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Abstract
Energetic positrons propagating along low index directions in a crystal interact strongly with the periodic array of
atoms via a process known as channeling. The trajectories of such channeled positrons can be manipulated to sample
dierent spatial regions in the crystal. Here we report the ®rst observations of channeling eects on in-¯ight annihilation
radiation from positrons traversing a thin gold crystal. The channeling minimum yield for two-photon annihilation is
shown to be signi®cantly enhanced compared to single photon annihilation due to the selective interaction of wellchanneled positrons with valence electrons in the interstitial regions of the crystal. Both classical and quantum calculation of annihilation yields are compared to the experimental data. Ó 2000 Elsevier Science B.V. All rights reserved.

1. Introduction
The channeling phenomenon has been extensively studied since its `discovery' in the 1960s [1±
5]. Materials analysis using ion channeling is now
well established at many laboratories around the
world [6]. The most common technique is to examine the energy distribution of ions backscattered from a beam penetrating a material close to a
major crystallographic direction. By considering
the ion energy loss, the crystalline quality of thin
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®lms can be depth analyzed in a simple manner
[7,8]. Furthermore, the use of channeled charged
particles gives the experimenter the unique ability
to control the spatial distribution in the interstices.
This ability has been exploited to probe the lattice
site of implanted and intrinsic impurities in crystalline solids [9,10].
When positive ions channel, they are focused
into the crystal's interstitial regions by a series of
highly correlated small angle scattering events.
This focusing suppresses backscattering (and indeed all close nuclear collision processes) with the
lattice and increases backscattering from any impurities residing in the interstitial regions. Moreover, the regions sampled by the channeled ions
can be controlled on an atomic scale simply by
changing the angle of the incident beam. As this
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deviates from that of the low-index crystal direction the ion-momentum transverse to this direction
increases, and the trajectories penetrate closer to
the atomic nuclei of the lattice. Thus, when observing the backscattering angular yield, a characteristic channeling dip is obtained for the lattice
nuclei while a peak is obtained from any interstitial impurities [9].
Interstitial ¯ux peaking also means that electron interactions occur primarily with loosely
bound valence electrons. This decreases the ion
energy loss [11,12] and thereby increases the range
of channeled ions which arguably was the ®rst
experimental evidence of the channeling eect [13].
This reduction of core electron interactions has
been used to study unique interactions of highly
stripped ions with a quasi-free electron gas [14,15].
It has also been suggested that channeled positrons
could be used to selectively probe these valence
electrons [16±19].
Most positron channeling studies to date have
observed the transmitted or scattered positrons in
order to shed light on the applicability of channeling theory for low mass particles [16,20±23].
Axially channeled positrons exhibit strikingly
similar channeling characteristics to those of heavy
ions [20]. This suggests that a new probe can be
developed that uses the channeling process to
specify which atomic regions are sampled by the
positron trajectories, while the radiation from the
two-photon in-¯ight annihilation process would
provide an experimental signal that re¯ects the
electron properties in the sampled region. In-¯ight
positron annihilation is sensitive to at least three
electron properties. First, the annihilation rate
depends on the local electron density sampled by
the positrons. Second, as in thermalized positron±
electron annihilation, the energy distribution of
the emitted c-rays is broadened by the electron
momentum. Finally, the annihilation cross-section
is spin dependent [24] and with a highly polarized
positron beam electronic spin states can in principal be probed.
Such channeled positron experiments are currently very dicult compared to annihilation experiments with thermalized positrons (which have
been extensively utilized to probe condensed matter systems [25±29]). While channeled positrons
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have the advantage of spatial wave functions that
can be experimentally controlled, practical implementation requires an MeV monoenergetic positron beam with 107 e =s. While such a beam is
currently not available, the recently constructed 3
MeV monoenergetic positron beamline at Lawrence Livermore National Laboratory has sucient ¯ux (105 e =s) to demonstrate the dramatic
new annihilation eects expected from channeled
positron experiments. In this paper we report observations of single and two-photon annihilation
for channeled positrons. Comparison of these two
annihilation modes demonstrates the ability of
channeled positrons to selectively sample valence
electrons in the crystal. Classical and quantum
theory calculations will also be compared to the
experimental results.
2. Positron beamline
The experiments were performed using a 3 MeV
Pelletron accelerator that was originally designed
for electron acceleration. In order to accelerate
positrons the polarity was switched and the electron gun in the terminal was replaced. The new
gun accommodates a 109 mCi 22 Na positron
source, a tungsten moderator, as well as appropriate focusing optics that deliver a 2 mm diameter
beam to the entrance of the ®rst accelerating section [30]. The terminal voltage was brought to 2:65
MV and stabilized by a corona current feedback
system that maintained the terminal within 0.4%
of the operating value [31].
Upon exiting the accelerator the beam was focused by a solenoid lens into the center of the ®rst
90° bending magnet. The focal point was chosen to
be the center to minimize the astigmatism from the
magnet. All remaining astigmatism were corrected
by a quadrupole located immediately after the
bend. The beam was then focused by another solenoid lens at the focal point of a second 90°
bending magnet where an 8 mm beam spot was
de®ned by a collimator. After the second bend the
beam went through an 8 mm active collimator
before reaching the ®nal focusing solenoid which
was 3:5 m from the target. Before reaching the
target area, Fig. 1, the positrons passed through a
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®nal pair of collimation slits that de®ned the angular divergence and spatial size of the beam on
target.
Typical beam characteristics on target were
200,000 e /s in a 3 mm diameter spot, with a
maximum angular divergence of 0:25° and an energy spread of less then 0.4% of the beam energy.
The target was a 0.6 lm thick h1 1 0i oriented free
standing gold crystal grown at the University of
Aarhus with a surface minimum yield of 3% for 2
MeV a-particles. The planer diameter of the crystal (5 mm) was only 2 mm larger than the beam
spot and therefore it was necessary to house the
crystal in a target holder made of scintillating
material. The holder had a 4:5 mm hole and was
directly coupled to a Hamamatsu R5600U ultracompact photomultiplier tube inside the vacuum
chamber. The signal from this scintillator allowed
the beam to be optimized and monitored during
the experiment. Also there was a beam `halo' of
about 0.3% of the total current that hit the target
holder. This was the major source of background
but as will be discussed below, use of the scintillator allowed this signal to be identi®ed and easily
subtracted.
Behind the target was a large angle scattering
scintillator that detected positrons scattered be-

