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ABSTRACT We present a simple, very compact, and inexpensive spectrometer for dif-
fuse source spectroscopy using only a volume hologram (recorded by two spherical
beams) and a CCD camera (or a detector array). We show that this spectrometer can
operate well under spatially incoherent light illumination. We also show that the reso-
lution of this spectrometer can be optimized by proper selection of the location of
the CCD camera (or the detector array). The results show the possibility of using
optimized holographic optical elements as the integrated collimating, dispersive, and
light-collective components of spectrometers.

PACS 42.40.Pa; 42.79.-e

1 Introduction

Compact, portable, efficient,
and low-cost spectrometers are of high
interest in biological and environmental
sensing. A conventional spectrometer
consists of four major parts: a collima-
tor, a wavelength-dispersive medium,
a collector, and a detector. In conven-
tional spectrometers, gratings are com-
monly used as wavelength-dispersive
media and can separate wavelength
channels of a spatially coherent incident
beam very well. However, a spatially
incoherent beam consisting of multiple
spatial modes results in the spatial over-
lap of multiple wavelength channels in
the output plane of the grating. To avoid
this problem, a collimator which is com-
posed of a narrow slit and a lens (or
a concave mirror) is placed in front of
the grating. The main drawback of this
arrangement is the low throughput as the
slit blocks most of the input power. In-
creasing the slit width to improve the
throughput results in less resolution.
This trade-off between resolution and
throughput is another disadvantage of
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a conventional spectrometer. Further-
more, the system requires good align-
ment to avoid extra loss of power.

We recently demonstrated a com-
pact slitless holographic spectrom-
eter [1] where we integrated the colli-
mator (the slit and lens) and the grating
into a spherical beam volume holo-
gram (SBVH) recorded by the inter-
ference of a plane wave (i.e. reference
beam) and a spherical beam (i.e. sig-
nal beam). When the SBVH is read
by a plane wave from the direction
of the recording spherical beam, the
diffracted beam has a crescent shape
due to partial Bragg matching [2, 3].
The position of the crescent at the back
face of the volume hologram depends
both on the reading wavelength and
on the direction of the reading plane
wave. This effect results in consider-
able crosstalk between different inci-
dent wavelength channels when the
reading beam is a diffuse optical sig-
nal (i.e. it can be decomposed into
several plane waves at different inci-
dent angles) with multiple wavelengths.
To solve this ambiguity, a Fourier-

transform lens (that plays the same role
as the collector in conventional spec-
trometers) is required behind the holo-
gram, so that all diffracted crescents cor-
responding to different incident angles
at the same incident wavelength over-
lap at the same location in the Fourier
plane [4]. Therefore, the position of the
Fourier spectrum of the crescents de-
pends only on the incident wavelength,
which is highly desirable for diffuse
source spectroscopy.

In the holographic spectrometers
that rely on only a single SBVH, the
resolution throughput trade-off is simi-
lar to that in conventional spectrome-
ters. For example, using a thicker vol-
ume hologram (i.e. larger L in Fig. 1a)
results in better resolution (i.e. a thin-
ner crescent) due to the sharper Bragg
selectivity of the volume hologram. At
the same time, the thinner crescent re-
sults in smaller output power, which
reduces the throughput. This is similar
to using a narrow slit in conventional
spectrometers. However, several SB-
VHs can be multiplexed in the thicker
material (due to the larger dynamic
range) to encode each input wavelength
channel into a series of narrow output
crescents (i.e. using a more sophisti-
cated spatial–spectral mapping). This
enables multimodal multiplex spec-
troscopy [5, 6] that was recently imple-
mented for throughput improvement in
spectrometers. Thus, using thicker holo-
graphic materials with the holographic
multiplexing technique results in bet-
ter resolution without sacrificing the
throughput.

