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Helium atoms: non-intrusive & surface sensitive 

Why use helium atoms?!
!
•  Uncharged!

•  Low energy (8 meV)!

•  Angstrom λ (1.86 Å)!
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Spin echo: window on atomic scale dynamics 

Key to techniques: 
Purple-optical 
Blue-microscopy 
Green-spectroscopy 

Structure	  &	  
dynamics:	  
reciprocal	  
space;	  	  

real	  5me	  

Helium	  
and	  

neutron	  
spin	  echo	  
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Challenge:!
•  Focusing the He!

300 mm	


Initial configuration detailed in: Rev. Sci. Instrum. 76, 053109 (2005)���
	




Instrumentation upgrades!

An improved high intensity recycling helium-3 beam source
H. Hedgeland, P. R. Kole, W. Allison, J. Ellis, and A. P. Jardinea!

The Cavendish Laboratory, JJ Thomson Ave., Cambridge CB3 0HE, United Kingdom

!Received 21 May 2009; accepted 4 July 2009; published online 28 July 2009"

We describe an improved high intensity, recycling, supersonic atomic beam source. Changes address
several issues previously limiting performance and reliability of the apparatus, including the use of
newly available vacuum pumps and modifications to the recycling system. We achieve a source
intensity of 2.5!1019 atoms /s /sr, almost twice that previously achievable during recycling.
Current limits on intensity are discussed. © 2009 American Institute of Physics.
#DOI: 10.1063/1.3186733$

Producing high intensity molecular beams of expensive
gases, such as those required for 3He spin-echo !3HeSE"
spectroscopy,1,2 necessitates recycling the large fraction of
gas which passes through the source nozzle, but which does
not form the final beam. The useful intensity and reliability
of the source are affected significantly by the design of the
system. In this note, we describe the supersonic beam-source
and recycling system developed for the Cambridge 3HeSE
apparatus.2 The principles established in this design should
be generally applicable to any high intensity molecular beam
sources where recycling is required.

The 3He beam-source !shown in Fig. 1" is essentially
a standard supersonic source.3,4 High pressure gas
!pressure P0%100 bar" is expanded through a small nozzle
!d%10 "m" into a low pressure vacuum chamber
!#10−3 mbar". The centerline of the supersonic expansion is
separated using a skimmer and directed via several stages of
differential pumping to the rest of the apparatus. The quality
of the beam depends on a number of factors. Providing the
nozzle is positioned optimally with respect to the skimmer,
the intensity of the beam is determined predominantly by the
gas throughput through the nozzle !which scales as P0d2",
assuming an adequate level of vacuum can be maintained in
the expansion chamber.3 Under ideal conditions the speed
ratio !velocity spread" for the beam scales as P0d. For the
3HeSE experiment, the main requirement is high intensity
with reliable recycling !without recycling, current prices in-
cur a cost of %$3 /s at a flow rate of 10 mbar l /s".

Our previous design2 used a large diffusion pump !Ed-
wards HT10" as the primary source pump, with a large her-
metically sealed rotary vane pump !Alcatel 2063H" and pu-
rification stages. With the exception of the recycler this is an
almost standard arrangement for high intensity helium
sources, albeit using a relatively modest sized diffusion
pump !the unusually high critical backing pressure of that
diffusion pump avoids the requirement for an additional
roots pump". However, in long term use we found there to be
several serious deficiencies. We observed a rapid onset of
both diffusion pump fluid loss into the backing pump, and
substantial oil mist transfer from the backing pump into the
recyling purifier when the nozzle throughput exceeded
3 mbar l /s. Loss of diffusion pump fluid necessitates break-
ing the hermetic seals to replace the pump fluids, while oil

