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The former accounts for the spread of energy deposition gener-
ated by secondary particles; the latter is defined by the numerical
aperture [26,41]. To keep it simple, we consider here only the
incoherent OTF of the microscope as an upper bound, which
is analytically accessible [41]. The OTF of the indirect system
suppresses image information, in particular for high q containing
the high-resolution components of the image [Fig. 1(C), orange
curve]. In contrast, the normalized modulus of the BM’s OTF is
close to unity up to the resolution limit [Fig. 1(C), blue curve],
ensuring almost ideal transfer of information.

Ultimately, for comparing the image quality of the two imaging
systems experimentally, it is useful to consider the q -dependent
SNR2(q , D), which is also referred to as noise-equivalent quanta
[53]. Since it is proportional to the dose D, the dose efficiency
can be defined as SNR2(q , D)/D. For a comparison of the two
imaging systems independent of the sample, we use the detective
quantum efficiency DQE(q) = SNR2(q)/SNR2

0(q) as a figure
of merit for the dose efficiency [53]. Ensuring the same input
SNR2

0(q), the gain in DQE is given by

G(q) =
DQEBM(q)

DQEind(q)
=

SNR2
BM(q)

SNR2
ind(q)

. (1)

At q = 0, we expect it to be at least the X-ray detection efficiency
ratio, while it increases even further with q due to the higher OTF
of the BM system. Last, we want to remind the reader that the indi-
rect system should ideally be operated at the energy of its respective
maximal dose efficiency, adjusted to the sample thickness [cf. Fig.
1(B)]. To compare the dose efficiency of both systems at different
energies, the gain G(q) has to be scaled with a corresponding
factor deducible from Fig. 1(B). Summarizing, we expect the BM
system to enhance significantly the q -dependent dose efficiency
and accordingly the image quality compared to an indirect system.

B. Experimental Realization

In the following, we briefly outline the working principle of the
BM [27–30], present our design considerations, and characterize
the system experimentally. In general, a specific BM is designed for
a small predefined energy window, within which the magnification
can be varied by fine-tuning the energy. To reach highest dose
efficiency, we design the BM system for an energy range of 29–31
keV using two Si single crystals with a nominal asymmetry angle
α = 5.92◦ of the crystal surface normal with respect to the crystal-
lographic [110] direction (for a detailed description of the setup,
see Supplement 1). After monochromatization of the X-ray beam
by a double-crystal monochromator, the BM crystals magnify the
wavefield behind the sample in horizontal and vertical directions
by asymmetric 220 Bragg reflection [Figs. 2(A) and 2(B)]. The
magnification M originates from the strongly asymmetric diffrac-
tion geometry with α being close to the Bragg angle θB and is given
by [28]

M =
sin ϕout

sin ϕin
=

sin(θB + 1θhc + α)

sin(θB + 1θoc − α)
, (2)

where ϕin and ϕout are the incident and outgoing angles between
the optical axis and the crystal surface, and 1θoc and 1θhc are cor-
rection terms of the incoming and outgoing beams, respectively,
obtained from dynamical diffraction theory [51]. Since θB changes
with energy, the magnification can be smoothly adjusted with E ,
in our case between M = 20 − 180 [Fig. 2(C)]. The tunability

of the magnification is demonstrated experimentally by imaging
a gold grid at various energies [Fig. 2(E) and Visualization 1].
As a side note, after magnification in a certain dimension, the
further evolution of the interference pattern is negligible to good
approximation [55]. Thus, the BM comes along with separate
propagation distances zx and zy , given as the distance between
the sample and the horizontally or vertically diffracting crystal,
respectively [Fig. 2(A)]. This allows zx and zy to be individually set
and optimized for the asymmetric source properties of third gener-
ation synchrotrons [56]. In the phase reconstruction, the different
propagation distances have to be taken into account [55,57,58].

The smallest resolvable spatial wavelength λmin is limited by the
angular acceptance 2δoc of the crystals. In accordance to Abbe’s cri-
terion, we have [29]

λmin =
λ0

sin δoc
, (3)

where λ0 is the X-ray wavelength, and δoc is the Darwin width [51],
which benefits from a large broadening by the strongly asymmetric
diffraction geometry and can be tuned by the energy [Fig. 2(C)].
The theoretical resolution limit of our setup of 1.3 µm at 31 keV
has been confirmed experimentally by imaging a test pattern with
structure sizes down to 0.5 µm. A multidistance phase reconstruc-
tion [19,54] of the test pattern shows smallest resolvable structure
periods corresponding to the expected resolution [Fig. 2(D)]. For
more information on the reconstruction, see Supplement 1.

The X-ray reflectivity of a single crystal was measured to be
(96.5 ± 0.6)% at 30.5 keV, in close agreement with the theoretical
value of 97.4%. The absorption of the 500 µm thick GaAs sensor
of the SPCD in use can be estimated to be 97.6% [35,37]. The
BM system comprising two crystals and the SPCD has therefore an
overall X-ray detection efficiency of 91%.

For the indirect system (12 µm thick LSO scintillator, opti-
cal microscope with NA = 0.28, pco.edge 5.5 CMOS camera),
the objective has a collection efficiency of the scintillation light

of 0.5 · (1 −
√

1 − NA2/n2) = 0.6% [59], where n = 1.82 is
the refractive index of the scintillator. With the light yield of the
scintillator being 40 photons/keV [60], we expect that on average
7.3 visible photons are collected by the objective per 30.5 keV
X-ray photon absorbed in the scintillator. Including the quantum
efficiency of the camera (>60%), the Poisson distribution of the
optical photons will therefore only lead to a minor increase of the
noise floor. Hence, the X-ray detection efficiency depends pri-
marily on the X-ray absorption of the scintillator (12.3% at 30.5
keV). In contrast to an SPCD, being essentially free of readout
noise, the CMOS camera adds a minor background noise. Further,
incoherently scattered X-ray photons can degrade the image qual-
ity in the indirect system, while the incoherent background is
filtered out by the BM’s small energy acceptance. Overall, taking
into account the measured reflectivity, we expect the X-ray detec-
tion efficiency of the BM system to be higher by more than a factor
of 7.4 at 30.5 keV compared to the indirect system.

