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Multispectral digital lensless holographic microscopy 
(MDLHM) operating with second harmonic illumination 
is shown. Additionally to the improvement of the spatial 
resolution of the previously reported MDLHM operating 
with near-infrared illumination, this second harmonic 
MDLHM shows promising as a tool to study the behavior 
of biological samples under a broad spectral 
illumination. This illumination is generated by focusing a 
highly spatially coherent ultrashort pulsed radiation into 
a BBO nonlinear crystal. The second harmonic MDLHM 
allows achieving multispectral images of biological 
samples with enhanced micrometer spatial resolution. 
The illumination wavelength of the second harmonic 
MDLHM can be tuned by displacing a focusing optics with 
respect to a pinhole; spatially resolved information at 
different wavelengths of the sample can be then 
retrieved. © 2016 Optical Society of America 

OCIS codes: (090.1995) Digital holography; (110.0180) Microscopy; 
(110.4234) Multispectral and hyperspectral imaging; (190.7110) 
Ultrafast nonlinear optics. 
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Digital lensless holographic microscopy (DLHM) requires a point source and a digital camera to provide images of the micro world [1,2]. This simplicity of hardware has promoted its use in different scenarios, among which can be counted the utilization of multiple type of point sources. The most versatile version of DLHM is perhaps that based on multiple illumination wavelengths to acquire spectral resolved images of microscopic samples. Full color and wavelength dependent images of biological samples have been presented with the use of what has been coined as multispectral digital lensless holographic microscopy (MDLHM) [3-6]. This microscopy technique has been implemented utilizing a multi-wavelength illumination, provided by spatially coherent or incoherent broadband spectral light sources, or by a set of quasi-monochromatic lasers, or alternatively by a single spectrally tunable laser, to enable the synthesizing of multispectral images. In this context, the information 

on the spatially distributed frequency emissions extracted from multispectral images eases to discriminate among several cell's components like proteins or chromosomes, or to approach their physical relations, functions, and progression over time [7, 8]. Additionally, a suitable set of images corresponding to emission data of a biological sample for different spectral lines named as lambda stack or spectral image cube [9] can be utilized to separate spectral contributions from multiple dyes that overlap not only spectrally but also spatially. Closely related, multispectral diffractive imaging has been investigated as a way of low temporal coherence, high spatial coherence optical field produced by high-harmonic generation sources in X-ray imaging [10-12]. Further, the use of white-light sources has been demonstrated in diffraction phase microscopy to promote enhanced spatial phase sensitivity with improved signal-to-noise ratio [13]. Despite the great advance that has been reached with the use of tunable broadband lasers in MDLHM, the spatial resolution of the multispectral images reported with this technique is still to be improved. In MDLHM the spatial resolution rΔ  of the reconstructed images is given by 
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with λ  the illuminating wavelength of a fully spatial coherent source and NA the numerical aperture of the microscope. The latter is determined by the width W of the recording digital camera, and the distance of its center from the point source L, such that }])2/[(2/{ 2/122 LWWNA +≅ . As the illuminating source is partially spatially coherent, the spatial resolution is no longer controlled exclusively by Eq. (1). In addition, the effective size of the point source plays a key role on determining the size of the objects that can be differentiated with MDLHM; the smaller the size of the point source the smaller rΔ  that can be achieved [14]. By using as illuminating source a Ti: Sa femtosecond laser that emits pulses of about 12 fs intensity full width at half maximum (FWHM), operating at nm 8000 =λ central wavelength, with nm 58 intensity FWHM spectral bandwidth, a MDLHM has been proposed [5]. In that 
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set-up, the point source was generated by focusing down the light from laser over a pinhole by means of a kinoform diffractive lens (DL). In this configuration, by changing the distance between the DL and the pinhole plane, one can select very narrow wavelength bands within the whole spectrum of the incident light. Although, this diffractive-based microscopy set-up enables the production of a suited set of lambda stack images, it is clear that their spatial resolution is limited by the long wavelengths content of the used illumination source. This result points out the need for broadband illuminating sources operating at smaller wavelengths that can be utilized in MDLHM. In this letter, we present a MDLHM set-up that uses a second harmonic (SH) generated light source to improve the spatial resolution of the technique. The use of SH field as a contrast agent for optical imaging of biological samples through off-axis digital holography was first proposed in [15]. SH generation nanoprobes can be used for in vivo imaging and circumvent many of the limitations of classical fluorescence probes [16]. Also, SH has been used for label-free imaging of endogenous features of biological samples like muscle tissue [17-19]. In our proposal, spatially coherent second harmonic illumination, generated by focusing ultrashort near-infrared pulses within a non-linear crystal, is utilized to obtain multispectral images of a paramecium with enhanced spatial resolution, without the use of lenses as imaging system. In Fig. 1, a schematic diagram of the optical set-up utilized for improving the spatial resolution in MDLHM is shown. 