mist transfer necessitates regular purging of the recycler. At
low flow rates purging is typically required only once every
2–3 months, whereas at high flow rates became necessary
every few days making such operation unworkable. Various
attempts at improving the oil mist filtration were inadequate
and so, in practical terms, the nozzle throughput was limited
to #3 mbar l /s. The forward source intensity was therefore
restricted to less than 1.5!1019 atoms /s /sr, which poses a
substantial limit on our measurement rate. The arrangement
also consumes %9 kW of electrical power, presenting sub-
stantial running and environmental costs. Finally, at the high
operational pressures within the source !%10−3 mbar", there
is substantial backstreaming from the diffusion pump, even
with chevron baffles. As well as the inconvenience of oil
covering the nozzle assembly, we found the oil coating
gradually reduced the effectiveness of the superinsulation-
foil thermal shielding surrounding the nozzle assembly. The
oil coating gradually degraded the base temperature available
and introduced long term drifts into the properties of the
beam. Our revised implementation, described here, solves all
these issues, yielding a recycling source that can reliably be
run continually to produce a considerably more intense

a"Electronic mail: apj24@cam.ac.uki.

FIG. 1. !Color online" Schematic model of the upgraded Cambridge 3He
beam-source, showing source and differential pumping vacuum chambers,
nozzle assembly !normally covered in superinsulation foil to provide radia-
tion shielding", skimmer, and vacuum pumps.
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•  2009: Source intensity doubled!
•  Rev. Sci. Instrum. 80, 076110 (2009) ���
	


	
 026105-2 Lechner et al. Rev. Sci. Instrum. 84, 026105 (2013)
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FIG. 1. Autodesk Inventor drawings of the new helium beam source. (a) 3D
schematic view of the source chamber of the HeSE apparatus, cut through
the center to uncover individual components of the new source, as well as the
skimmer and differential pumping stages. (b) Detailed cross-sectional draw-
ing view of the new source, showing the copper blocks clamping gas supply
tube and nozzle mounting nut, and the heat shielding tube, which are mounted
onto the two cooling stages of the expander head, respectively.

nozzle tightly, providing a good cold path between expander
head and nozzle and ensuring thermalization. In addition, the
gas supply tube was wound around the cryocooler to pre-
cool the gas. A Lakeshore controller (model 331) regulates
the nozzle temperature, reading from a silicon diode (model
DT-670) mounted at the end of the copper blocks and counter-
heating with a cartridge heater (model HTR-50) installed in-
side one of the copper blocks.15 All electrical wires are looped
around each cooling stage to minimize measurement errors
from steep temperature gradients. Thermal contact at the in-
terface of different components is maximized by applying a
thin layer of Apiezon N cryogenic high vacuum grease.16

All components from the second expander head stage to
the nozzle are contained within a 1.8 mm thick copper tube
with conical end to provide heat shielding from the back-
ground gas, made possible by the linear design of the source.
The heat shielding tube is constructed in two parts: The first
one is fixed onto the first stage of the expander head, which
provides cooling to approximately 77 K,14 while the second
part is screwed onto the first one. The front of the heat shield-
ing encloses the nozzle tightly (0.4 mm) without touching it.
To allow for imprecision in the length of the clamping blocks
and the heat shielding tube in fabrication, we fine-adjust the
length of the heat shielding tube using spacers in the connect-
ing thread of the two parts. In addition, we add several lay-
ers of super-insulation foil between heat shielding tube and
clamping blocks and around the outside to improve the ther-
mal properties of the source further. Finally, we have polished
all copper components to reduce their emissivity.
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FIG. 2. Experiments characterizing the performance of the new source.
(a) Upon cooling from room temperature without counter-heating and with
minimal gas load, the new source achieves a minimum nominal tempera-
ture of 8 K. All temperatures are as read from the silicon diode, which we
find accurate to within less than 2 K. (b) Spin-echo measurement at a nozzle
temperature of 10.0 K and a nozzle pressure of 2 bar, recorded on specular
reflection off a Cu(111) crystal. The polarization varies periodically with in-
going solenoid current (inset). Fourier transforming the measurement gives
the energy spectrum of the beam, showing a beam energy of 2.5 meV, or
actual nozzle temperature of 11.8 K, and a FWHM of 0.3 meV. The opti-
mum transmission of the instrument occurs at 8.0 meV, and the reduction in
transmission at lower energies accounts for the asymmetry in the tail of the
measured energy distribution.3

In an initial test, we investigate the lowest achievable
temperature by cooling the nozzle without counter-heating.
The nozzle pressure was reduced to below approximately
1 bar to minimize the thermal load while keeping a small gas
flow to prevent ice formation blocking the nozzle.17 Fig. 2(a)
presents the resulting cooling curve, showing that upon cool-
ing from room temperature, the nozzle temperature levels off
at 8 K after just over 2 h. Once the entire assembly is cold,
the nozzle can be stabilized at any particular temperature in
a range up to ∼50 K within less than 10 min. Each time the
temperature is altered, source alignment and proper balancing
of the manipulator weight compensation springs are required.
At a set temperature, we encounter no problems with vibra-
tions from the cryocooler and estimate that the source is stable
over long periods of time to within 1/10 mm.