tween 10° and 20°. This detector was used in
aligning the crystal and to measure the large angle
scattering yield. Further downstream a 75° bending magnet de¯ected the transmitted positrons to a
well-shielded beam dump. This was a specially
designed double focusing magnet with a 10° vertical and horizontal acceptance angle. Multiple
scattering measurements and calculations predicted an angular divergence of half this value, assuring ecient collection of the transmitted beam
[30]. A scintillation detector used for normalization was positioned in the focal plane of the 75°
magnet.

3. Positron annihilation and detection
The vast majority of positrons channeling
through the crystal were transmitted to the beam
dump scintillator and approximately 1.5% were
scattered into the large angle detector. Even fewer
still (7  10ÿ3 %) annihilated in-¯ight by single or
two-photon annihilation. In the single photon
annihilation process a monoenergetic c-ray is
emitted with the nucleus recoiling to conserve
momentum. The energy of the photon, Es , is given
by
Es  2mc2  T ÿ jEb j;

Fig. 1. Schematic diagram of the target area of the 3 MeV
monoenergetic positron beamline at Lawrence Livermore National Laboratory.

1

where mc2 is the rest mass energy of the electron,
T the positron kinetic energy and Eb the electron
binding energy. In principal each electron shell can
be distinguished because the binding energy shifts
the energy of the annihilation c-ray. In practice the
cross-section is too small for the single photon
annihilation process to be detectable for all but the
most tightly bound electrons [32].
Unlike single photon annihilation, the twophoton annihilation process does not require a
nuclear recoil and can therefore occur with all
electrons in the target material. The two emitted
photons are coincident in time and have energies
that strongly depend on the angle of emission. If
the electron momentum is neglected and the positron momentum is assumed to be ®xed in the
direction of the beam (a good approximation for
thin targets), the photon energies are given by

A.W. Hunt et al. / Nucl. Instr. and Meth. in Phys. Res. B 164±165 (2000) 44±52

E

mc2

1ÿ
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T 2mc2

cos h

:

