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Fast ion diffraction of protons on NaCl,
the discovery of GIFAD
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Grazing incidence fast atom diffraction (GIFAD or FAD) has become a technique to track the
surface topology of crystal surface at the atomic scale. The paper retraces the events that led to
the discovery of unexpected quantum behavior of keV atoms during the thesis of Patrick Rousseau
in Orsay and Andreas Schueller in Berlin. In Orsay, it started by diffraction spots whereas in Berlin
supernumerary rainbows were first identified at keV. Though the discovery was not anticipated, it
did not take place by accident, everything was in place several years before, waiting only for an
interest in neutral projectiles with a touch of curiositya.

I. INTRODUCTION

An unexpected outcome of the ion-surface community
(IISC) was the discovery of grazing incidence fast atom
diffraction, (GIFAD[1] or FAD[2]). This technique links
the separate worlds of the keV energy range where inelas-
tic atomic collisions prevail and the meV energy range
discovered in the 1930s by I. Esterman and O. Stern[3]
demonstrating the wave nature of atoms. These pioneers
opened the field of atom surface interactions with the
discovery of molecular rays[4] and the universal attrac-
tive forces[5, 6] that would develop into molecular beam
epitaxy[7] (MBE), surface catalysis and surface science
in general. The connection between these two energy
domains is the strong decoupling of the fast movement
along the crystal axis where the primary beam is ori-
ented and the much slower one in the perpendicular plane
and this could be quantified by the obliquity factor de-
rived by P. Kapitza and P. Dirac[8] who predicted the
diffraction of matter waves by standing light waves long
before the discovery of lasers. Note that a number of au-
thors have provided details or rediscovered numerically
the effect as listed in Ref.[9]. The large projectile en-
ergy of GIFAD confines the entire diffraction pattern
into a narrow cone that can be imaged at once onto a
position-sensitive detector (see e.g. Ref[10] for a GIFAD
setup). GIFAD can track online the growth of succes-
sive layers by the oscillation of the scattered intensity[11]
as was already established with keV ions in the IISC
community[12, 13]. The advantage of using atoms is that
the diffraction pattern of a layer may be rich enough to
provide a perfect fingerprint of the exact topology of the
surface reconstruction[14] and that atoms are not sensi-
tive to electromagnetic fields. Also, the impact energy
is not limited by image charge effects (≈1 eV) and the
absence of charging makes GIFAD ideal for monitoring
the growth of fragile organic layers[15, 16].

a Presented at Int. conf. on Inelastic Ion-Surface Collisions (IISC-
24) Charleston Sept. 2023 Accepted to NIMB Ed. Chad Sosolik

The paper is organized as follows. Section II recalls the
scientific context in two separate communities, that of in-
elastic ion scattering at surfaces (IISC) and that of highly
charged ions (HCI) in the early 1990s and the significant
merging that took place in a few years, with a special
emphasis to the grazing incidence geometry. Section III
presents results on the charge exchange and energy loss
process taking place during the collision of H+ ions on
the NaCl(001) surface, the system that led to the first
diffraction images of fast ions and fast atoms diffraction
on surfaces. Section IV presents the discovery of FAD in
Berlin before Section V draws some aspects of the intense
competition that took place between Orsay and Berlin.

II. IISC AND HCI COMMUNITIES AT THE
TURN OF THE CENTURY

This section recalls a personal view of the scientific con-
text in the communities of highly charged ions (HCI) and
of ion-surface collisions (IISC) that were initially only
weakly connected by a common interest in atomic col-
lisions. Both communities were partly funded by basic
science programs toward future fusion devices. Highly
charged ion impurities had been identified by spectro-
scopic techniques and were considered responsible for a
significant power loss due to X-ray emission after electron
capture collisions from the injected H◦ and D◦ atoms to
be used both as a fuel for the nuclear reaction and a heat
source to reach the required plasma temperatures. In
this respect, a major concern was to increase the energy
of these H◦ atoms injected in the plasma to MeVs thereby
forcing the community to abandon the production of H◦

by electron capture from H+ ions and to develop a device
based on electron detachment from H− ions. Any scien-
tific and technological improvement in the production of
intense H− beams was strongly encouraged and financed.
In Europe, the FOM Amsterdam[17, 18] invested large
theoretical and experimental efforts to lower the surface
work-function of metal surfaces with Cs deposition. Pow-
erful dynamical rate equations describing the transitions
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back and forth between the projectile and the surface
were developed. These outlined the role of the ”way out”
of the collision when the projectile leaves the surface and
where the attenuation of loss rate to the metal would
eventually decide for the final H− production[17–21].
In the early 90’s many ion-surface experiments were

trying to isolate quasi-head-on collisions with surface and
sub-surface atoms at large angles of incidence[22]. An-
alytic and structural applications had developed around
the concepts of shadow cone[23] that are at the heart of
many experimental techniques TOF-SIMS[24], LEIS[25],
TOF-SARS[26], DRS[27]. Most of the inelastic effects
were considered from the electronic point of view and as-
sociated with inner-shell excitation[28] and a significant
penetration below the surface.