To determine the actual beam temperature, we perform
HeSE beam profile measurements,2 recording the intensity of
the specularly reflected beam as a function of the current in
the ingoing solenoid. The polarization of the beam changes

Downloaded 13 Feb 2013 to 131.111.207.116. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/about/rights_and_permissions

•  2013: Increased range of beam 
energies to 2.5 meV (3.8 ns) !

•  Rev. Sci. Instrum. 84, 026105 (2013)	




The Cambridge helium detector!

•  Initially implemented by DM Chisnall giving 700x improvement in sensitivity!
•   “A high sensitivity detector for helium atom scattering”, PhD Thesis, Cambridge, 2013!

•  Second generation developed by DJ Ward !
•  EC FP7 collaborative project; NEMI!



Interpreting the data!

•  Jump diffusion: !
α = Σvj[1-cos(ΔK.j)]$

•  Continuous Brownian diffusion:  
α = DΔK2$

•  Ideal gas: $
α = √(2.ln(2).KT/m)ΔK$  

( ) ( ) ( ) RRKRKK ditGtItP ∫ Δ=Δ∝Δ .exp),(,,
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Aromatic adsorption – self-assembly of conjugated π 
systems 

Benzene/graphite 
•  Activation energy: 17 ± 12meV 
•  Friction coefficient, η = 2.2 ps-1 

 
Nature Physics 5, 561-4 (2009) 
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Structures from dynamics!

•  Periodicity in α(ΔK) indicates motion on a lattice. 

•  The double decay indicates a non-bravias lattice. 

•  Results correspond closely with equal occupation of fcc and hcp sites on 
the Cu(111) surface 

10 

Short and Long jumps 
along [112] 

Equal jumps 
along [110] 

Analytic model 



Structures from lineshape analysis 

•  Cyclopentadiene C5H6/Cu(111) 

•  The molecule adsorbs dissociatively 
and ionically: C5H6 → (C5H5-)a   

•  Behaviour differs from motion 
on a Bravais lattice 

Motion strongly  
activated 

Single decay 
along [110] 

Double decay along [112] 



Cyclopentadienyl/Cu(111) – surface anion 

•  Friction coefficient, η = 2.5 ± 0.5 ps-1 

•  Hops between both fcc & hcp hollow sites 
•  DFT shows 55 meV barrier over bridge  
•  MD simulations reproduce experimental 

activation energies with barrier 40 ± 3 meV 

•  DFT (GGA PW91) gives adsorption energy 
of 1.7 eV  

•  1.1e- net charge transfer from substrate 
gives anionic Cp-  

•  Small net polar covalent contribution 
involving HOMO and LUMO 

Phys Rev Lett 106, 186101 (2011); J Phys Chem C 115, 16134-1 (2011) 

•  ΔΦ ~ -1 eV 
•  Same direction as for alkali metals 
•  “Cushion effect” – electron depletion just 

above surface plane due to Pauli repulsion of 
π system induces a dipole moment towards 
the bulk of the metal 

Charge depletion 

Charge accumulation 

Charge iso-surfaces: 
          ±0.02 e Å-3  



Thermally activated surface dynamics!

•  Motion induced by thermal excitation 

•  Modelled as “Adsorbate plus heat bath” 

•  Langevin equation: 

 

•  Three aspects to the motion: 

( ) ( ) ∑
≠

++−−∇=
ji

ijiii tmyxVm Frr ξη !!! ,

• Energy	  Landscape	  
• STATIC	  FRICTION	  

• Atomic	  scale	  fric5on	  
• KINETIC	  FRICTION	  

Propane/Pt(111):!

