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We introduce a new, to the best of our knowledge, optical
component—a rotated chirped volume Bragg grating (r-
CBG)—that spatially resolves the spectrum of a normally
incident light beam in a compact footprint and without the
need for subsequent free-space propagation or collimation.
Unlike conventional chirped volume Bragg gratings in which
both the length and width of the device must be increased to
increase the bandwidth, by rotating the Bragg structure we
sever the link between the length and width of a r-CBG, lead-
ing to a significantly reduced device footprint for the same
bandwidth. We fabricate and characterize such a device in
multiple spectral windows, we study its spectral resolution,
and confirm that a pair of cascaded r-CBGs can resolve
and then recombine the spectrum. Such a device can lead to
ultracompact spectrometers and pulse modulators. © 2023
Optica Publishing Group

https://doi.org/10.1364/OL.483904

Miniaturizing optical components has been a dominant research
theme for the past few decades. However, such miniaturization
is no guarantee for reduction of the overall size of an optical sys-
tem performing a particular task [1]. This has been highlighted
recently in the context of optical imaging, whereby replacing
a conventional lens with an ultrathin metasurface [2] does not
eliminate the free-space propagation distance required for image
formation [3,4], thus leaving the volume of the imaging sys-
tem undiminished. As a general principle, a minimum volume
is required (for a given realizable refractive-index contrast) to
achieve any task defined in terms of separating optical “modes”
in a given basis [1,5]; in other words, optical devices ultimately
need “thickness” [6].

Another example is the ubiquitous task of spatially resolving
the spectrum of light, which is at the heart of spectroscopy [7],
ultrafast pulse modulation [8], optical communications [9], and
in material identification [10] for environmental [11], biomedi-
cal [12], and chemical [13] applications. Whether making use of
a prism, grating, or metasurface [14], the spectrometer volume
is dominated by free-space propagation [Fig. 1(a)], usually with
the aid of a lens to spatially resolve the spectrum, which requires
careful alignment and is sensitive to vibrations and shock.

The development of holographic recording in photosensitive
glass has enabled the realization of photonic devices for spatially

resolving the spectrum of an optical field; e.g., chirped volume
Bragg gratings (CBGs) [15]. A pulse reflecting from a CBG at
normal incidence is temporally stretched, and upon incidence
on its opposite side, the stretched pulse is re-compressed [16].
Consequently, CBGs can be used in chirped pulse amplification
systems, and have the advantage of a larger area with respect
to fiber-based CBGs. Upon reflection at oblique incidence, on
the other hand, the wavelengths reflecting from different depths
within the CBG are laterally shifted with respect to each other
(spatial dispersion [9]), and thus can be used for pulse shaping
[17]. Crucially, in contrast to a diffraction grating or prism, the
spectrum is spatially resolved at the immediate exit from the
CBG and thus does not require additional free-space propaga-
tion. However, increasing the bandwidth requires increasing the
device length, which necessarily implies increasing its trans-
verse width to accommodate both the obliquely incident beam
and the obliquely reflected spectrally resolved wavefront emerg-
ing from the same device facet. Consequently, the footprint of
CBGs used for spectral analysis is quite large.

We propose here a new device that can alleviate this geo-
metric constraint by severing the link between the length and
width of a CBG device used for spectral analysis, resulting in
a significantly reduced device footprint. This is achieved by
rotating the CBG structure by 45◦ with respect to the plane-
parallel facets of the device. We refer to such a device as a
“rotated CBG” (r-CBG). In this configuration, the input field
impinges normally on one facet of the r-CBG, and the spatially
resolved spectrum also exits the device normally but from a dif-
ferent facet that is orthogonal to the entrance facet. Crucially,
the spectrum is resolved at the immediate exit of this facet,
which can thus be readily integrated with other devices with-
out the need for additional free-space propagation. We show
that a r-CBG retains the spectrum-resolving performance of a
CBG while providing the following advantages: reducing the
device footprint; maintaining normal incidence onto and exit
from the device; and separating the input and output beams
in different paths. We produce here compact r-CBGs in the
visible (centered at a wavelength of λo ∼ 580 nm and band-
width ∆λ ∼ 50 nm) and near-infrared (λo ∼ 1 µm and ∆λ ∼ 34
nm, and λo ∼ 0.8 µm and ∆λ ∼ 15 nm). Such a device may
impact spectroscopic applications by providing conveniently
configured, easily aligned, small-footprint spectrometers and
ultrafast pulse modulators. The volume r-CBGs reported here