Hyperthermal ions (1⪅ E⪅ 50 eV) are much more
surface-sensitive and the progressive evolution of the
single binary collision condition to a multiple collision
regime is well illustrated in the work B.H. Cooper. In[29],
the quasi-single, quasi-double, and quasi-triple collision
peaks of Na+ ions on Cu(001) surfaces are identified as
separate peaks in the energy loss spectra. The progres-
sive merging of these peaks to an unresolved broad struc-
ture as the energy is decreased or as the incidence angle
becomes more grazing was clearly observed. The compar-
ison with trajectory simulation outlined the role of the
image charge attraction on the effective incidence angle
and the role of thermal motion of the surface atoms when
these quasi-single, double, and triple collision processes
become hardly distinguishable[30]. A good control of the
kinematics has also promoted detailed investigations of
the charge exchange processes taking place at the surface
(see also the work of J.A.Yarmoff).

A. Grazing scattering of ions on metal surfaces

Surprisingly, from today’s perspective, the ion-surface
grazing scattering geometry was developed in nuclear
physics as a means to produce polarized nuclei at MeV
energies[31, 32]. It evolved to keV energies focusing
on the ion-surface interactions under well controlled dis-
tances to the surface revealing contributions of the band
structure in metals[33]. The technique was developed
with lower primary kinetic energy providing more gentle
interaction with the surface, thereby improving our un-
derstanding of the decoupling of the fast motion parallel
to the surface from the slower one in the perpendicu-
lar plane. The jellium model[34] was developed using
an ideal flat metal surface as the support of an elec-
tron sea characterized by its electron density and spe-
cific decay range at the surface. This triggered sev-
eral original contributions to the physics of negative
ion production[35] and to the measurements on image
charge acceleration[36, 37]. The description of the atomic
levels and lifetime in front of a surface significantly
improved[38] allowing a fresh view of basic atomic pro-
cesses above the surface such as the Auger-Meitner tran-

sition rate[39, 40], the triplet to singlet conversion of
metastable helium[41] via electron exchange with the sur-
face. It also pushed a more refined description of the
surface emphasizing the role of surface states[42] and of
the projected band-gap[43] as well as new models such
as the shifted Fermi sphere[44] to account for the depen-
dence with the velocity parallel to the surface[45].
Once inside the metal, oscillations of the energy loss

to the electron gas with the nuclear charge could be ob-
served and interpreted in terms of effective electron den-
sity in the conduction band[46].
A few experiments started to investigate the surface

channeling conditions with position-sensitive detectors in
Kyoto[47] and Osnabrück[48] to image the specific scat-
tering profiles that were only qualitatively understood.

B. The arrival/merging of the highly charged ion
community

The HCI community gathered in the mid 1980s when
new generations of ion sources were starting to produce
HCI at low kinetic energy. HCI were already available in
the MeV energy range behind stripping foils and a few
atomic physicists were investigating the large number of
photons emitted beyond the foil[49] as well as high energy
collisions in gas jets[50, 51] or the channeling of fast ions
through crystals aligned along low index directions[52].
These new ion sources were the electron beam ion

source[53] (EBIS) originally developed in nuclear physics
facilities to bypass the first acceleration + stripping stage
of all high energy devices at this time. Physicists already
present around the accelerator were the first to use these
ions sources [54, 55]. However, though rather selective in
charge state EBIS had a limited capacity and electron cy-
clotron resonance (ECR) sources[56] which were byprod-
ucts of the research on fusion devices demonstrated much
larger ion current.
Fundamental investigations were sponsored by the fu-

sion department interested in a spectroscopic diagnos-
tic tool[57], as well as cross sections[54, 58] combined
with general schemes of single and multiple electron
capture[59], electron impact excitation[60] to feed the
plasma modeling.
The capacity of HCI to capture large numbers of elec-

trons into excited states formed of hundreds to thou-
sands of states, and the subsequent atomic decay trig-
gered intense theoretical and experimental developments,
new electron and photon spectrometers, new detectors to
count secondary electrons[61] etc. Following a suggestion
from D. de Bruyn from FOM Amsterdam, I assembled
the first 2D position sensitive detector (PSD) based on a
backgammon anode combining electrical and geometrical
charge division technique to be placed in an electrostatic
analyzer[62]. The associated ability to record simulta-
neously a large range of energy loss and scattering an-
gle offered a significant advantage over competitors using
energy loss spectroscopy in Belfast, Stockholm, Aarhus,
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FIG. 1. Sketch of the experiment designed to measure in co-
incidence, emitted electrons and scattered projectile analyzed
on a position and time-sensitive detector. Electrons and pro-
jectile energies are measured by time of flight referred to the
electrostatic chopper. The inset is a picture of the 2π detector
designed by V.A. Morosov[77].