C. Comparison of Bragg Magnifier and Indirect System

We confirm experimentally the improved imaging performance
of the BM system compared to the indirect system by measur-
ing a Siemens star test pattern at multiple distances at the same
energy of 30.5 keV [Figs. 3(A)–3(C)]. First, for a comparison of the
image quality at the same nominal X-ray detection efficiency, we





Research Article Vol. 10, No. 12 / December 2023 / Optica 1638

Fig. 4. Trichogramma cacoeciae wasps imaged in vivo with the BM system. (A) Volume rendering of tomographic data of a first Trichogramma indi-
vidual inside its parasitized moth egg (Sitotroga cerealella). The egg shell (yellow) was sliced virtually to visualize the wasp (gray) inside the egg. (B)–(D)
Phase reconstructed radiograms of a second individual emerging from its host egg (full series in Visualization 2). (E), (F) Flexible movement of mandibles,
observed in a third individual (full series in Visualization 3). The arrows indicate that the wasp moves its mandibles independently from each other. For
experimental details see Supplement 1.

frequencies and one order of magnitude at the desired resolution
(see also Supplement 1). For thicker specimens or samples in a
medium, higher energies are required for the indirect system, and
the gain in dose efficiency of the BM system increases accordingly.

D. Pilot in vivo Study of Parasitoid Wasps within Their

Hosts

As an in vivo pilot application, we exploit the high dose efficiency
of the BM system to study the concealed behavior of parasitoid
Trichogramma wasps related to the emergence from their host eggs
over tens of minutes up to hours (see Fig. 4). Trichogramma wasps
belong to the smallest known insects. By parasitizing the eggs of a
wide range of crop-infesting butterfly and moth species, they are
the most widely used biological control agent [62] and therefore
possess enormous economic value [63–65]. Despite being among
the best-studied parasitic insects [66], their concealed behavior
within their hosts is largely unknown. The BM system allowed us
to record long in vivo cine-radiographic data of several individuals,
revealing morphodynamics before and during emergence from
the eggs. Figure 4(A) shows a volume rendering of a tomographic
dataset of a first specimen shortly before emergence. For a second
individual, Figs. 4(B)–4(D) display phase reconstructed radio-
grams of the wasp during emergence at different moments in time.
The full cine-radiographic dataset is given in Visualization 2.
Images were denoised by a neural network, trained with the
Noise2Noise method [67]. Details of the method application
can be found in [68]. The wasp was filmed in several sequences,
intermitted by radiation-free pauses, over a total duration of 1.25 h
and a total X-ray exposure of 30 min. After emergence, we did not
observe any abnormalities in the wasp’s behavior. The estimated
dose is ∼7 mGy per frame, yielding an overall dose of ∼200 Gy,
which agrees to dose levels reported in literature to have no observ-
able physiological effects on small animals [10]. We identified
characteristic movement patterns and behavioral acts of the wasp,
which are described in detail in Supplement 1. In the dataset of
another individual, the movement of the mandibles during the
biting process became particularly well visible; see Figs. 4(E), 4(F),

and Visualization 3 (dose per frame of ∼70 mGy and total dose
of ∼90 Gy using a higher flux and Ge crystals; see Supplement 1).
As opposed to the larger L. distinguendus, which has been shown
to employ its mandibles in a chisel-like manner to bite through a
stiff wheat grain [69], Trichogramma cacoeciae is here observed to
use its mandibles independently from each other to penetrate the
more pliable egg shell. This versatility demonstrates how flexible
mandibular movement allowed chalcid wasps to exploit a variety of
hosts, most likely being a key factor for their evolutionary success
and their enormous diversification [69].

3. CONCLUSION

We present a considerable increase in dose efficiency in
micrometer-resolution X-ray imaging of soft tissues by combining
highly coherent synchrotron radiation, a high-Z single-photon-
counting detector, and Bragg magnifier crystal optics, and by
operating at X-ray energies ∼30 keV that allow a minimum dose
for a desired signal-to-noise ratio. We show that the developed
BM system works close to the highest possible dose efficiency for
propagation-based phase contrast imaging, owing not only to its
X-ray detection efficiency of over 90% but also its advantageous
optical transfer function. Compared to a scintillator-based detec-
tor system at these energies, we measure an increase in DQE of
more than two orders of magnitude for high spatial frequencies,
which are crucial for high spatial resolution. For applications where
the efficiency of indirect systems can be improved by working at
lower energy, we still estimate a gain in dose efficiency of the BM
system of one order of magnitude at high spatial frequencies, which
contain the relevant high-resolution components of the image.
Even though indirect detectors benefit from continuously ongoing
developments of scintillators [70], optics [71], and cameras [72],
the BM system intrinsically outperforms any lens-based opti-
cally magnifying system by its constantly high OTF for all spatial
frequencies up to its resolution limit. The BM system enables
a substantial increase of observation times in in vivo studies at
micrometer resolution, allowing us to film the concealed behavior
of parasitoid Trichogramma wasps for more than 30 min. This pilot
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study provides a detailed analysis of their movement patterns and
behavioral acts before and during emergence from their host eggs
and demonstrates the flexible biting functionality of their man-
dibles. We believe that due to its high dose efficiency, BM-based
X-ray imaging will find broad application, not only for in vivo
imaging in life sciences but also for in situ studies of dose-sensitive
materials and processes.
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