One advantage of this slitless holo-
graphic spectrometer is that the diffuse
source can be placed right in front of
the SBVH without any input coupling,
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FIGURE 1 The schematics of (a) recording and (b) reading setups for a lensless volume holographic
spectrometer. The recording material is a sample of Aprilis photopolymer with thickness L = 300 µm.
The size of the hologram is 0.49 cm2. The diverging spherical beam is formed by focusing a plane wave
in front of the recording medium with a lens with focal length f1 = 4.0 cm and numerical aperture (NA)
of 0.25 (corresponding to about 29◦ acceptance angle for the spectrometer in (b)). The distance between
the recording medium and the focal point is d1 = 4.0 cm. The converging spherical beam is formed
by focusing a plane wave behind the recording medium with a lens with focal length f2 = 6.5 cm and
numerical aperture (NA) of 0.25. The distance between the recording medium and the focal point is
d2 = 4.0 cm. The angle between the direction of the converging spherical beam and the normal to the
medium is θ = 35.64◦. The distance between the CCD camera and the hologram in (b) is d3, and the
angle between the direction of the diffracted beam and the normal to the CCD camera is ϕ. Both d3 and
ϕ are tunable for the calibration of this spectrometer

which reduces the alignment require-
ments. Besides, since no slit or lens is
required in front of the hologram, this
holographic spectrometer is more com-
pact than the conventional one. How-
ever, the Fourier-transform lens behind
the hologram is still essential for the slit-
less holographic spectrometer.

2 Demonstration of lensless
spectrometer

To make the system more
compact, we present here a new lens-
less volume holographic spectrometer.
We show that the Fourier-transform lens
can be further integrated into the SBVH
as a holographic lens [7] and, there-
fore, the actual Fourier-transform lens

can be eliminated. To realize the holo-
graphic lens, the plane-wave reference
in the original SBVH [1] is substituted
with a converging spherical beam. Fig-
ure 1a shows the experimental setup
for recording such SBVHs by use of
two diverging and converging spheri-
cal beams. The converging recording
beam (instead of a plane wave in the
original demonstration of the slitless
holographic spectrometer [1]) is used
to add a quadratic phase term to the
diffracted signal for performing Fourier
transformation without an external lens.
Figure 1b shows a general reading setup
used for all the measurements in this
paper. The hologram is read from the di-
rection of the diverging recording spher-
ical beam and the diffracted beam is in

the direction of the converging record-
ing spherical beam. Assuming that read
out is performed at the recording wave-
length, the Fourier transform of the
diffracted beam pattern (i.e. the cres-
cent) is obtained at the focus of the
reference beam, where the CCD cam-
era is placed to capture the output signal.
Since no lens or any optical device other
than a volume hologram and a CCD
camera is required, this spectrometer is
more compact, less costly, less sensi-
tive to input coupling alignment, and
potentially more efficient compared to
conventional spectrometers.

The hologram used in this paper
is a SBVH recorded at λ = 532 nm in
a 300-µm-thick sample of Aprilis pho-
topolymer [8] using the setup shown in
Fig. 1a with f1 = d1 = d2 = 4.0 cm and
f2 = 6.5 cm. More details of the experi-
mental parameters are specified in the
caption of Fig. 1. This SBVH is first
read by a monochromatic collimated
beam at λ = 532 nm obtained by passing
white light through the monochromator
as shown in Fig. 1b without the presence
of the diffuser. The CCD camera (with
765 × 510 pixels and a pixel size of
9 µm×9 µm) is located at d3 = 4.0 cm
(i.e. at the Fourier plane) and is per-
pendicular to the diffracted beam (i.e.
ϕ = 0◦) in this case. The diffracted beam
both at the output face of the hologram
and on the CCD camera has a crescent
shape [3] as shown in Fig. 2a. When
the hologram is read by a monochro-
matic diffuse beam at λ = 532 nm with
the presence of the rotating diffuser
in Fig. 1b, the diffracted pattern at the
output face of the hologram is diffuse
light consisting of many overlapping
crescents as shown in Fig. 2b. How-
ever, the diffracted beam pattern on the
CCD camera has the crescent shape
shown in Fig. 2c, which is similar to
that shown in Fig. 2a except at the
edge [3]. It is clear that the location of
the diffracted crescent at the CCD cam-
era plane is independent of the reading
incident angle (since only one cres-
cent is obtained on the CCD camera).
Moreover, the position of the crescent
on the CCD camera depends only on
the incident wavelength of the diffuse
reading beam. Thus, this simple sys-
tem acts similarly to the slitless holo-
graphic spectrometer reported in [1]
without any Fourier-transforming lens
required.
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FIGURE 2 Diffracted patterns measured (a) at the focal point of the recording converging spherical
beam when read by a collimated monochromatic beam (λ = 532 nm), (b) at the back face of the spher-
ical beam volume hologram when read by a diffuse monochromatic beam (λ = 532 nm), and (c) at the
focal point of the recording converging spherical beam when read by a diffuse monochromatic beam
(λ = 532 nm). The hologram was recorded using the setup in Fig. 1a