Bochum, Vienna, Tokyo, Nagoya, and in Kansas which
sometimes had better energy resolution[63]. Most often,
the instruments were designed to be operated in coinci-
dence so that the spectra could be correlated, for instance
the scattering profile with the emitted photon polariza-
tion to determine in which sense the captured electron
was rotating[64], if specific X-rays were emitted from dif-
ferent atomic doubly excited (nl, n′l′) manifolds[65], or if
visible light associated with Rydberg could be associated
with a specific primary collisional process[66]. Note that
the development of PSD played a key role in the advent of
recoil ion momentum spectroscopy[67, 68] defining a new
standard in ”collision spectroscopy” in the late 1990’s.

After a few years investigating the primary collisional
processes at play in electron capture in the gas phase,
the HCI community started to specialize and evolve in
new directions: QED in atoms[69], optical metrology[70],
mass spectrometry[71], large[72] and small[73] storage
devices, interaction with clusters[74] and in surface mod-
ifications after the demonstration that a single HCI im-
pacting a surface can emit hundreds of electrons[75].

In 1993, a dedicated program of the European Union
coordinated by N. Stolterfoht provided funds to favor
”human mobility” between European labs with a special
focus on surfaces[76]. One of the first decisions was to
purchase a set of LiF(100) single crystals for each partici-
pating group because material modification was expected
to be more important on insulators while charging up can
be avoided by heating up to a few hundred of ◦C to favor
ionic mobility at the surface. I was dreaming of a multi-
detector setup and M. Barat presented the project to Pr
Leonas from IPM Moscow who encouraged a new collab-
oration. Together with V.A. Morosov, A. Kalinin and Z.
Szilagyi, we started to build the multi-detector sketched
in Fig.1. It is made of 16 sub-detectors able to detect sec-
ondary electrons or ions together with a position-sensitive
detector for the scattered projectile[77]. With a pulsed
primary beam[78], the energy of all the products could
be analyzed by time of flight.

C. Grazing scattering on insulator surfaces

The movement also attracted members of the IISC
community who were the first to measure the image
charge acceleration of these ions towards the surface un-
der grazing incidence[79]. The Berlin group had switched
to insulators with remarkable success. Following a pro-
posal by F.J. Garcia de Abajo and A.G. Borisov at the
IISC-11 conference in Wangerooge, they observed reso-
nant coherent excitation of the Lyman α line of H◦ atoms
flying over the electric field above the LiF surface[80].
They could observe complete negative ion conversion of
positively charged halogen ions[81, 82] and derive a gen-
eral and powerful electron capture scheme by realizing
that, close to the surface, the projectile shares almost
the same Madelung potential as the surface ions so that
the ”energy defect” is locally reduced on top of the halo-
gen site[83, 84].
Then they observed a threshold in the velocity depen-

dence of the energy loss of H◦ on LiF[85]. This proved
that the surface of ionic insulators is not as full of elec-
tronic defects as was commonly assumed from the unex-
plained large secondary electron yield, a topic dear to the
Vienna group[86, 87].
On our side, investigating HCI-surface with our multi-

detector did not provide the expected results. At grazing
incidence, whatever the initial charge state the dominant
products were neutrals and negative ions[82, 83] with a
large amount of emitted electrons but with an unexpect-
edly large energy loss[88] hardly compatible with quasi-
resonant capture models[89]. We measured correlations
between all parameters, energy loss, scattering angle, and
number of electrons but we could not improve the general
description. This is in part because the simplest things
do not always come first. It was only a few years after
that the Berlin group could measure tens of eV energy
loss of scattered Ne+ ions that could be interpreted quan-
titatively as the excitation of optical phonons[90]. As a
positive ion flies over an ionic crystal, it attracts the halo-
gen ions and repels the alkali by coulombic potential, and
excites optical phonon on the surface producing a veloc-
ity and z-dependent friction force.
We decided to reduce the complexity by investigat-

ing single electron capture processes by protons. With
J. Villette, we measured the correlation between energy
loss and electron emission with a mean value of 34 eV
per emitted electron[91] whereas the energy needed to
extract an electron from the valence band is around 13
eV. We did not even consider using neutral H◦ projectiles
(if we had, we would probably have discovered GIFAD)
but we could identify an energy loss peak that is not as-
sociated with electron emission that instead corresponds
to a surface electronic excitation identified as the surface
exciton[92]. With A.G. Borisov we could relate all ob-
servations to a primary formation of H− as elaborated
earlier in Berlin[84] and Orsay[93] that we could enrich
by introducing the quasi-molecular curve crossing with
the exciton levels and by an electron detachment pro-
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cess when the H− ion flies over a surface F− ion explain-
ing altogether, the large secondary electron emission, the
large energy loss and the moderate fraction of negative
ions[92].

