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Abstract

The objective of the R&D project CLAIRE is to prove the principle of a gamma-ray lens for nuclear astrophysics.
CLAIRE features a Laue diffraction lens, an actively shielded array of germanium detectors, and a balloon gondola stabiliz-
ing the gamma-ray lens to a few arcseconds. On June 14 2001, the instrument was flown on a stratospheric balloon by the
French Space Agency CNES; the astrophysical target was a Òstandard candleÓ, the Crab nebula. CLAIREÕs first light consists
of ~33 diffracted photons from the Crab, corresponding to a 3 σ detection. The performance of the gamma-ray lens during
the balloon flight has been confirmed by ground data obtained at a 200 meter long test range. Based on the diffraction effi-
ciencies measured with CLAIRE, the mission concept of a space borne gamma-ray lens is proposed, and its potential for
nuclear astrophysics is outlined.
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1. Introduction

Present telescope concepts for nuclear astro-
physics are based on inelastic interaction proc-
esses : they make use of geometrical optics
(shadowcasting in modulating aperture sys-
tems) or quantum optics (kinetics of Compton
scattering). Today these instruments are
reaching the physical limits for space borne
missions; moreover, several apparently unsolv-
able problems have lead gamma-ray astronomy
to a mass-sensitivity impasse where Òbigger is

not necessarily betterÓ. Improving the sensitiv-
ity of an instrument can usually be obtained by
a larger collection area - in the case of ÒclassicÓ
gamma-ray telescopes this is achieved by a
larger detector surface. Yet, since the back-
ground noise is roughly proportional to the
volume of a detector, a larger photon collection
area is synonymous with higher instrumental
background. For ÒclassicÓ gamma-ray tele-
scopes, the sensitivity is thus increasing at best
as the square root of the detector surface.
A possible way out of this dilemma consists of
taking advantage of the phase information of
the photons. Gamma-rays can interact coher-
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ently inside a crystal via Bragg-diffraction : the
interference between the periodic nature of
light and a periodic structure of matter in a
crystal lattice. In a Laue diffraction lens, a
large number of crystals are oriented in a way
to deviate incident photons on a common focal
spot :  γ-rays are focused form a large collect-
ing area onto a small detector volume. As a
consequence, the background noise is ex-
tremely low, making possible unprecedented
sensitivities.
As a first step, a ground-based prototype of a
narrow band Laue lens system was built and
successfully tested [1]. Diffraction efficiencies
of individual Ge crystals, measured at the APS
synchrotron at Argonne National Laboratories
agree with what is expected from the Darwin
model [2] (efficiencies of 20% to 31% accord-
ing to energy and crystal planes). The next
logical step towards a space borne crystal lens
telescope was CLAIRE : a project to demon-
strate a crystal diffraction lens under space
conditions and with an astrophysical target. In
this article, the performance of CLAIRE on the
ground and in flight are described. Their ex-
trapolation for the case of a space-borne in-
strument demonstrates an outstanding potential
for nuclear astrophysics : Laue diffraction
lenses will achieve narrow line sensitivities of a
few 10-7 ph.s-1.cm-2 with high energy resolution
(E/∆EÅ500) and very good positioning.

2. Focusing Gamma-rays

The small scatter-angles and the high penetra-
tion power of gamma-rays led us to choose
Bragg-diffraction in Laue geometry, in which
the photons traverse the crystal using its entire
volume for diffraction. In a Laue type crystal

diffraction lens, crystals are disposed on con-
centric rings such that they will diffract the
incident radiation of a same energy onto a
common focal spot (Fig 1). In order to be dif-
fracted, an incoming gamma-ray must satisfy
the Bragg-relation

2 d sin θ B  = n λ (1)

where d is the crystal plane spacing, θ the inci-
dent angle of the photon, n the reflection order,
and λ the wavelength of the gamma-ray.

Fig. 1. The basic design of a crystal diffraction lens in
Laue geometry.