3 System evaluation

Assuming that the paraxial
approximation is applicable (i.e. first-
order approximation), it is shown that
the longitudinal magnification ratio of
a holographic imaging system scales by

the ratio of the recording wavelength
to the reading wavelength [9], which is
not the case in refractive imaging (i.e.
imaging with a lens). Therefore, it is
expected that the Fourier transform of
the diffuse crescents at the output of the
hologram is produced at different dis-

tances from the hologram for different
reading wavelengths. At larger numer-
ical apertures, the diffracted beam at
a shifted wavelength will no longer be
a perfect spherical beam [9]. This causes
aberration that can degrade the reso-
lution of the spectrometer. To investi-
gate these effects, we changed the read-
ing wavelength to λ = 590 nm (which
is far enough from the recording wave-
length λ = 532 nm) and repeated the ex-
periment using the setup in Fig. 1b with
d3 = 4.0 cm and ϕ = 0◦. The SBVH is
first read without the presence of the dif-
fuser. The diffracted beam pattern on
the CCD camera has a crescent shape
(shown in Fig. 3a) located at a differ-
ent position compared to that in Fig. 2a
(obtained at the reading wavelength of
λ = 532 nm). This clear crescent shape
of the diffracted beam is always ob-
tained within the wavelength-detecting
range (∼ 100 nm) for this specific holo-
gram of the spectrometer. However,
the diffracted beam pattern at the CCD
camera becomes blurred after adding
a rotating diffuser in front of the holo-
gram, as shown in Fig. 3b. By changing
the position of the CCD camera along
the direction of the diffracted beam to
d3 = 3.4 cm, we can find the correct pos-
ition of the Fourier plane corresponding
to λ = 590 nm and the clear crescent
shape of the diffracted beam pattern is
retrieved, as shown in Fig. 3c. It is in-
ferred from Fig. 3 that the position of the
Fourier plane changes with the incident
wavelength and further optimization of
the spectrometer is necessary to obtain
the best resolution (i.e. smallest width of
the crescent) for all wavelengths within
the detection range.

To measure the wavelength depen-
dence of the position of the Fourier
plane of the SBVH (which is required
for the optimization of the lensless
spectrometer), we read the SBVH by
monochromatic diffuse light using the
experimental setup in Fig. 1b with ϕ =
0◦. For each reading wavelength, we
moved the CCD camera along the direc-
tion of the diffracted beam and meas-
ured the full width at half maximum
(FWHM) of the diffracted beam pat-
tern (crescent) on the CCD camera at
each position. Figure 4a shows the vari-
ation of the FWHM of the crescent with
the CCD camera position (i.e. d3 in
Fig. 1b) for different wavelengths in the
range of 442 nm to 552 nm. For each
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FIGURE 3 Diffracted patterns measured (using the setup in Fig. 1b) at the focal point of the record-
ing converging spherical beam when read at λ = 590 nm by (a) a collimated monochromatic beam with
CCD camera at d3 = 4.0 cm, (b) a diffuse monochromatic beam with CCD camera at d3 = 4.0 cm, and
(c) a diffuse monochromatic beam with CCD camera at d3 = 3.4 cm. The hologram was recorded using
the setup in Fig. 1a with recording wavelength of λ = 532 nm

wavelength, the CCD camera position
corresponding to the crescent with the
minimum FWHM is the position of the
optimal Fourier plane. Based on the data
in Fig. 4a, the variation of the position
of the Fourier plane (i.e. the location of
the minimum FWHM of the crescent in
Fig. 4a) with the incident wavelength is
shown in Fig. 4b. The error bars shown

in Fig. 4b represent the range of the
position of the Fourier plane with less
than 10% broadening of the minimum
FWHM of the crescent. The variation of
the position of the optimal Fourier plane
with wavelength (i.e. the solid curve in
Fig. 4b) can be approximated by a linear
function (i.e. the dashed line in Fig. 4b)
with minimum error (less than 5%)

in the entire wavelength range. Thus,
the optimal CCD camera positions for
all wavelengths can be satisfied with
a small error by carefully adjusting the
tilt angle (ϕ) of the CCD camera accord-
ing to the slope of the dashed line in
Fig. 4b.