With J.Villette we started to measure the energy loss
of neutral projectiles but we chose Ne atoms (here again
the choice of helium could have led to the observation of
diffraction). We observed the first log-normal scattering
profile and clear signs of a Eθ3 5E the primary energy
and θ the angle of incidence) dependence of the energy
loss[94], two processes that would further be connected to
inelastic diffraction[95]. However, the Berlin group was
the first to publish comparable results [96] and we never
published.

Using the coupling to optical phonons as a friction
force we could identify a skipping motion above the
surface due to the trapping of Ne+ ions by their own
image charge[97, 98] while the slow neutralization at
each bounce could be attributed to ”dark” Inter-Atomic-
Auger-Meitner decay where one electron is captured from
a F− ion while the one of an adjacent F− ion is excited
to form an electron-bi-hole state known as a trion[99].

We started to be rewarded for our hard work on the
2π detector and I was proud to offer a collaboration to
the Berlin group on a double electron capture mecha-
nism. They found that on LiF, primary F+ ions produce
more F− than primary F◦ while we had a similar re-
sult with fewer data points but resolved in energy loss
and electron emission[100]. With A. Borisov we could
show that both electrons are captured from the adjacent
sites in a correlated way but due to two independent sin-
gle electron processes forced to act together for energetic
reasons, a process similar to the one that I investigated
with M. Barat in the gas phase collisions of C4+ ions
on helium[101–103]. Here also, most often, the captured
electron was found to be ”recaptured” into the local ex-
cited states, a surface trion[104]. The collaboration was
a success but Helmut Winter was very clear that this
should never happen again. There was no animosity of
any sort but he considered that competition was the best
ingredient to keep the field of grazing collisions alive.

III. THE H+ NACL SYSTEM

A. Experimental setup

The experimental setup has been described in Ref.[77]
and is sketched in Fig.1. Briefly, a beam of 300 to 1000 eV
H+ ions is collimated and chopped by electric pulses ap-
plied to deflection plates before entering the UHV cham-
ber via another tiny aperture. It interacts at grazing
incidence θi ∼ 0.5 − 3◦ with a crystal surface placed in
the center of a 2π electron detector and the scattered par-
ticles are detected onto a PSD placed 30 to 50 cm down-
stream. The beam direction and the normal to the sur-
face (z) define the (x, z) collision plane and the incident
angles θi and azimuth ϕi = 0. Within minor corrections,

FIG. 2. For 1 keV H+ ion on NaCl(001) along a so called
random direction [Rnd] with θi=1.6◦. The inset is a PSD im-
age showing the broad quasi-symmetric (σθ ∼ σϕ) scattering
profile. The tiny spot labeled ”direct beam” is present when
the target surface is not fully inserted. The associated energy
loss spectra peak at ∆E ∼ 60 eV. (Taken from Ref.[106])

the impact location on the PSD is a direct measure of the
scattering angle (ϕf , θf ) or final momentum (ℏkfy, ℏkfz).
The scattered particle charge state can be analyzed by
inserting two deflection plates at the exit of the 2π de-
tector. Usually, the target surface is not fully inserted in
the beam so that a fraction of the beam hits the detector
providing a reference for the time of flight as illustrated
in Fig.2. The energy resolution is measured as the stan-
dard deviation σb of the direct beam and can be close to
1 eV (see Table I).In addition, the absolute positioning
relative to the direct beam is sometimes affected by an
uncertainty close to 1 eV, measured as a slight difference
between the ions created when the pulsing voltage goes
up or when it goes down.
Each impact corresponds to a time of flight t, a lateral

ϕf , and a polar θf deflection angle, so that each pixel
in the 2D images is a time of flight spectrum (making a
3D array). More precisely, each 2D image displayed here
is a particular slice of the 3D (kfy, kfz, t) correspond-
ing to selected values of the time of flight between tmin

and tmax. In addition, each 3D array/graph can be re-
stricted to specific conditions related to the number of
secondary electrons detected, their direction, and their
time of flight. The distributions recorded in coincidence
with a given number of detected electrons can be trans-
formed into distributions correlated with a given num-
ber of emitted electrons by taking into account the abso-
lute detection efficiency measured in situ with an 241Am
source[105].

