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9 A digital holographic tomography system has been developed with the use of an inexpensive broadband light
10 source and a fiber-based spectral interferometer. Multiple synthesized holograms (or object wave fields) of
1 different wavelengths are obtained by transversely scanning a probe beam. The acquisition speed is im-
12 proved compared with conventional wavelength-scanning digital holographic systems. The optical field of a
13 volume around the object location is calculated by numerical diffraction from each synthesized hologram,
14 and all such field volumes are numerically superposed to create the three-dimensional tomographic image.
15 Experiments were performed to demonstrate the idea. © 2007 Optical Society of America
18 OCIS codes: 090.1760, 110.6960, 110.0180, 110.6880.

18 Three-dimensional (3D) digital holographic micros-
19 copy has become a subject of increasing interest for
20 many researchers. Although all the 3D information of
21 an object can be recorded by use of a camera, and the
22 object wave field can be reconstructed by numerical
23 algorithms at different positions, the reconstructed
24 image from a single hologram does not automatically
25 provide the 3D tomographic structure of the sample.
26 Both the in-focus layer and the out-of-focus blurs of a
27 thick specimen contribute to a single reconstruction.
28 To resolve the 3D tomographic information in digital
29 holographic microscopy, the specimen needs to be
30 scanned by changing the & vector of the illumination
31 waves according to the well-known optical diffraction
32 tomography theory [1]. This can be accomplished by
33 either changing the relative orientation of the record-
34 ing wave or, more practically, rotating a transparent
35 or semitransparent specimen with a fixed illumina-
36 tion beam [2], using a broadband source [3] or scan-
37 ning the wavelength of the illumination beam as in
3s wavelength-scanning digital holographic microscopy
39 (WSDHM) [4-T7].

42 In WSDHM, a set of holograms with a series of
41 wavenumbers was recorded, and the numerical inter-
42 ference of the multiple 3D hologram fields resulted in
43 a synthesized short coherence length and correspond-
44 ing narrow axial resolution. The axial resolution of
4s WSDHM was determined by the bandwidth of the
46 scanning source, and the nonoverlapping reconstruc-
47 tion extent was determined by the scanning step of
48 the wavenumbers. In all the previously reported

49 WSDHM systems [4-7], one or several expensive
s0 frequency-tunable lasers were used for wavelength
51 scanning with a tuning rate of a few nanometers per
52 second. It normally took several minutes to scan hun-
53 dreds of holograms at this scanning rate. Although
s4 high-speed swept sources have been reported, their
s5 relative low power limits them for high-speed, full-
s6 field applications.

57 In this Letter, we propose a novel digital holo-
ss graphic tomography (DHT) system based on a fiber-
s9 based spectral interferometer. Instead of using tun-
60 able lasers, a relatively inexpensive broadband
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source was used as the light source. Hundreds of 2D *'
“synthesized holograms” (or object wave fields) were 62
obtained by the transversal scanning of a probe beam 3
within a few seconds. Holographic images of an object &4
volume were numerically reconstructed from each es
synthesized hologram, and tomographic images were ss
obtained by the superposition of all the image vol- 67
umes. Unlike scanning holography [8], where a holo- es
graphic record of electronic form was produced by eo
scanning a temporally modulated Fresnel zone pat- 7o
tern over the object, this Letter reports what is be- 71
lieved to be the first time that multiple holograms of 72
different wavelengths were obtained by transversely 73
scanning a probe beam, which could be considered as 74
a successful extension to the current technique of 75
digital holography. 76

Let us consider the propagation of object fields 77
from multiwavelength recorded holographic fields. If 7s
we use rp to represent a single point (x,,y,,2,) on the 79
object that scatters the incident beam into a Huygens so
wavelet A(rp), and the above process is repeated with s
different wavenumbers and all the reconstructed sz
fields are superposed together to give a field [4,7]: &3

E(r) ~ f A(rp) f S(k)exp(ik|r — rp|)dk - d®rp -
k

- f Alp)M(r - rp)drp ~ A(r), (1) &

where £ is the wavenumber, M is the Fourier trans- se
form (FT) of the spectral density S(%) and it actually s7
defines the axial resolution of the system. As the ss
number of wavelengths goes to infinite, M actually so
becomes a delta function; thus, except for a diffrac- s
tion factor, the resultant field is proportional to the o1
field at the object and is nonzero only at the object o2
points. 93

The design of the spectral-interferometer-based o4
DHT system is illustrated in Fig. 1. A fiber-based 95
Michelson interferometer is illuminated by a super-
luminescent diode with a spectrum centered at o7
1315 nm and a total delivered power of 8 mW. Ap- s
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Fig. 1. Apparatus for digital holographic tomography sys-
tem based on spectral interferometry.