A crystal at a distance r1 from the optical axis
is oriented so that the angle between the inci-
dent beam and the crystalline planes is the
Bragg angle θ B1; rotation around the optical
axis results in concentric rings of crystals. With
the same crystalline plane [hkl] used over the
entire ring, the diffracted narrow energy band
is centered on E1. In a narrow bandpass Laue
lens such as CLAIRE, every ring of crystals
uses a different set of crystalline planes [hkl] in
order to focus photons in a single energy band
(E2=E1=Ei) onto a common focal spot.
For a given focal distance f of the lens,  ri is the
radius of  ring ÒiÓ,

ri   =     f tan [2θBi]    Å    f  
nλ
di

   , (2)
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where n is the order of the diffraction process,
di is the crystalline plane spacing of the ÒiÓ ring
and λ is the wavelength of the radiation to be
focused.
The energy band of a ring of crystals is propor-
tional to the square of the diffracted energy :

∆E Å   
2d.E2Ê.∆θ

nhc
        (3)

Å   40.0 ( d
dGe[111]

 )( E
511ÊkeV

 )
2
( ∆θ
1Êarcmin

 ) keV

here, ∆θ is the mosaic width of the crystal, i.e.
the angular range over which the crystals re-
flect monochromatic radiation.
A narrow energy band is not a handicap when
nuclear lines are to be observed, however,
proving the principle on a balloon flight ironi-
cally implies observation of a continuum spec-
trum because the only available Òstandard can-
dleÓ at γ-ray energies is the Crab nebula. The
challenge of pointing a first balloon-borne lens
makes a short focal length preferable; this ex-
cludes higher energies for the lens tuning. For
CLAIRE, the diffracted energy band was more
or less arbitrarily chosen to be 170 keV for a
source at infinity.

3. CLAIRE

Instrument : CLAIRE features a narrow band-
pass Laue diffraction lens, consisting of 556
germanium-silicon crystals mounted on eight
rings of a 45 cm diameter titanium frame. The
lens with its 511 cm2 geometric area concen-
trates 170 keV photon onto a common focal
spot (1.5 cm diameter) at a distance of 277 cm.
Diffracted photons are collected on a small 3x3
array of high-purity germanium detectors,
housed in a single cylindrical aluminum cry-

ostat. Each of the single Ge bars is an n-type
coaxial detector with dimensions of 1.5 cm x
1.5 cm x 4 cm. The detector matrix is cooled
by a liquid nitrogen dewar that was pressurized
during the flight. The detector is actively
shielded by a CsI(Tl) side shield and BGO col-
limators. The CLAIRE stabilization and point-
ing system were developed by the balloon divi-
sion of the French Space Agency CNES. Two
almost independent systems stabilize and point
a target within a few degrees of the sun (on
June 14 and 15 the Crab is within 1¡ of the sun)
with a precision better than a few arcseconds :
the primary pointing system stabilizes the en-
tire telescope to within 10 arc minutes; while a
set of gimbal frames points the gamma-ray lens
only. The 3m telescope structure consists of
carbon fiber spars and honeycomb platforms;
the entire instrument weighs only 500 kg.

Balloon flight : On June 14 2001, CLAIRE was
launched by the French Space Agency CNES
from its base at Gap-Tallard in the French
Alps, and was recovered, after nearly 6 hours at
float altitude (3 mbar), close to Bergerac in the
Southwest of France. All nine germanium de-
tectors showed nominal performance during the
flight, the energy resolution at 170 keV was
about 2.5 keV FWHM. The anti-coincidence
shield reduced background noise by a factor of
10, resulting in a continuum of about 2.3 10-4

cts s-1 keV-1 cm-3 at 170 keV for single events
(see top of Fig. 2) - four background-lines
dominate the continuum : three Ge isomeric
transitions (53.4, 139.7 and 198.4 keV) and the
e-e+ð annihilation line (511 keV). To ensure the
operation of the lens, its temperature was kept
within a range that corresponded to the interval
experienced in the laboratory. Before and after
the flight, the overall diffraction efficiency of
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the lens was verified with a 57Co source, at a
distance of 14 m from the lens on the optical
axis. In spite of a rough parachute landing and
recovery, the two tests showed virtually identi-
cal efficiencies (~ 7 % at 122 keV, assuming a
mean mosaicity of 70 arcsec).
Data  Analysis : Given the amplitude of the
lens-axis oscillations, the fine pointing quality
of the Crab seemed to be better than 90 arcsec
during 3.5 hours (90 arcsec corresponds to the
field of view of the lens). Likewise, the ampli-
tude of the excursions of the focal spot on the
detector were smaller than the Ge matrix. A
comprehensive simulation of the observation
(Crab spectrum, atmosphere, flight- and point-
ing-data, lens reflectivity, detector efficiency)
showed that a 4.5 σ detection was expected.
Nevertheless, an initial data analysis did not
result in a positive detection of the Crab [3].
The key for finding a signal turned out to be
the discovery of an offset of the lens axis, both
in the fine pointing system (the Crab pointing)
as well as in the primary pointing system (po-
sition of the focal spot on the detector). The
offset in the Crab pointing was due to a pris-
matic effect in the CCDÕs sun-filter. We were
able to measure the direction and amount (70
arcsec) of the effect a posteriori in our labora-
tory. Reassembling and testing the telescope
structure revealed that the focal point moves by
4.5 to 6 mm when in the observing position,
and that its position in the X-axis is indetermi-
nate to within a range of  about -15 and 15 mm.
An exhaustive discussion of CLAIREÕs pri-
mary and fine pointing is given by Halloin et
al. [4] .