When exploring a new system, the first experiment is
usually to determine how reactive it is. Fig.2 shows the
full scattering profile of 1 keV H+ on NaCl along a di-
rection that is far from a low index crystal axis. Since
this is usually the case if no careful alignment has been
prepared these are traditionally called random direction
and indicated hereafter as [Rnd]. The mean energy loss of
60 eV indicates that, in addition to the electron needed
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FIG. 3. For 500 eV H+ ion on NaCl along [Rnd] with
θi ∼0.7◦. The inset is an image of the scattering profile after
passing through a slit and deflection plates. The yellow line on
the right is the polar profile of the central band corresponding
to scattered H◦. The energy loss spectra corresponding to the
zone in red on the inset are plotted as a function of the number
of emitted electrons.(Taken from Ref.[106])

∆E(eV )σE(eV ) ratio (%)

H+ +2.4 1.9 8.8

H◦ 1st - 0.2 1.8 41.7

H◦ 2nd +7.8 2.7 39.3

H◦ + 1 e− +11.2 2.4 9.4

H− +12.0 3.2 0.7

TABLE I. Position, width, and relative intensities of the peaks
in the energy loss spectra displayed in Fig.4

for quasi-resonant neutralization, around six additional
electrons are removed from the valence band while the
electron detectors indicate that almost two electrons are
emitted which is slightly more than from LiF in compa-
rable conditions[91]. The location, width, and relative
intensities of all peaks associated with scattered H+, H◦,
and H− are reported in Table I.

We started to lower both the energy and the angle of
incidence by a factor ∼ 2 thereby reducing the impact
energy E⊥ = E0 sin

2 θi by a factor ∼ 8. Fig.3 shows the
scattering profile of 500 eV H+ through a slit and de-
flection plate showing three images of the slit associated
with different final charge states: H+, H◦, and H−. The
polar profile of the scattered H◦ is reported in yellow on
the right-hand side of the insert and shows two peaks, a
narrower one at a low exit angle and a broader one above.
The energy loss spectra reported in Fig.3 correspond to
a zone located on the broad maximum and indicated by
a red rectangle. The energy loss spectra correlated with
0, 1, and 2 emitted electrons are now well resolved with
several peaks corresponding to a given number of elec-
trons removed from the valence band similar to the spec-
tra recorded on LiF at slightly larger impact energy[92].
The energy loss spectra corresponding to the scattering
peak at a lower scattering angle are not shown but are

FIG. 4. The energy loss spectra of scattered H◦ correlated
with the emission of one electron ( ) or with no electron emis-
sion ( ). The inset displays the polar scattering profiles asso-
ciated with the first ( ) and the second peak ( ) of the energy
loss spectrum irrespective of the number of emitted electrons.
(Taken from Ref.[106])

comparable with almost equal intensity for the first peak
but reduced intensities for the second and third peaks.
The scattered H+ (not shown) loose only 1.5 eV indi-

cating that these H+ ions survived the interaction with
the surface without capturing a single electron from the
valence band. The weak energy loss most likely originates
from a weak coupling to the optical phonons[90].
Reducing further the energy and angle to lower the

number of peaks and their analysis, Fig.4 shows only two
peaks in the energy loss spectrum of H◦. The polar scat-
tering profiles P (θ) associated with the first and second
peaks respectively are displayed in the insert. Both con-
tribute to the peak at a low scattering angle and the first
one contributes most at a larger scattering angle. This
is different from the situation generally encountered with
other systems where the more electrons removed from the
valence band the larger the scattering angle.
The first peak in the energy loss spectrum corresponds

to the quasi-resonant neutralization of the H+ ions. In
H++LiF the successive peaks could be interpreted as the
formation, at further sites, of H− ions, most often imme-
diately transferred to excitons states when crossing the
associated levels. The competing mechanism could also
be a direct double electron capture as observed with the
F++LiF system. Both processes differ by the location of
the two Cl◦ holes left on the surface. In the first case,
they should be randomly distributed and mainly without
mutual interaction. In the second case, they need to be
adjacent with a specific overall energy for their mutual re-
pulsion and the increased binding energy of the excited
electron to form a trion. In terms of energy loss, the
difference should correspond to Etrion - Eexciton i.e. less
than 2 eV, and the measured value is not fully conclusive.
The first process is obviously at work here because Fig.3
indicates the presence of a third and fourth peaks, in
other words, electron capture continues after the second
peak while double electron capture should operate only
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Full n=1 n=2 n>2