% proximately half of the power goes to the sample arm.

100 The full width at half maximum (FWHM) of the
101 source is ~95 nm, and its coherence length is ~8 um.
102 Backreflected lights from the reference and sample
103 arms are guided into a spectrometer and sampled by
104 a2 1X1024 line-scan camera (SU1024-1.7T, Sensors
105 Unlimited) at 7.7 kHz. The captured spectrogram in
106 the camera is linearly interpolated as 1024 evenly
107 k-spaced wavelengths extending from
108 1250.623 to 1373.190 nm, corresponding to a spectral
100 resolution of 0.12nm and an imaging depth of
110 3.6 mm in vacuum. The interference between the two
111 arms is recorded in the frequency domain as [9,10]:

I(k) = S(k)R? +S(l<e)foo fx O(Az)0O(Az')

112

113

X explik(Az — Az') + ¢(Az) — p(Az")]dAzd Az’

+ ZS(k)RJ O(Az)cos(kAz + p(Az))dAz,  (2)

114

115 where R and O represent the amplitude of the refer-
16 ence and object signals, respectively. Az and Az’ de-
117 note the double-pass path-length difference between
11s the sample and the reference mirror, and ¢ is the
119 phase term of object signals. The first two terms yield
120 dc and low-frequency noises, and the last term con-
121 tains the depth information of the object and can be
122 obtained by an inverse FT from % to z space. Note
123 that the inverse FT of the last term gives symmetric
124 positive and negative images in space. The system is
125 similar to Fourier domain optical coherence tomogra-
126 phy (FDOCT) [9-12], a powerful imaging technique
127 that has attracted a great deal of attention recently.
128 The axial resolution of the proposed arrangement is
120 determined by the coherence length of the light
130 source, and high axial resolution can be achieved in-
131 dependently of the beam-focusing conditions. The lat-
132 eral resolution is determined by the diameter d of a
133 probe beam and the focal length f of the objective as
134 [12] Ax=4\f/(md). However, only a very small range
135 around the depth-of-field (DOF) exhibits the desired
136 lateral resolution; the probe beam outside the DOF
137 will be largely expanded and the obtained image will
138 be blurred. The monochromatic numerical diffraction
139 method [13] was previously reported to simulate the
140 wave-propagation process from out-of-focus scatter-
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ers to find the focus. Here, we propose a new (chro-
matic) tomographic method to combine the principle 142
of WSDHM with spectral interferometry. High-
resolution details can be recovered from outside of 144
the depth-of-focus region with little loss of lateral 14s
resolution. 146

According to Eq. (2), the nonoverlapping positive 147
image can be extracted by properly adjusting the 14s
relative position of the reference mirror, and its cor- 149
responding spectral information can be Fourier 1s0
transformed back to & space as 151

I'(k) = S(k)Rf O(Az)explikAz + ¢(Az)]dAz. (3)

Note that I' (k) is the spectral information of a single
line (A line) along the z axis when the probe beam is
illuminating a specific (x,y) position on the sample.
Because phase fluctuations exist during 2D scanning 1s6
of the system, a microscope cover glass (or other sur-
face) is intentionally used as a reference to eliminate
the phase fluctuation of different transversal scans.
For each A-line scanning, the phase of the reference
pixel in the corresponding A-line (z-axis) profile, 161
which represents the front surface of the coverslip, is
calculated and subtracted along all pixels of the A 163
line, then the spectral information I’ (k) of each A line
in Eq. (3) is calculated by taking the FT of the filtered
and phase-corrected positive complex image. Thus,
by 2D scanning of the galvo system, object wave
fields I'(x,y,k,) with (n=1,2,...,1024) different
wavenumbers are readily available. We noticed that
the information I'(x,y,k) at a designated k2 was
equivalent to the extracted object wave field from a
2D hologram recorded with a wavenumber %. Accord-
ing to the principle of WSDHM, a holographic 3D ob-
ject volume was numerically reconstructed from each
I'(x,y,k) by use of a diffraction algorithm, and all the
3D arrays are numerically superposed together, re-
sulting in an accumulated field distribution that rep- 177
resents the 3D object structure.