0146-9592/23/051180-04 Journal © 2023 Optica Publishing Group

https://orcid.org/0000-0001-6850-1803
https://orcid.org/0000-0002-4987-5495
https://orcid.org/0000-0002-4424-8273
https://doi.org/10.1364/OL.483904
https://crossmark.crossref.org/dialog/?doi=10.1364/OL.483904&amp;domain=pdf&amp;date_stamp=2023-02-21


Letter Vol. 48, No. 5 / 1 March 2023 / Optics Letters 1181

Fig. 1. (a) Prisms and diffraction gratings spatially resolve the
spectrum of incoming light. G, diffraction grating; L, lens. (b) Res-
onant wavelength reflects when light is incident normally on a VBG,
which (c) is shorter at oblique incidence. (d) When the VBG struc-
ture is rotated by 45◦ with respect to the plane-parallel surfaces
(r-VBG), the resonant wavelength exits from a facet orthogonal to
the input. (e) Reflected pulse is stretched when incident normally
on a CBG, and (f) its spectrum is spatially resolved at oblique inci-
dence. (g) When the CBG structure is rotated by 45◦ (r-CBG), the
spectrally resolved wavefront emerges normally from the device.

offer a number of advantages over fiber-based structures [18,19];
e.g., the geometry is compatible with cascading, a more pre-
cise and scalable recording process, and higher outcoupling
efficiency.

Consider broadband collimated light incident on a conven-
tional volumetric Bragg grating (VBG) [Fig. 1(b)], which is
recorded holographically in photosensitive glass by superpos-
ing two tilted collimated beams. The reflected wavelength at
normal incidence is λo = 2noΛo and at oblique incidence is
λ(φ) = 2Λo

√︁
n2

o − sin2 φ, where Λo is the VBG period, no is
its average refractive index (assuming a small index contrast),
and φ is the external incident angle [Fig. 1(c)]. Rotating the
Bragg structure by 45◦ with respect to the plane-parallel facets
[Fig. 1(d)] results in a resonant wavelength of λo =

√
2noΛo exit-

ing the device normally from a facet orthogonal to the input. To
the best of our knowledge, such a “rotated VBG” (r-VBG) has
not been reported to date. In general, VBGs are classified as
transmissive [20] (when the exiting facet is opposing the input)
or reflective [21] (when exiting from the input facet). The r-
VBG configuration defies such a classification and occupies an
intermediate position between these two types.

We depict in Fig. 1(e) a conventional CBG with axially
varying refractive index n(z) = no + δn cos{Qz + β(z − 0.5L)2},
where no is its average index, δn its index contrast, β its chirp
rate, L its axial length, and Q ≈ 4π

λo
no. This grating is recorded

holographically in photosensitive glass by superposing diverg-
ing and converging beams. We ignore for simplicity chromatic
dispersion in the grating material. Employing coupled-mode
analysis [16,22], it can be shown that different wavelengths λ
are reflected from different depths z within the CBG according
to λ(z) = λo − γz, where λo = λ(0) and γ = λ2

o
2πno
β. Therefore,

a normally incident collimated pulse is temporally stretched,
which is useful in chirped pulse amplification.

Fig. 2. (a) Resolving the spectrum of a beam obliquely incident
on a CBG. (b) Proposed configuration for spatially resolving the
spectrum of a beam normally incident on a r-CBG, and (c) a physical
realization. (d) Measured output spectra in (c) at z = 0, L/2, L.