4 System calibration

To demonstrate the effect of
the incident wavelength on the reso-
lution of the proposed lensless spec-
trometer, we used the experimental
setup in Fig. 1b (with the monochro-
mator and the rotating diffuser present)
with the CCD camera tilted by ϕ = 50◦
and scanned the input wavelength from
λ = 482 nm to λ = 582 nm with 5-nm
spacing, which is controlled by the
monochromator with full width at half
maximum (FWHM) resolution equal to
8 nm. The light intensity at all points
in the output plane for each incident
wavelength is captured using the CCD
camera. Note that the optimal tilt angle
calculated using the results in Fig. 4b
is ϕ = 79◦. However, due to the proper-
ties of our CCD camera and the setup
in Fig. 1b, we used ϕ = 50◦, which is
not too far from optimum. The nor-
malized output intensity (i.e. the output
intensity divided by the input inten-
sity) with respect to the location in the
horizontal axis on the CCD camera is
shown in Fig. 5. Each curve in Fig. 5
corresponds to one incident wavelength.
Figure 5 clearly shows that the output
spatial intensity pattern is a function of
the incident wavelength under spatially
incoherent light illumination. Note that
the peak of the normalized intensity is
different for different wavelengths be-
cause the efficiency of partial Bragg
matching from the SBVH depends on
the wavelength. These curves can be
made more similar by optimizing the
recorded hologram, and such optimiza-
tion is currently being studied. Never-
theless, Fig. 5 shows that: (1) the pro-
posed lensless spectrometer is capable
of separating wavelength channels of
a diffuse input signal without requiring
a Fourier-transforming lens and (2) by
tilting the CCD camera appropriately,
the dependence of the resolution on the
incident wavelength (i.e. the widths of
the peak at different wavelengths) can
be minimized. The operation spectrum
range, which depends on the properties
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FIGURE 4 (a) The effect of the incident wavelength on the position of the Fourier plane and the full
width at half maximum (FWHM) of the diffracted beam pattern (crescent) in the lensless spectrometer.
Each curve represents the variation of the FWHM of the crescent at the CCD camera plane with the pos-
ition of the CCD camera (d3 in Fig. 1b) at a single wavelength. (b) The variation of the optimal position
of the CCD camera (i.e. the Fourier plane) with the incident wavelength in the lensless spectrometer.
Error bars show the spatial range for which the FWHM of the crescent on the CCD camera differs from
the minimum value by less than 10%

of the recording material and the record-
ing beams, can be further extended by
changing the design parameters such as
the divergence angle of the recording
spherical wave. Further increase in this
range can be achieved by simply rotat-
ing the SBVH.

For the lensless spectrometer demon-
strated in Fig. 5, the overall efficiency
(i.e. the diffracted power in a crescent
divided by the total incident power) de-
pends on the spatial profile of the in-
cident beam (including the degree of
spatial coherence). In the worst-case
scenario (i.e. a fully diffuse incident
beam), this value is in the range of 1%,
which is similar to (if not better than)
that in conventional spectrometers. The
efficiency can be further improved by

multiplexing a few holograms to encode
each input wavelength channel into a se-
ries of output crescents, as mentioned
earlier. Moreover, the acceptance angle
of this lensless holographic spectrom-
eter is limited by the numerical aperture
(NA) of the recording lens that was used
to generate the diverging spherical beam
(i.e. the lens 1 shown in Fig. 1a). Based
on the theoretical model developed
in [3, 4], the hologram recorded by a cer-
tain diverging angle of the recording
spherical beam allows the same range
of reading spatial modes (i.e. the ac-
ceptance angles) to be partially Bragg
matched. Thus, the acceptance angle
of the holographic spectrometer can be
improved by using a larger diverging
angle for the recording spherical beam

by using a recording lens with a higher
NA. For recording the hologram used in
this paper, we use a recording lens with
NA = 0.25. Thus, the acceptance angle
of the resulting spectrometer is 29◦.