FIG. 5. The full 2D scattering profiles of H◦ atoms after
impact of H+ ions. On the left, no restriction is applied to
the energy loss while the others are split according to the
number n of electrons removed from the valence band. (see
also Fig.3.44 of Ref.[106] for comparable image along the ⟨100⟩
direction)

FIG. 6. First diffraction pattern of 500 eV H+ projectiles on
NaCl(001) along ⟨100⟩. Essentially quasi-elastic scattered H◦

are selected by restricting only the first peak in the energy
loss. The angle of incidence is θi ∼0.6◦ and the Bragg angle
ϕB=0.146◦.

once. Still, the angular behavior suggests that the second
peak is not simply the first one plus an additional exci-
tation. In January 2003 after A. Momeni defended his
thesis[107] and left the group, we reviewed with Patrick
Rousseau all the systems investigated on the NaCl sur-
face and I insisted that complementary data were needed
on this system but using neutral H◦ projectile to disen-
tangle the peculiar angular behavior. I was convinced
that the anomaly observed with H+ ions was due to the
part of the trajectory taking place after neutralization.
H. Khemliche was opposed because he thought that this
was just a ”trajectory effect” whereas, from the atomic
collision point of view, a contrasted angular behavior is
a genuine godsend. I had to leave for a visiting commit-
tee but Hocine agreed to assist Patrick in operating the
neutralization cell I developed with J. Villette during his
thesis[94].

The first experiment with H+ ions on NaCl[Rnd] dis-
played in Fig.5 confirmed the anomaly of the double-
peaked angular structure with the two first peaks in the
energy loss spectrum associated with the low scattering
angle. Changing the crystal orientation confirmed the pe-
culiar angular behavior and Fig.6 even shows early signs

FIG. 7. First diffraction pattern of fast atoms on a surface
recorded on Jan. 13th and 14th 2003. Here 500 eV H◦ projec-
tiles on NaCl at 200◦C along ⟨100⟩. The angle of incidence is
θi ∼0.6◦ and ϕB=0.146◦. The lower insert was recorded the
day after at θi ∼0.7◦ with a NaCl crystal at room tempera-
ture.

of inelastic diffraction with an ionic projectile.
Finally, Fig.7 recorded with H◦ atoms shows the first

evidence that something special was indeed taking place
during the neutral part of the trajectory, with discrete
spots equally separated by an angle ϕB along the y di-
rection. The day after, the filament used to heat the
target around 200 ◦C broke and the same image with
a target at room temperature displayed an even larger
contrast.
Upon my return from my visiting committees, Patrick

reported the finding and I asked him to wait a bit until I
could check the detector electronics for a possible prob-
lem. Everything became limpid during the visit of Fer-
nando Mart́ın who presented results from his collabora-
tion with Daniel Faŕıas and Christina Dı́az on the diffrac-
tion of thermal H2 molecules on a Pd surface[108]. When
it became clear that we were facing atomic diffraction
Hocine Khemliche decided to apply for a patent[109] and
the CNRS agreed to support us provided that we demon-
strate that GIFAD also works with semi-conductors. We
were quite enthusiastic about this new challenge, Hocine,
because we were getting closer to applications, while I
could not wait to benefit from the quality of the surfaces
produced by molecular beam epitaxy and agreed to post-
pone the publication.
We soon realized that the MBE community is also close

to paranoid about the idea of having any non-certified
item inside an MBE chamber. We initiated a collabora-
tion with the MBE group at Institut des Nanosciences de
Paris (INSP) who were interested and had some knowl-
edge on capping samples produced in UHV so that they
could be exposed to air, transported, and then decapped
in vacuum by thermal treatment. Our first test with
GaAs capped with antimony was unsuccessful because
we had guessed that H◦ atoms would be the ideal projec-
tile, neglecting the fact that H◦ atoms interact strongly
with GaAs. Switching to helium atoms we did not re-
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FIG. 8. RHEED image recorded in situ in March 2006 on
GaAs with a 30 kV electron gun taken out from an electron
microscope (sold on eBay). The indexes correspond to the

integers (l,m) such that k⃗f = k⃗i + l.G⃗x +m.G⃗y with G⃗x, G⃗y

the reciprocal lattice vectors. Two Laue circles are visible,
the specular one (l = 0) and an outer one (l = 1). The inset
is a scheme of the beamline [78, 94].

solve the Bragg peaks and did not understand the pe-
culiar polar profile made of a beautiful elastic peak on
top of a very broad inelastic one! We were more lucky
with ZnSe(001) samples grown on GaAs(001) and capped
with selenium prepared by Victor Etgens and Mahmoud
Eddrief. In February 2006, we could record nice diffrac-
tion profiles illustrating the power of GIFAD because it
clearly indicates the charge transfer between Zn and Se
atoms at the surface[110]. We could proceed with the
patent and develop a strategy to install GIFAD inside
an MBE chamber. The patent was accepted during the
summer of 2006[109] so that I felt free to present results
at IISC-16 in Schloss Hernstein, Austria. We knew from
a LEIF meeting in Denmark that H. Winter had obtained
his first diffraction result. We should have sent the pa-
per to PRL before the conference because Helmut Winter
was able to write it in the following week so that both
contributions[1, 2] were published back to back in the
same volume but he submitted first.