At oblique incidence on the CBG, the spectrum of the reflected
field is spatially resolved [Figs. 1(f) and 2(a)]. The resolved
bandwidth is ∆λ = no |γ |√

n2
o−sin2 ϕ

L, where φ is the external incident

angle. The requisite length L and width W are

L =
∆λ

noγ

√︂
n2

o − sin2 φ, W = 2
∆λ

no |γ |
sin φ, (1)

respectively. At normal incidence (φ = 0), we have W = 0, so
that the spectrum is not resolved spatially. To increase the
spatially resolved bandwidth ∆λ at oblique incidence, there-
fore, requires increasing both L and W. However, their ratio
W
L = 2 sin ϕ√

n2
o−sin2 ϕ

is independent of ∆λ and depends on φ alone. In

other words, the two CBG dimensions W and L are not indepen-
dent increasing the resolved bandwidth ∆λ requires increasing
L, which in turn necessitates increasing W. Moreover, the CBG
width W in Eq. (1) is a lower limit, and in practice it needs to be
even larger due to two factors: (1) the incident beam width δW
increases W by a factor 2 δW

cos ϕ ; and (2) a factor 2 sin ϕ√
n2

o−sin2 ϕ
δL must

be added if the grating starts at a depth δL below the surface.
In the case of a r-CBG [Figs. 1(g) and 2(b)], the connection

between W and L is severed, so that we can continue to increase
L to increase the resolved bandwidth ∆λ while keeping W fixed.
The only constraint on W is the diffraction of the incident beam
as it propagates along the r-CBG. The input beam is incident
normally on a r-CBG facet, but effectively φ = 45◦ because of
the rotated profile index variation, so that L = 1

|γ |

√︂
1 − 1

2n2
o
∆λ,

with ∆λ ≈ 1.13|γ |L at no = 1.5. Thus, by extending the r-CBG
length L, we can resolve an ever-increasing bandwidth ∆λ.

To visualize the performance of a r-CBG, we first fabricate
one that operates in the visible spectrum, as depicted in Fig. 2(c),
where the spectrally resolved beam ranges from green to orange.
This r-CBG has dimensions 25 × 12.5 × 3 mm3 (L × W × H)
and was recorded using a set of convergent/divergent lenses of
focal lengths 250 mm and −250 mm, respectively. The r-CBG
operates at a central wavelength of λo ≈ 580 nm and has a total
bandwidth of ∆λ ≈ 49 nm. To ascertain its performance as a
spectral analyzer, we made use of a collimated white-light beam
from a supercontinuum source (SuperK COMPACT, NKT Inc.).
The beam width is≈ 1 mm (FWHM), and was incident normally
on the r-CBG input facet (dimensions W × H = 12.5 × 3 mm2),
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Fig. 3. (a) Measured spatially resolved spectrum from a r-CBG.
(b) Spatially resolving two wavelengths to identify the spectral res-
olution δλ for an input beam size of δW ≈ 1 mm. (c) Dependence
of the spectral resolution δλ on beam size δw.

and the resolved spectrum exits normally from the orthogonal
facet (dimensions L × H = 25 × 3 mm2), as shown in Fig. 2(c).
To measure the spatially stretched spectrum, we collect light
with a multimode fiber of core diameter 100 µm connected to
a spectrometer (Thorlabs, CCS175). We plot in Fig. 2(d) the
captured spectra (z = 0), mid-way (z = L/2 = 12.5 mm), and
end (z = L = 25 mm) points along z. The detected wavelength λ
varies linearly with z as expected.