Generally, recording the interfer-
ence pattern of spherical beams made
by regular lenses is the simplest method
for realization of a holographic lens.
In fact, there are a few effects that can
potentially degrade the quality of a holo-
graphic lens versus a similar normal
refractive lens in terms of the aberration
and wavelength dependence (i.e. disper-
sion). To evaluate these effects on the
lensless spectrometer, we define a reso-
lution deterioration rate (RD) as

RD = |Rλc − Rλe |
Rλc

1

|λc −λe| (nm−1) ,

(1)

where Rλc is the resolution for the cen-
tral region of the full operating wave-
length range and Rλe is the resolution
for the edge region of the full operating
wavelength range. The resolution Rλ is
determined by

Rλ = wFWHM(λ)

∆xpeak(λ)/∆λ
(nm) , (2)

where wFWHM(λ) is the FWHM of the
crescent for one specific wavelength
and ∆xpeak(λ)/∆λ is the movement of
the center of the crescent with respect
to the change of the incident wave-
length. The resolution defined in this
paper is the same as that used in com-
mercial spectrometers. Both wFWHM(λ)

and ∆xpeak(λ)/∆λ can be obtained from
Fig. 5, and the resolution deterioration
rate (RD) is 0.00289 nm−1, which can be
calculated by using (1) and (2). By com-
paring the resolution deterioration rates
between the lensless spectrometer and
the conventional slitless holographic
spectrometer [1] (which incorporates
a Fourier-transforming lens), we found
that the former is only 2.5% larger (i.e.
worse) than the latter. Thus, a compet-
itive performance can still be achieved
by integrating the lens function (i.e.
quadratic phase term) into the SBVH
in the lensless spectrometer proposed
in this paper, even if a holographic lens
can not perform perfectly as a normal
refractive lens in many aspects. In fact,
since this hologram primarily performs
Fourier transformation for the spatial–
spectral mapping but not the imaging,
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FIGURE 5 Normalized intensity versus the location along the horizontal axis on the CCD camera with
ϕ = 50◦ and d3 = 4.0 cm in Fig. 1b. The hologram is read by diffuse light (using the rotating diffuser)
with single wavelength at each time. The hologram was recorded using the setup in Fig. 1a

some of the imperfections can be toler-
ated as they actually appear as part of the
spatial–spectral mapping, which will be
automatically taken into account during
the spectrometer calibrations.

With the data provided, we have
shown that the lensless spectrometer
performs as well as the slitless holo-
graphic spectrometer with the external
lens. Furthermore, the lensless spec-
trometer as a holographic diffractive
element (HOE) offers the potential of
eliminating all of the imperfections
at almost no cost per each recorded
HOE. In fact, with a more sophisticated
recording configuration (e.g. exploit-
ing computer-generated holograms as
pre-distorting elements [10] or by using
an optimally designed diffractive op-
tical element instead of two spherical
beams to record the hologram [11]), it
is shown that the aberration of the thin
holographic lenses can be minimized.
Since the effect of the Bragg selectivity
of the volume hologram is equivalent to
filtering a range of the diffracted plane
wave components [3, 4] (i.e. deleting
several plane waves propagating in non-
Bragg-matched directions and diffract-

ing only the ones in a narrow range of
spatial frequencies), a similar proced-
ure as in [11] can be used to minimize
the effect of aberrations for the volume
holograms used in lensless spectrom-
eters. Moreover, it facilitates design-
ing dispersive elements having more
spatial–spectral diversity to improve the
resolution and/or the throughput.

It should also be noted that the prop-
erties of the lensless spectrometer are
mainly obtained from the phase distri-
bution of the recorded volume holo-
gram. The small spatial variations of
the diffraction efficiency of the holo-
gram have minimal effect on the results.
However, these variations can be com-
pensated during the recording to obtain
a hologram with uniform diffraction
efficiency.

5 Conclusion

In conclusion, we success-
fully demonstrated a lensless spectrom-
eter for diffuse source spectroscopy
using a SBVH recorded by one con-
verging spherical beam and one di-
verging spherical beam. In particular,

we showed that all the optical compo-
nents of the conventional spectrometer
can be implemented in a single vol-
ume hologram that is designed properly
for the spectrometer. We also showed
that the resolution of the spectrom-
eter at different wavelengths is simi-
lar by choosing the tilt angle of the
CCD camera appropriately. Since only
a hologram and a CCD camera are re-
quired for this spectrometer, it can be
made very compact and inexpensive
with less alignment sensitivity com-
pared to the conventional spectrometers.
Finally, since any complex hologram
with desired properties can be recorded
without adding complexity to the spec-
trometer (i.e. a hologram and a CCD
camera), this lensless spectrometer can
be used for designing special purpose
spectrometers with considerable design
flexibility.
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