Note that the possible diffraction of keV atoms
had been predicted in 2002 in a Russian chemistry
journal[111] but attracted our attention only years later.

IV. FAD IN BERLIN

As far as I was told by Helmut Winter after checking
in the laboratory notebook, Andreas Schüller discovered
fast atom diffraction in May 2006 when he was inves-
tigating interaction potential of the helium-LiF system
via rainbow scattering[112]. Using neutral helium was a
guarantee to remove any effect from the image charge.
In Berlin, the first hint was a surprising intensity modu-
lation corresponding to unresolved diffraction peaks but

300 eV He along
LiF<110> at qi=1.08°

E^=107 meV, l^=0.46 Å

Raw diffraction image

b)a)

FIG. 9. For helium scattering on LiF along the ⟨110⟩ direc-
tion. a) At a moderate value of E⊥, sharp spots are visible lo-
cated on the Laue circle, revealing a significant elastic diffrac-
tion. b) At larger values of E⊥, no elastic peak is visible,
and even inelastic one becomes difficult to isolate. Here, 32
diffraction orders can be identified but the overall azimuthal
intensity modulation shows five supernumerary rainbows as
originally described in Ref.[113] in addition to the outer clas-
sical rainbow.(Taken from Ref.[120]).

revealing the supernumerary rainbow structure that they
published immediately after[113] (in TEAS, supernumer-
ary rainbows were described by Garibaldi et al. [114]
and Avrin and Merrill[115]). I was not enthusiastic at
first because the model is much less predictive than the
hard-corrugated wall that can handle multiple valleys in
the lattice unit. However, I ended up being a bit jeal-
ous as the beauty of the optical rainbow is meaningful
to most scientists and, historically the supernumerary
rainbows triggered the unification of Descartes [116] ge-
ometric description and Newton corpuscular description
[117] with the wave description by Young theory of inter-
ference [118] in the very beginning of the 19th century.
As with optics, the principal as well as the secondary
rainbows in their simplest form i.e. without the associ-
ated Airy profile, do not require a wavelength for their
interpretation[119] but supernumerary rainbows do. It is
amusing to realize that Orsay and Berlin groups started
with these two different manifestations of the wave nature
of the keV projectiles illustrated in Fig.9a) and Fig.9b)
respectively. In both cases, the effect was not anticipated
but position-sensitive detectors were present and waiting
to measure the scattering profiles of light-neutral parti-
cles at crystal surfaces.

V. A FIERCE COMPETITION

Soon after, we received a significant grant from the
French funding agency to adapt GIFAD inside a RIBER®