2

Here p is the positron momentum and h is the
angle between the emitted photon and the beam.
For 2:65 MeV positrons, the photon energies
range from 276 keV for 180° emission to 3396 keV
for 0° emission. Inclusion of the electron momentum further broadens the photon energy distribution.
To simultaneously detect both single and twophoton annihilation, a multiple c-ray spectroscopy
system consisting of a 7:3 cm diameter high purity
germanium (HPGe) detector and two 300 NaI
scintillators was constructed. The HPGe detector
was placed in the forward direction 37:5 cm from
the target and subtended a half angle of 5:6°, see
Fig. 1. It had a relative eciency of 9:1  10ÿ5 at
2734 keV and 7:0  10ÿ5 at 3218 keV in the experimental geometry. From Eq. (2), the two-photon annihilation c-rays that strike this detector are
constrained between 3300 and 3396 keV. Curve A
of Fig. 2 shows an energy spectra obtained from
the HPGe detector. The demonstration spectra
shown in Figs. 2 and 3 were obtained using a 3.6
lm amorphous gold foil for enhanced statistics.
Single photon annihilation is easily identi®ed; the
K-shell (jEb j  81 keV), L-shell (jEb j  13 keV)
and M-shell (jEb j  2:6 keV) annihilation events

Fig. 2. HPGe energy spectra from 2.65 MeV positrons impinging on a 3.6 lm polycrystalline gold foil. (A) No coincident
photon required. (B) Coincident photon required within 30 ns
in one of the 300 detectors.

47

are seen at 3591; 3659 and 3670 keV, respectively.
The edge at 3390 keV is from the most forward
directed of the two-photon annihilation c-rays.
The rising background below 3300 keV arises from
positrons that strike a chamber wall and then annihilate in-¯ight.
The background for two-photon annihilation
can be dramatically reduced by requiring the detection of both emitted c-rays. The two NaI scintillators were placed on either side of the target
chamber 8:9 cm in front of the target, collecting
photons emitted between 142° and 163°. These
detectors recorded the coincident 300 keV photons emitted with the forward c-rays that hit the
HPGe detector. The signals from all detectors were
routed to a multiple parameter data acquisition
system that recorded energy and time information
for each detector on an event by event basis. A
two-dimensional histogram is presented in Fig. 3
with a 30 ns coincidence window. The horizontal
and vertical axes are the photon energies recorded
by the HPGe (EGe ) and NaI (ENa ) detectors, respectively. The histogram bins are color coded
with white corresponding to 0±4 counts and yellow
to more than 125 counts. The two-photon annihilation peak is located at 3370; 300 keV
(EGe ; ENa ). The `tail' below the peak that extends
along ENa  300 keV and ends at EGe  3270 keV
is due to c-rays Compton scattering out of the
HPGe detector. Also along this tail, the single and
double escape peaks are seen at 2859; 300 and
2348; 300 keV from recombining positron±electron pairs created in the detector. Photons recorded in this region nevertheless represent valid
two-photon annihilation events and their inclusion
signi®cantly improves the statistics in our channeling studies. Therefore, when calculating the
two-photon annihilation yield all events inside the
box in Fig. 3 were counted. Finally, to demonstrate the dramatic background reduction, a projection of the two-dimensional histogram onto the
EGe axis is shown in Fig. 2 curve B.
4. Results
The Au crystal was ®rst aligned by locating the
four planes that intersect at the h1 1 0i axis. This
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Fig. 3. Two-dimensional energy histogram from 2.65 MeV positrons impinging on a 3.6 lm polycrystalline gold foil. The horizontal and vertical axes are the energies
from the HPGe (EGe ) and NaI (ENa ) detectors, respectively. The histogram bins are color coded with white corresponding to 0±4 counts and yellow more than 125
counts.
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procedure was carried out by using the planar dips
in the large angle scattering detector. Counting
times of 2 s per point was sucient which resulted in 1000 and 8000 counts per point in the
aligned and random direction, respectively. More
careful large angle scattering scans were then carried out with counting times of 10 s. Spectra with
and without a coincident requirement were then
taken simultaneously at 13 dierent angles and
each set of spectra took at least 12 h to accumulate. All angular scans presented went through the
h1 1 0i axis on a line 14° from a f1 1 0g plane.
As mentioned earlier, the beam halo that strikes
the target holder was the major source of background. Background spectra were acquired using
only a gold support ring without a crystal
mounted. Without a target in the beam, the count
rate was extremely low and therefore these spectra
were integrated for 53 h. No single photon annihilation peaks were observed in the singles spectrum (no coincidence requirement). The
coincidence spectrum, however, was subtracted
from the spectra obtained with the Au crystal after
being normalized to the number of positrons that
struck the sample holder. This correction to the
two-photon annihilation yield was 20% in a
random direction and as high as 40% in the
channeling direction. All data presented here have
had this background subtracted.
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To facilitate the comparison of spectra, they
were normalized to the integrated number of
positrons that impinged on the target. This was
accomplished by normalizing at each angle with
Z
C0
R h dt;
3
N h 
C h
where C0 and C h are counts in the beam dump
scintillator in the channeling direction and at the
desired angle, respectively. The instantaneous
count rate in the beam dump is given by R h and
the integral is carried out over the running time of
the experiment. The counting times for the ratio
C0 =C h was typically 50 s and was measured periodically. It was found to remain constant for a
given h and was proportional to the number of
positrons impinging on the target. A scalar
counted the positrons that hit the beam dump
throughout the experiment and thereby calculated
the integral of R h.
Fig. 4(a) shows the angular yields obtained
from large angle scattering, two-photon annihilation and K-shell one-photon annihilation. Unfortunately, with this crystal thickness, the positron
¯ux was too weak to produce observable L-shell or
M-shell one-photon annihilation signals. The
horizontal axis represents the angle between the
positron beam and the h1 1 0i axis of the crystal.
The vertical axis is the observed yield normalized