Crab detection : The offset in the Crab pointing
was expected to broaden the peak at 170 keV to
8 keV FWHM. As a consequence of the un-

certainty of the focal spot position, we made 30
data-analysis trials in the mechanically possible
range. The maximum significance during this
Òfishing expeditionÓ was found by assuming
offsets of +5 mm in the vertical and +10 mm in
the horizontal directions. With this detector
offset and event discrimination the useful ex-
posure time is reduced to 72 minutes, yet the
spectrum (Fig. 2 bottom) shows an excess of
about 33 photons at 170 keV, a 3.5 σ effect
corresponding to a probability of 99.976 %).
For comparison, a spectrum of all single events
for every detector at float altitude (reference for
background) is shown in the top part of Fig. 2.

Fig. 2, top : Spectrum for single events at float altitude (back-
ground noise spectrum); bottom : Reduced spectrum for single
events recorded during time intervals with good Crab pointing :
at 170 keV, an excess of 33 photons is detected.
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To obtain the actual significance of the detec-
tion, the number of trials has to be taken into
account. The trial positions are strongly de-
pendent since spectra from adjacent positions
(1 mm apart) contain a large number of com-
mon events. A series of flight simulations using
background noise only (no Crab signal)
showed that our 30 trials are equivalent to
about 4.2 independent trials - the actual signifi-
cance of our detection is hence 3 σ (0.999764.2

Å 0.99898).

Flight performance : For an off-axis source, the
diffraction peak is broadened (i.e. 8 keV) but
its integral remains roughly constant. Assum-
ing a Crab flux of (1.49±0.02).10-4 ph s-1 cm-2

keV-1 at 170 keV [5], and given a bandpass of
about 3 keV FWHM for a perfectly pointed
lens (deduced from eq. 3 and the detector
resolution), the efficiency of the detectors (Å 60
% at 170 keV) and the atmospheric transmis-
sion (Å67 % at 170 keV for an altitude of 41
km), the detection of 33 detected photons cor-
responds to a peak efficiency of Å 7.8 ± 1.8 %
(i.e. 40 cm2 effective area).

Long Distance Test : To confirm the results of
the flight, a 205 m long test range was set up at
an aerodrome near Figueras on the Spanish
Mediterranean coast. The X-ray source con-
sisted of an industrial X-ray generator with a
2.5x2.5 mm tungsten target. The voltage and
current were set to 250 kV and 1 mA respec-
tively, allowing for sufficient X-ray flux at 170
keV after absorption by 205 m of air. The peak
efficiency at Òquasi infiniteÓ distance (205 m,
diffracted energy 165 keV) was measured to be
9.7 ± 0.5 %. The test also validates the rela-
tionship between distance and diffracted energy
close to the asymptote at 170 keV (Fig 3).

Fig 3. Recorded spectra for various source distances (lower
graph). The upper graph represents the distance of the source
as a function of diffracted energy. The vertical lines show the
theoretical corresponding energies. 14.162 m corresponds to
the tuning distance (Eth=122.29 keV). The measurement at
22.52 m (Eth=136.5 keV) was also done in the laboratory with
a partially tuned lens. 205 m is the distance of the generator on
the long distance test range (Eth=165.5 keV). The peak for an
infinite distance is taken from the stratospheric flight (see
above). Slight departures from the theoretical diffracted energy
may be due to the shape of the incident spectrum or the cali-
bration drift.