• Interac5ons	  
• 	  Co-‐opera3ve	  effects	  



Benchmarking calculations 

•  Guido Fratesi  

•  Interactions: 
 Pair-wise forces stabilise 
configurations with similar 
separation (de Gennes 
features) eg K/Cu(001)  

Phys. Rev. B 80, 125426 (2009)  



Holly Hedgeland 
@hjhedgeland 

Experimental barrier: 50 ± 3 meV Friction coefficient, η = 2.0 ps-1 

Angw Chem Int Ed 52, 5085-8 (2013) 

condition,[12] 2.84 !!1 along 11!2
! "

(dashed line in Figure 2a),
which we do not observe. Hence, experiment suggests that
pyrrole hops between bridge and/or hollow sites, not top sites.

DFT calculations show that pyrrole adsorbs in a flat-lying
geometry on Cu(111), at a distance of 3 ! from the surface,
analogous to the experimental observation for adsorption on
other metal surfaces.[9–11] By relating calculated isocharge
surfaces to the surface potential[14] we find that pyrrole is
a symmetric scattering center. We determine adsorption
energies at two coverages,

ffiffiffi
7
p

x
ffiffiffi
7
p$ %

R19:1" and
2
ffiffiffi
3
p

x2
ffiffiffi
3
p$ %

R30", for a range of high-symmetry sites. For
both coverages, centering over bridge sites is energetically
preferred, while top sites are least favorable. We find
a transition state above fcc and hcp hollow sites, creating
a 15 meV barrier between bridge sites. The binding energy is
nearly independent of the molecular orientation, implying
that pyrrole can rotate freely on Cu(111).

Both calculations and experiment indicate multiple
adsorption sites within the unit cell, suggesting motion in
channels around top sites as illustrated in Figure 2 b. How-
ever, at 160 K the calculated activation energy (15 meV)
would give Brownian motion, as seen in benzene/graphite.[15]

In contrast, measurements in Figure 2d show activated
motion with a rate-limiting barrier[12] of (50# 3) meV, sig-
nificantly higher than the calculated values for classical
motion. One source of activation, not present in the
calculations of the classical barrier, lies in the variation of
the zero point energy (ZPE) between adsorption sites. Since
the ZPE often does not greatly influence relative DFT
adsorption energies it is commonly neglected. Here, however,
the difference in ZPE between bridge and fcc sites is 14 meV,
doubling the energy barrier, while the ZPE difference
between bridge and hcp sites is 28 meV, almost tripling it.

Figure 3 illustrates the corrugation in the channels of
bridge and hollow sites. Theoretical barriers excluding ZPE
(dashed-dotted line) are much lower than the effective barrier
found experimentally (shaded area). Only when ZPE changes

are included (dashed line) does the calculated activation
energy agree with experiment.[16] Note that the calculated
barrier including ZPE is lower at the fcc site. The rate-limiting
step for long-range diffusion, however, is determined by the
largest barrier and the agreement between experiment and
calculations is thus persuasive. We conclude that pyrrole
adsorbs preferentially on bridge sites, moving over transition
states above fcc and hcp sites. Figure 4 summarizes the
relative contribution to the ZPE differences from key vibra-
tional modes. The main contribution to the barrier stems from

Figure 2. Experimental a(DK) dependence for pyrrole/Cu(111) at 160 K compared to MD simulations. a) HeSE data for 0.033 ML coverage
(points) compared to MD simulations for diffusion on bridge sites (solid line) and to predictions (see the Supporting Information) for single
jumps on a simple Bravais lattice (dashed line). Corresponding adsorbate trajectories are illustrated in (b) and (c), respectively. The inset in (a)
displays the coverage dependence in the low DK region, caused by repulsive adsorbate interactions, for 0.020 (crosses), 0.033 (dots), and
0.052 ML coverage (circles). d) Arrhenius measurements for 0.033 ML pyrrole/Cu(111) at 0.9 !!1.

