ated with the laser-induced breakdown of air in front of the
target. The presence of the laser-induced air breakdown at
high laser fluences modified the evolution of the shock wave
produced by the ablation of the sample by increasing the
velocity of the ablation shock normal to the sample surface.16

The increased ablation shock velocity may result from the
ablation shock traveling into the decreased density air behind
the expanding shock wave accompanying the laser induced
air breakdown. Figure 3 presents the measured shock height
!perpendicular to the sample surface" and lateral width of the

FIG. 1. !Color online" Experimental setup. Laser pulses were incident from
the right. A 20/80 beam splitter directs 20% of the incident beam to the
pump line P1, with the remaining 80% directed to the probe line P2. A
beta-BBO crystal was used to frequency double P2 !so that "=390 nm", and
the relative delay between the arrival of P1 and P2 at the sample was
controlled via a variable delay !mirrors mounted on manual translation rail".

FIG. 2. !Color online" Shadowgraphic images of femtosecond laser ablation
of CMSX-4 superalloy. Ablation events produced over a range of laser flu-
ences !at left" are shown at several time delays !at top" relative to the arrival
of the pump laser pulse. The scale marker in the upper left image applies to
all images.

093111-2 McDonald et al. J. Appl. Phys. 103, 093111 !2008"