Diffraction efficiency : CLAIREÕs peak
efficiency (Å 9 %) is a mean over the 556
crystals of the lens. Data obtained during lens
tuning indicate that the performance of
individual crystals varies strongly from crystal
to crystal. Firstly, each of the eight ring uses a
different set of crystalline planes - the
theoretical peak efficiencies ranging from 25 %
at best ([111] crystalline planes) down to
roughly 10% ([333] crystalline planes).
However, even within the same ring, a wide
spread (factors of 2-10) of the measured peak
efficiencies showed that the quality of the
actual CLAIRE are extremely heterogeneous.
Nevertheless, the tuning data prove that real
crystals can be as good as the Darwin model



P. von Ballmoos et al. / New Astronomy Reviews xx (2003)  pp-pp

3
σ 

 n
ar

ro
w

 li
ne

 s
en

si
tiv

ity
  [

ph
.  s

-1
. c

m
-2

]

Energy [keV]

10-7

10-6

10-5

10-4

440 460 480 500 520 540

MAX

bandpass of Ge-rings

MAX 
XL

HEAO3

OSSE

SPI

          
Energy [keV]

800 820 840 860 880 900 920 940

MAX

bandpass of Cu-rings

MAX 
XL

HEAO3

OSSE

SPI

Fig. 4:  3 σ narrow line sensitivity of MAX and MAX XL compared with the achieved sensitivities of precedent missions (observing
time 106 sec). The performance is based on the measured detector background of SPI/INTEGRAL; the solid curves correspond to the
diffraction efficiencies of mosaic crystals based on the Darwin model, the dashed curves indicate the potential of recently measured
gradient crystals.

predicts : the best crystals on the inner rings of
the lens have been measured with peak
efficiencies above 20 %. A thorough discussion
of the CLAIRE project is given in [6].

4. The MAX mission concept

Ultimately, the concept of a crystal diffraction
telescope should be put to use in space where
longer exposures and steady pointing will
result in outstanding sensitivities. Based on the

experience obtained with CLAIRE, we propose
the mission concept of a space borne gamma-
ray lens : MAX[7]. Featuring a Laue lens
consisting of rings of Cu and Ge crystals,
MAX simultaneously covers two wide energy
bands of high astrophysical relevance : 810-
900 keV for the observation of the 56Ni decay
chain in type Ia SN, 450-530 keV for the
observation of e-e+ emission and the 7Li line
from novae. The ring assembly  (outer / inner
radius of the ring lens : 111 cm / 86 cm) are
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likely to surround the lens spacecraft, the total
effective lens area both at 847 keV and 511
keV is 600 cm2. A small detector, maintained
at a distance of 133 m by a second spacecraft
flying in formation, collects the focused
radiation.

Performance : The modeled  narrow line
sensitivity of MAX in each energy band is
shown in Figure 4. (diffraction efficiency from
the Darwin model / best CLAIRE crystals,
specific background rate from SPI INTEGRAL
[8]). Scaling the linear dimensions of MAX by
a factor s will improve the sensitivity by a
factor s2. Fig 4 also shows the performance of a
version for ÒMAX XLÓ - with an outer
diameter of the ring-lens of 5 m (outer / inner
radius of the ring lens : 250 cm / 193 cm, focal
length : 300 m).

Scientific objectives : The primary scientific
objective of MAX is the study of type Ia
supernovae by measuring intensities, shifts and
shapes of their nuclear gamma-ray lines. When
finally understood and calibrated, these
profoundly radioactive events will be crucial in
measuring the size, shape, and age of the
Universe. Observing the radioactivities from a
substantial sample of supernovae and novae
will significantly improve our understanding of
explosive nucleosynthesis. Moreover, the
sensitive gamma-ray line spectroscopy
performed with MAX is expected to clarify the
nature of galactic microquasars (e+e-

annihilation radiation from the jets), neutrons
stars and pulsars, X-ray Binaries, AGN, solar
flares and, last but not least, gamma-ray
afterglow from gamma-burst counterparts.

5. Conclusion

CLAIRE's stratospheric flight in June 2001 was
the first observation of an astrophysical source
with a γ-ray lens. Associated with the ground
long distance test, these results validate the
theoretical models and demonstrate the Laue
lens as a powerful tool for nuclear astrophysics.
The sensitive gamma-ray spectroscopy that can
be performed by a Laue lens addresses a wide
range of fundamental astrophysical questions
such as the life cycles of matter and the
behavior of matter under extreme conditions.
Besides of high energy resolution (E/∆EÅ500)
and very good positioning, the mission concept
MAX proposes narrow line sensitivities of few
10-6 to 10-7 ph.s-1.cm-2.
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