We carry out more detailed characterization in Fig. 3 on
a second r-CBG designed for operation in the near infrared.
This r-CBG has dimensions 25 × 12.5 × 6 mm3 (L × W × H)
and was recorded using a set of convergent/divergent lenses of
focal lengths 1000 mm and −1000 mm, respectively. The r-CBG
operates at a central wavelength of λo ≈ 1064 nm and has a total
bandwidth of ∆λ ≈ 34 nm. A collimated beam of transverse
width 2 mm (FWHM) from a tunable narrow-linewidth laser-
diode source with a tunable wavelength range of 1055–1071
nm, 10 pm tuning step, and 800 MHz linewidth (Velocity TLB
6121-H, New Focus) was normally incident on the r-CBG. While
tuning the input wavelength, the field exiting normally the r-CBG
output facet is displaced axially along the z axis. We capture the
wavelength-tuned output beam displacement with a beam pro-
filer (BladeCam-XHR, DataRay Inc.) that registers the position
and size of the output beam. We plot in Fig. 3(a) the axial posi-
tion of the output beam over a bandwidth of ≈ 8 nm, which
varies linearly with the tuned wavelength, thereby confirming
the expected linear chirp of the r-CBG.

We define the spectral resolution of the r-CBG as the min-
imum wavelength separation δλ that can be discerned at the
output [Fig. 3(b)], which increases with the input beam width
δW. We confirm this prediction by measuring δλ while varying
the beam width δW. For each beam width, the input wavelength
was tuned until the intensity peak was displaced and the intensity
dropped by 50% at the original peak position [Fig. 3(b)]. We var-
ied δW from 4 mm (δλ ≈ 4 nm) down to≈ 600µm (δλ ≈ 1 nm),
and observed the expected linear correlation between δW and
δλ. Further reduction in δλ for high-resolution spectroscopic
applications requires reducing δW further. We comment below
on this prospect.

A cascade of two appropriately oriented identical r-CBGs
will resolve and then combine the spectrum of the input field
[Fig. 4(a)]. To guarantee that the two r-CBGs are identical, we
wrote a single r-CBG with dimensions 25 × 12.5 × 6 mm3 (L ×

W × H) recorded using a pair of convergent/divergent lenses
with focal lengths 1000 mm and −1000 mm, respectively. The
r-CBG operates at λo ≈ 800 nm and has a bandwidth δλ ≈ 15
nm. We then cut the r-CBG along the H dimension to produce a
pair with dimensions 25 × 12.5 × 3 mm3. The cascaded r-CBG
pair is depicted in Fig. 4(b), where we confirm that the output
beam size is similar to that of the input.

Fig. 4. (a) Schematic of cascaded r-CBGs that resolve and then
recombine the spectrum. (b) Photograph of a pair of cascaded r-
CBGs as in (a), and the measured input and output beam profiles.
(c) Measured FROG traces and (d) pulse and phase profiles for the
input and output in (b).

However, in the case of a pulsed input, a r-CBG introduces
delays between the separated wavelengths (according to the trav-
eled distance along z), which must be compensated for by the
second r-CBG to guarantee that the pulse at the output has
the same structure as that at the input. We confirm this by
characterizing the pulse at the input and output using a FROG
autocorrelator (GRENOUILLE 8-50, Swamp Optics). The fre-
quency resolved optical gating (FROG) traces of the measured
pulses [Fig. 4(c)] reveal the pulse widths of the input and out-
put pulses as ∆τin ≈ 100 fs and ∆τout ≈ 180 fs, respectively
[Fig. 4(d)]. A slight broadening of the pulse passing through
the cascade of r-CBGs may be caused by uneven polishing of
the r-CBG surfaces and misalignment in the system.

Because a monochromatic beam emerges from the r-CBG
with spatial width δW, the spectral resolution is δλ ∼ 2|γ |δW
(a higher-order correction follows from the finite diffraction
strength of the r-CBG, which we ignore here). Unlike a diffrac-
tion grating where improving the spectral resolution (reducing
δλ) requires increasing the beam size at the grating, the oppo-
site is the case for a r-CBG: improving the spectral resolution
requires reducing the input beam size. However, reducing δW
leads to diffraction as the input beam travels along the r-CBG
length L, so that the spectral resolution deteriorates along z.