compact-21 to be installed in Paris at INSP. With
P. Rousseau, I started to develop a multiple colli-
sion description of the Debye-Waller factor adapted to
GIFAD[121] while theorists from Vienna and Belgrade
developed a random kick approach to the decoherence
of the projectile wave-packet[122]. H. Khemliche had
the bright idea to invite J.R. Manson for a six-month
visit to Orsay where he could teach us about various
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scattering regimes[123]. We succeeded in observing the
first diffraction on Ag (110), a metal surface[124] only
shortly before Berlin published similar results on Ni(110)
[125]. Later, with N. Bundaleski and the advice of A.G.
Borisov, we tried to understand why the absence of a
bandgap and the associated electronic excitation do not
destroy diffraction by modeling the electron scattering
on the projectile at the Fermi edge[87, 126]. Berlin man-
aged to observe diffraction from superstructures result-
ing from impurities embedded in an iron crystal that
were brought to the surface by annealing [127]. They
were the first to publish diffraction patterns recorded off-
axis [128] while A. Zugarramurdi and A.G. Borisov were
the first to calculate it with a quantum code[129, 130].
With M. Debiossac, starting from the perturbation the-
ory developed by C. Henkel[131] we derived an empir-
ically enforced time-reversal symmetry to derive a for-
mula for misaligned conditions in GIFAD[132]. With B.
Lalmi and P. Soulisse, we started to track mosaic do-
mains [133]. Berlin was the first to pay attention to the
surface of perovskite [134] trying to use GIFAD for on-
line monitoring of surface improvement. We managed
to diffract on single-layer graphene on SiC(0001) while
Berlin obtained results on single-layer silicon oxide on
a Mo(112) surface[135]. Berlin was the first to show
that the sensitivity to the atomic position could be in
the pm range[136] and to observe the first breakdown
of the axial channeling approximation (ASCA) when the
atom direction is far away from a crystal axis[137], see
also [129] for a theoretical description. We were first on
semi-conductors[110] inside a MBE vessel[14] and real-
time tracking of the growth[11, 138] but Kyoto and Berlin
had already demonstrated growth oscillations with keV
ions[12, 13]. We were probably the first to record si-
multaneously energy loss and diffraction pattern but a
mistake in the tuning of the chopper made our initial in-
terpretation erroneous[139] so that the Berlin group was
first to show that diffraction disappears completely when
an electron is removed from the valence band[140]. They
were the first to record diffraction on an organic layer
with alanine on Cu(110) [15] shortly before N. Kalash-
nyk and M. Debiossac also succeeded with perylene on
Ag(110)[141], a work that also triggered atomic triangu-
lation [16] (see also Fig. 10 of Ref.[10]) which was also
developed in Berlin[142] in a negative-contrast where the
peak amplitude is not quantitative. They were the first
to produce a nice comprehensive review on fast atom
diffraction[143] with only one weak point, elastic diffrac-
tion was not yet clearly established[14, 110, 137] so there
is no discussion on inelastic effects. We were first to ob-
serve a bound state resonance on the surface[144, 145]
and the Lamb-Dicke effect revealing the quantum nature
of the surface atoms [95] opening the investigation of the
inelastic profiles[146, 147]. I was a referee of some of the
Berlin papers in PRL and a referee comment that our ob-
servation of bound state resonances[144] was a ’tour de
force’ suggests that Helmut Winter also was a referee of
some of our papers. We were both confident that despite

the fierce competition, the evaluation would be fair.

A. Other ion diffraction

So far, the genuine diffraction of ions on surfaces has
never been observed, the reason is probably that the elec-
tric field of the ions interacts strongly with the surface,
via the real and imaginary part of the dielectric function.
The real part gives the image charge effect accelerating
the ion towards the surface, increasing the impact energy
(E⊥) in the eV range while the imaginary part describes
the direct coupling of the fast movement along x to the
optical phonon modes[90] turning the diffraction inelas-
tic. All these are significantly reduced if the ion neutral-
izes at comparatively large distance from the surface, as
for the H+-NaCl system above or H+-LiF[148][106] but
also He+ on iron, see e.g. Fig.9 of Ref.[149] by the Berlin
group, which displays scattered intensities of He+ and
He◦ from 3 keV 3He+ ions impinging on c(1×3)S/Fe(110)
surface at 0.65◦. It shows well-resolved inelastic peaks
at different exit polar angles indicating a complete neu-
tralization on the way-in, at a large distance from the
surface, and an image charge acceleration of ∼ 2 eV and
well-defined supernumerary rainbows. However, none of
these systems shows clear signs of an elastic diffraction
peak.

B. An old trick for large surface coherence

In the grazing incidence community, surface prepara-
tion is a cumbersome but mandatory step where cycles
of sputtering and annealing gradually remove impurities
and improve the crystalline order of the surface. On met-
als, the expertise of the Berlin group was so high that
not many groups dared to compete. When switching to
ionic insulators, we focused on LiF samples with optical
quality, i.e. polished to λ/4, and indeed a gentle thermal
treatment at a few hundred ◦C is enough to get a decently
flat surface with reflection coefficient close to unity at a
few deg. incidence. However, so far, elastic diffraction
has never been observed on these samples. Before retir-
ing, Marc Bernheim, co-organizer of IISC-9 in Aussois,
offered me some of his equipment and introduced me to a
colleague from the ”Laboratoire de Physique du solide”
who gave me a little plastic box with a few brown-orange
LiF crystals that he had irradiated by neutrons some
decades ago. I did not pay too much attention until we
accidentally damaged our LiF samples. It is with these
”old samples” that we recorded elastic diffraction in the
form of sharp spots (see e.g. Fig.9a) allowing observation
of bound state resonances. Not only the contrast is much
larger but the coherence of the scattered beam is manda-
tory to allow interference between directly reflected and
temporarily trapped beams. After a few weeks in a base
pressure of a few 10−10 mbar these elastic peaks pro-
gressively disappear and neither annealing nor sputtering
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could restore them. From our limited understanding, the
high density of color centers favors easy cleaving along
atomic planes and a gentle annealing in UHV restores
the transparent color.
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