Figure 3. Pyrrole diffusion on Cu(111) is an activated process, as
illustrated by the corrugation within channels of bridge and hollow
sites. Standard DFT calculations (dashed-dotted line) show a small
energy barrier. However, when ZPEs are included (dashed line), good
agreement with the experimental rate-limiting barrier, indicated as the
shaded area, is obtained. For illustrative purposes, values for adsorp-
tion sites have been connected by sinusoids.

.Angewandte
Communications

2 www.angewandte.org ! 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2013, 52, 1 – 5
! !
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•  Experimental barrier: 50 ± 3 meV 
•  GGA vdW DFT gives bridge site 

adsorption with 15 meV barrier over 
hollow sites  

•  ZPE adds 14-28 meV – the larger of 
which is rate limiting 

•  Behaviour dominated by quantum 
contribution to total energy of 
vibrational ground state – internal 
modes 

	


Angw Chem Int Ed 52, 5085-8 (2013) 



Helium atoms: non-intrusive & surface sensitive 

The helium spin-echo (HeSE) method: 
•  Uniquely sensitive to surface motion for 

pico- to nano-second regime 
•  Static and dynamic effects in molecular 

systems can be measured precisely 
allowing benchmarking of theoretical 
approaches 
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Imaging with Helium Atoms!

•  First proposed ~20 years ago !

•  First successful images in 
transmission mode, circa 2008!

•  No microscope delivered to 
market to date!

•  Many challenges, generating, 
focusing, scanning and detecting 
beams!

•  Industrial demand for nano-
metrology !

•  Particularly delicate samples!
•  3D nanostructures !

!
•  Funding from EPSRC, EU FP5 

and FP7 projects. EPSRC IAA 
funding in Cambridge for 
commercialisation!

Image: Koch M, Rehbein S, Schmahl G, Reisinger T, Bracco G, Ernst W and 
Holst B, J. Microsc. 229 1–5 (2008)	  



Rayleigh Criterion: ~ 
λ/2 ≈ 0.3 µm	


Optical photons	


Resolve ≈ 50 µm	


Naked eye	


Using zone plates,  spot 
size ~ 30 nm	


X-ray photons	
 Electrons	


Resolution 1-10nm 	

(voltage/aberration limit)	


Microscopy techniques !

•  Scanning helium microscopy (SHeM): low-energy, sub-angstrom 
resolution, surface-sensitive imaging with no surface damage.!

•  Ideal for samples such as:!
•  Transparent and delicate materials !
•  Polymers, biological materials!
•  Thin insulating films!
•  Mineralised biomaterials (bone, shell, etc)!

•  Possibility for contrast mechanisms beyond topographic effects to 
chemical contrast.!



The Cambridge concept instrument!

•  First images recorded in 2011;!

•  5 μm resolution;!

•  Pixel acquisition ~ 1sec/pixel.!

•  Supersonic helium beam source, 
established, reliable, may need 
future modifications;!

•  Pin hole beam avoiding 
complicated atom optics;!

•  Commercial quadrupole mass 
spectrometer used for detector;!

•  Smaller pin holes give resolution 
increase but signal decrease.!

Cambridge/Newcastle joint team: “A design for a pinhole scanning helium microscope”, !
Nuclear Instruments and Methods in Physics Research B 340, 76 (2014)!



Cambridge concept!

Nuclear Instruments and Methods in Physics Research B 340, 76 (2014)!



Soft/delicate samples:!

Pollen 
Grain	


Fly’s wing!

A.  2 human hairs !
B.  Copper TEM grid!
C.  Carbon tape with 

scattered pollen 
grains!

Optic
al	


First images from concept instrument!



•  SHeM and stitched optical 
images of an oil coated TEM grid. 
Note prominence of scratches in 
SHeM images.!



24 

Stitched optical micrographs of 
a daisy petal on a TEM grid. !
!

•  SHeM micrographs show contrast in 
petal, with higher resolution images 
showing detail. Large depth of field 
and superior contrast. !



•  SHeM and optical stitched 
micrographs show a fly 
wing and carbon tape on 
which it is supported. !



Depth of field on TEM Grid!