Fig. 4. (a) Normalized yield curves from 2.65 MeV positrons for large angle scattering (solid line with ), single photon annihilation (N)
and two-photon annihilation (). Angle on horizontal axis measured from the h1 1 0i axis of the 0:6 lm gold crystal. (b) Classical
(solid line) and dynamical diraction (dotted line) yield calculation of large angle scattering overlaid on the experimental data.
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to unity for a non-channeling direction. For scattered positrons the on-axis minimum yield is 6:5%
and the full width at half minimum of the channeling dip is 1:65°. The on-axis reduction of large
angle nuclear scattering re¯ects the strong channeling suppression of the small impact parameter
 required for de¯ection
collisions (b < 4  10ÿ3 A)
to occur into the scattering detector. The relativistic critical angle for an axially channeled positron
is given by
s
2Ze2
;
h1  1
p v d
2  

4

where Z is the atomic number of the target, d the
spacing of nuclei on the string and v the velocity
of the positron [33]. The expected width of the
channeling dip is 2h1 but the large thermal vibrations in gold will reduce the width by a factor of
0.8 [34]. For 2:65 MeV positrons along the
h1 1 0i axis in gold this expected width is 2:1°. The
observed value is about 20% below this value.
Discrepancies of this size have been seen before for
channeled ions and positrons [20,35]. Furthermore, the widths from more detailed calculations
are in better agreement (see below).
The similarity between the channeling yield
curves for K-shell annihilation and large angle
scattering may be understood by considering the
 the scatterK-shell Bohr radius (a  7  10ÿ3 A),
 and the
ing impact parameter (b  4  10ÿ3 A)
gold atomic thermal vibration amplitude (q  0:12
 Since both processes require close proximity to
A).
the nucleus, i.e., smaller than the thermal vibration
amplitude, it is expected that they exhibit very
similar channeling characteristics. In comparison,
the sensitivity of two-photon annihilation to the
outer and valence electrons causes a striking difference. The full width is reduced to 1:25  0:09°
and the minimum yield is four times higher at
27  3%. This is unambiguously attributed to the
extended nature of the electron clouds around the
nuclei and the delocalized electrons in the interstitial region. Since the single photon annihilation
cross-section for these electrons is negligible, the
smaller minimum yield of single versus two-photon annihilation veri®es that annihilation with the