Further work is needed to ascertain the limits on spectral
analysis by a r-CBG, specifically with respect to the impact of
index contrast on efficiency and spectral resolution, and lim-
its stemming from the presence of trace higher-order chirp.
The most important experimental task is to improve the spec-
tral resolution δλ at fixed bandwidth ∆λ, and thus increase the
ratio η = ∆λ

δλ
, which is governed by the fundamental limit set by

diffraction along the r-CBG. One potential avenue for reducing
δλ and increasing η is to introduce a transverse guiding structure
[Fig. 5(a)]. Adding an index-guiding structure of width WG ∼ 50
µm in a r-CBG of length L = 25 mm yields η ∼ 500, corre-
sponding to a spectral resolution δλ ∼ 0.2 nm over a bandwidth
∆λ ∼ 100 nm.

The size of such a spectrum-analyzing device can be 25 × 2 ×

0.2 mm3, with no need for any further free-space propagation.
Potential applications of r-CBGs that harness the compactified
spectral analysis are sketched in Figs. 5(b) and 5(c). First, an
ultracompact spectrometer can be envisioned by combining the
waveguide-enhanced r-CBG with a 1D CCD chip [Fig. 5(b)].
The footprint of such a miniaturized spectrometer would be



Letter Vol. 48, No. 5 / 1 March 2023 / Optics Letters 1183

Fig. 5. (a) Waveguide structure overlaid on the r-CBG to improve its spectral resolution. Potential applications that benefit from the compact
footprint of spectral analysis using r-CBGs: (b) compact spectrometer and (c) ultrafast pulse modulator.

significantly smaller than that of diffraction-grating-based spec-
trometers. Second, an ultrafast pulse modulator [8,23] can be
envisioned as illustrated in Fig. 5(c), in which a 1D spatial
light modulator (SLM) is sandwiched between two r-CBGs. By
replacing the two diffraction gratings in the conventional 4f
pulse modulator with two r-CBGs, the volume of the overall
device is drastically reduced, its alignment is easier, and it can
be more robust with respect to vibrations. Recently, combining
this 4f pulse modulator arrangement with spatial modulation
has led to the emergence of a host of novel spatiotemporally
structured fields with unique features, including space-time wave
packets (STWPs) [24–27], transverse orbital angular momentum
[28–30], and toroidal pulses [31] (see Ref. [32] for an overview).
In all of these cases, relying on r-CBGs promises to compact-
ify the experimental arrangements utilized. We will present our
results on the ultracompact synthesis of STWPs elsewhere [33].

Our work here points to a more general strategy with respect
to optical device design. It is common to attempt miniaturiza-
tion of individual optical components (e.g., a flat metasurface
lens replacing a conventional finite-volume refractive lens).
Of course, replacing an optical component with a flat surface
reduces the volume occupied. However, this may not necessarily
reduce the overall volume of an optical system, which is usu-
ally dominated by free-space propagation rather than individual
devices (e.g., diffraction-grating-based spectrometers). Coun-
terintuitively, moving in the opposite direction by making use of
volumetric devices can instead reduce the system volume when
the device combines two functionalities: 3D index variation and
free propagation to separate the target modes.

In conclusion, we have fabricated and characterized a novel
optical component, a r-CBG, in which the multilayer Bragg
structure is rotated by 45◦ with respect to the plane-parallel
surfaces of the device. Consequently, only the length of the
device—and not its width—needs to be increased for larger
resolved bandwidths, in contrast to conventional CBGs in which
both the length and width must be increased. The input beam
is normally incident on the r-CBG, and the resolved spectrum
emerges normally from an orthogonal facet, with no need for
subsequent free-space propagation. Such a component can be
a building block in compact spectrometers and ultrafast pulse
modulators.
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