Experiments were performed to prove the effective-
ness of the proposed method. The diameter of the
probe beam was 4.8 mm and an objective of 40 mm
focal length was used, which resulted in a ~13.8 um
lateral resolution and ~230 yum DOF in vacuum. A 1s3
U.S. Air Force (USAF) 1951 resolution target was
placed 1.8 mm away from the DOF region of the
probe beam with a clear pattern on a flat chrome
background facing to the right in Fig. 1. The galvo
system scanned an area of 1.5 mmX 1.5 mm with
300 % 300 pixels. Here the uncoated target surface
was used as the reference for phase correction. Fig-
ures 2(a) and 2(b) show the amplitude and phase in-
formation of the target before phase correction for
k519, respectively. Phase fluctuations are evident in
Fig. 2(b). Since the target was not well focused, the
diffraction effect of the pattern is clearly seen in Fig.
2(a). Figure 2(c) shows the phase map of the refer- 19
ence plane (uncoated target surface) and Fig. 2(d) 197
shows the corrected phase map of the target. The an-
gular spectrum method [4] was then used to numeri- 199
cally find the focus of the object as in Fig. 2(e). For 200
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Fig. 2. (a) Amplitude and (b) phase maps of the target
without phase correction for a single wavenumber k519, (¢)
phase map of the reference plane, (d) corrected phase map
of the target, (e) reconstructed amplitude image with z
=1.8 mm and (f) z=10 mm.

201 comparison, Fig. 2(f) also shows a blurred result
202 when the reconstruction distance is not correctly cho-
203 sen. The above clearly demonstrates the idea of a
204 “synthesized hologram.” Each synthesized hologram
205 is equivalent to one recorded in conventional digital
206 holography and can be used for numerical recon-
207 struction by diffraction algorithms.

208 Figure 3 shows another example of an ~400 um
200 thick onion slice placed ~100 um away from the
210 DOF region of the probe beam. The use of an objec-
211 tive (20X, Nachet) in this example improved the lat-
212 eral resolution to ~3.5 um but decreased the DOF to

2230um z=220um I =100um

Fig. 3. (a) Spectral interferogram and (b) its inverse FT
for one A-line scanning; the phase-corrected positive image
is Fourier transformed to get the (c) amplitude and (d)
phase of a complex spectral counterpart I’ (k) of the positive
image, (e) absolute object wave fields I'(x,y,k) for kg5 and
k519, respectively, (f) 3D reconstruction of the onion slice,
(g) tomographic images of different depths. The vertical
scales in (a)-(d) are normalized and the scale bar repre-
sents 100 um.

PROOF COPY [83863] 5127200PL

October 15, 2007 / Vol. 32, No. 20 / OPTICS LETTERS 3

14.4 um. Figure 3(a) shows the spectral interfero-
gram I(%k) of one A-line scan and Fig. 3(b) shows its 214
inverse FT. The peak “F” in the figure represents the 215
front surface of an added microscope cover glass and 216
peak “B” shows its back surface. The phase of the 217
peak F was used as the reference for all pixels of the 218
A line. Then, the phase-corrected positive image was 219
filtered and Fourier transformed back to obtain a 220
complex I'(k), whose amplitude and phase informa- 221
tion are plotted in Figs. 3(c) and 3(d), respectively. Af- 222
ter 2D scanning, the total acquisition time of 1024 223
synthesized holograms takes ~10 s, which could be 224
further improved by using a line-scan camera of 225
higher speed. Figure 3(e) shows two of these holo- 226
grams. Based on all (or part of) these holograms, the 227
algorithm of WSDHM is then utilized to reconstruct 22s
the tomographic images of the sample. Figure 3(f) 229
shows a 3D reconstruction of the sample, and Fig. 230
3(g) shows several reconstructed tomographic images 231
located at different depths. Note that artifacts may 232
exist in the tomographic reconstruction if the phase 233
information is not correctly obtained because of mul- 234
tiple factors, such as the phase instability of the sys- 235
tem or existence of multiple scatterings, etc. 236

In conclusion, we have demonstrated that multiple 237
k-related 2D synthesized holograms can be obtained 23s
by transversely scanning a probe beam in a fiber- 239
based spectral interferometric system. A broadband 240
light source was used as a substitute for relatively 2a1
expensive tunable lasers for wavelength scanning. 242
The principle of WSDHM was then applied for to- 243
mographic reconstruction based on these synthesized 244
holograms. In addition, the acquisition rate of the 245
proposed system was improved compared with con- 246
ventional WSDHM systems [4-7]. 247
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