outer and valence electrons is enhanced by the
channeling process.
The theoretical description of channeled particles has been the subject of much investigation
with both classical and quantum methods now
well established. Fig. 4(b) shows classical and
quantum mechanical yield calculations for large
angle scattering and two-photon annihilation
overlaid on the experimental data. The classical
calculation (solid curves) uses a statistical equilibrium treatment of the channeling trajectories
which are assumed to become ergodic and ®ll
available phase-space. This calculational technique
was ®rst outlined in the seminal work by Lindhard
[36]. The quantum calculation (dotted curves) is
based on a dynamical diraction formalism that
successfully describes the well known phenomenon
of electron channeling radiation [37]. The details
of this method applied to the calculation of annihilation yields have been published by Hau et al.
[17]. It should be noted that the same electron
densities and potentials were used in both the
calculations. They were calculated by a state-ofthe-art augmented plane-wave method [38]. The
quantum curves abruptly end at 2° only because
of the limits of our available computing power.
The quantum and classical calculation have
strikingly similar widths with the quantum calculation narrower by 6% and 12% for scattering
and annihilation, respectively. The shoulders
starting at 1:2° in the quantum curves arise because this calculation ``obeys the rule of spatial
averages'' (e.g., the yield missing at small angles to
an axis must be present as an excess at larger angles) [36]. This rule is violated by the statistical
equilibrium technique used in the classical calculation. For large angle scattering, the calculated
minimum yield is 2:0% with a width of 1:8°. The
observed scattering width of 1:65° is only 8% below this calculated value but the observed minimum yield of 6:5% is 3.3 times larger than
calculated. This is not surprising since the calculation does not include dechanneling eects. For
two-photon annihilation the calculated full width
agrees well with the annihilation data and qualitatively the shape agrees better than for the scattering curve. The calculated minimum yield is
14:5% in the absence of dechanneling. From the

A.W. Hunt et al. / Nucl. Instr. and Meth. in Phys. Res. B 164±165 (2000) 44±52

observed scattering minimum yield we can estimate that dechanneling will increase the twophoton minimum yield to 23% which is 1:5 standard deviations from the experimentally observed
value. The plotted annihilation yields include this
correction.
Using these calculations we can also estimate
the valence electron contribution. In gold we
consider the valence electrons to be the 10 electrons in the 5d shell and the electron in the 6s shell.
At large h, where channeling does not occur,
positrons penetrate into all regions of the crystal
and therefore sample all electrons equally. Since
there are 11 valence electrons, they constitute 14%
of the total sampled at large h. In contrast, channeled positrons are focused into the interstitial
region where the valence electrons account for almost all of the electron density. Their annihilation
contribution increases to 56% at minimum yield
with the experimentally observed dechanneling
correction included.
5. Conclusion
The observed larger channeling minimum yield
for two-photon over one-photon annihilation
con®rms expectations that these channeling eects
are very sensitive to electron density in the interstitial regions of crystals. Indeed the relative in¯uence of valence electrons on channeling
annihilation can be estimated to be about 10 times
larger than the relative contribution of valence
electrons to low order Fourier components of the
charge density measured by X-ray diraction
techniques that have typically been used to determine electron densities in crystals [39].
It is also interesting to consider the spatial distribution in the classical versus quantum picture of
channeling. Quantum eects have been seen in the
momentum states of transmitted positrons for
planar and axial channeling [16]. In contrast, angular yield measurements of close nuclear reaction
processes appear classical in nature [20±23]. The
quantum calculations presented here predict
slightly narrower channeling widths because the
quantum wavefunctions tunnel into classically
forbidden regions of the channel. The dierence
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between calculated widths is largest for two-photon
annihilation which is also less sensitive to dechanneling processes. With better statistics from an intense beam this discrimination could be made.
It is the hope of the authors that the channeling
phenomena revealed by this research will eventually result in an accurate easily applied probe of
electrons in solid state materials. It is clear that
higher positron beam currents are needed to perform experiments on a practical time scale; monoenergetic MeV positron beam currents greater
than 107 e /s will be required. Stronger positron
sources, improved moderators, polarization control, and more ecient detection and beam transport capabilities are possible with current
technology. We believe that a serious discussion
about combining these technologies into the next
generation positron beam facility is needed. This
new capability will also enable signi®cant extensions of the experimental approach reported here.
An intense MeV positron beam will allow the development of practical atomic scale channeling
measurements of electronic spin densities [16,17],
and momentum pro®les in addition to valence and
bonding electron density maps.
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