023704-4 Fahy et al. Rev. Sci. Instrum. 86, 023704 (2015)

FIG. 3. Matched micrographs of a butterfly’s wing (Tirumala hamata). Left: Reflection optical micrograph (Leica M205 C). Center: Scanning helium
micrograph as taken by the SHeM II with 8 µm steps. Right: Scanning helium micrograph as taken by the SHeM II with 4 µm steps; region as indicated
by the square in central figure. Both scale bars 600 µm in length.

meaning that the contrast mechanisms dependant on such an
interaction will be much weaker than topological contrast. An
e↵usive beam contribution will thus render the more delicate
contrast mechanisms even more di�cult to observe.

With the e↵ects of the secondary beam in mind, e↵orts
were taken to remove the e↵usive contribution in the new
generation instrument. The changes to the di↵erential stage
in terms of the design (no longer a tubular construction with
a restricted pumping pathway) and the much larger e↵ective
pump rate mean that the helium partial pressure in that cham-
ber is much lower during beam operation, reducing the inten-
sity of the e↵usive beam. Further adjustment of the nozzle-
to-skimmer position also works to ensure that the supersonic
free-jet beam source is the dominant probe. Figure 4 consists
of line scans of the nozzle position across the skimmer in the
horizontal axis for a range of nozzle to skimmer separations.
All data were collected using a cleaned silicon wafer sample
set at the instrument working distance (2.86 mm). It should
be noted that the line scan profiles shown in Figure 5 are not
explicitly profiles of the helium beam but rather a more com-
plex measurement of the instrument geometry, making direct
comparisons to other beam profiles di�cult. With the nozzle
very close to the skimmer, the di↵erential stage has a higher
background helium pressure, causing the secondary beam to
become more intense as can be seen in the broad shoulders in
the line scan. Increasing the nozzle-to-skimmer distance, even
slightly, results in a much sharper peak that is more appropriate
for imaging. Comparisons to similar scans for the SHeM I
instrument10 show a significant reduction in the e↵usive beam
intensity for all nozzle-to-skimmer positions. Campargue16

gave that the ideal (i.e., the highest downstream supersonic
beam intensity) is achieved at the nozzle-to-skimmer distance
zns given by

Zns = c d
 

P0d
�0Pb

!
, (1)

where d is the nozzle diameter, P0 is the stagnation pressure, Pb

is the background source chamber pressure, �0 is the stagna-

tion mean free path, and c is a number between 0.125 and 0.15,
dependent on the skimmer geometry.17 For the SHeM II instru-
ment, the ideal zns was calculated to be 11.6 ± 1.1 mm. Based
on these calculations and the line scans shown in Figure 5, a
nozzle-to-skimmer separation of between 9 and 12 mm was
usual for imaging with the instrument, depending on the level
of signal and contrast desired.

In order to demonstrate the e↵ects of the secondary beam
on a SHeM micrograph, a section of a curved TEM grid was
imaged with and without a strong secondary e↵usive contribu-
tion to the beam profile. The nozzle-to-skimmer distance was
initially set to 11 mm to minimise the e↵usive beam contri-

FIG. 4. Line scans of the nozzle in front of the skimmer in the horizontal
axis for a series of nozzle-to-skimmer distances. If the nozzle is close to
the skimmer (6 mm), the helium partial pressure in the di↵erential stage
increases to the point that a non-trivial secondary beam is produced. This
e↵usive beam can be seen above in the broad shoulders for the 6 mm line
scan, and works to reduce the contrast available from the instrument. Pulling
the nozzle back from the skimmer significantly reduces the e↵usive beam.
The nozzle-to-skimmer separations have a zero o↵set of up to 1 mm due to
the di�culty of aligning the nozzle with the fragile skimmer.

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitationnew.aip.org/termsconditions. Downloaded to IP:
144.82.108.120 On: Fri, 02 Oct 2015 07:52:28

Newcastle instrument!

600 μm	


A. Fahy, M. Barr, J. Martens, and P. C. Dastoor, Rev. Sci. Instrum 86, 023704 (2015)!



Summary & Acknowledgements!

 
Scanning helium microscopy (SHeM): 
•  Applicable to soft, delicate materials, light-sensitive and ‘3D structures’ 
•  Commercialisation of base technology underway 
•  Research focussed on contrast mechanisms in the next step  
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