 
Fig. 1.  (Color online) Schematic representation of the second harmonic illumination MDLHM setup for getting multispectral images 

The light source is a Ti: Sa femtosecond laser similar to the one used in [5], whose main characteristics were above-mentioned. The SH beam is generated by focusing the light from the pulsed laser, with the help of an achromatic refractive lens of mm50  focal length, into an uncoated type-I 42OBaB−β  (BBO) crystal with dimensions 
mmmmmm 02.01010 ×× ). After the BBO crystal, the light is both re-collimated by using another achromatic refractive lens of mm200  focal length, and conveniently filtered to suppress unconverted infrared wavelengths. The thickness of the crystal ( mμ20 ) guaranties full conversion of wavelengths due to phase-matching condition. The SH beam is expanded by a telescope to fill the whole area of the kinoform DL, which is about 2350mm . Then, the SH beam is focused down onto a pinhole with diameter md μ1=  with the help of two 

lenses. The first lens is a kinoform DL (Novosibirsk, Rusia), optimized to focus a radiation of nm 1.565  in a plane located mm 150  away from it, whereas the second is a refractive lens with focal length of 
mm 08 . Here, it should be mentioned that the combination of diffractive and refractive lens allows the reduction of the size of the focused spot, which improves the throughput of the pinhole, in comparison with the use of a single DL. This improvement of the light gathered after the pinhole is particular important in the proposed set-up because the available amount of SH signal is mainly determined by the conversion efficiency of the nonlinear crystal, which in our conditions was of the order of 64%. The sample, placed a fixed distance mm 20 =z  from the pinhole plane, is illuminated with a SH spherical wave, as shown in Fig. 1. The light scattered by the sample is partially coherently superimposed on the surface of the digital camera with the portions of the spherical wave that travel without perturbation. The recorded intensity, named in-line hologram, is recorded by a CCD Basler A120f digital camera located at a distance mm 10=L  from the pinhole plane; this configuration provides a theoretical spatial resolution of nm 628≅Δr  for central wavelength of the SH illumination. The intensity measured without sample is pixel-wise subtracted from the in-line hologram. To reconstruct the wavefront scattered by the sample, the resulted intensity is numerically processed by means of a specific software based on complex wave field propagation through the Fresnel-Kirchhoff diffraction integral. The use of spherical illumination ensures that the reconstructed images do not suffer from any nuisance due to the presence of the twin images [20]. The utilized hologram reconstruction process based on a circular convolution [21], also guaranties the size of the image coordinates at the reconstruction plane to be independently of the wavelength. This feature allows the corrected sizing of the different reconstructions for the set of illuminating wavelengths in such a way all the reconstructed images have the same scale factor. Further details of the complete image reconstruction process can be found elsewhere [21]. Here, it should be also noted that other techniques have been introduced for controlling the size of the reconstructed images in multi-wavelength digital holography [22, 23]. Despite of its correctness, we have chosen the circular convolution because it keeps the number of pixels constant maintaining also constant the computation time. In this work, a paramecium (29-6914 Carolina) was used as a sample. Its length is approximately m 220 μ . In the middle-left part of Fig. 2, an image of the reconstructed hologram for the spectral line 

nm 400 is shown. 
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Fig. 2.  Reconstructed hologram of a paramecium for the spectral lines centered at 400 nm (middle-left part) , and 800 nm (middle -right part). Details (zoomed in) of the paramecium structure (top part). Spectral profiles of the second harmonic and initial ultrashort light, together with their corresponding selected spectral lines (bottom part). 

Some structures of the paramecium with dimensions in the order of two micrometers e.g., cell membrane or cilia, are highlighted in the top-left part of Fig. 2 as an inset. This inset is obtained by 1.6x magnifying the encircle region of the image of the paramecium. In the bottom-left part of Fig. 2, the profile of the second harmonic spectrum together with the selected spectral line of nm 4 intensity FWHM width are also shown. In the middle -right part of Fig. 2, the reconstructed image of same sample, but imaged with a spectral line nm 800 , is shown. To do that, the nonlinear crystal was removed from the set-up, and the position of the pair of diffractive-refractive lenses was slightly modified to select the spectral line in the vicinity of nm 800 . The magnified encircle region that appears in the top-right part of Fig. 2 also corresponds to the same portion of the image. Note that, now the structures corresponding to the cell membrane or cilia are almost indiscernible from this encircle region. By using the matlab function called "measerr", one can determine that the mean square difference between the images obtained in both cases yields 3.5%. After a visual comparison of images reconstructed for the central wavelengths 
nm 400  and nm 800 , respectively, one can conclude that second harmonic illumination allows achieving an image with clearly enhanced spectral resolution. In order to show the ability of the proposed MDLHM set-up to obtain high quality images of a biological sample at different wavelength bands, we carry out a spectral tuning of the second harmonic light. To do that we slightly change the axial distance between the pinhole plane and the plane of the focusing optics by using a micrometer screw gauge. The focusing optics is composed of a pair of diffractive-refractive lenses that can be jointly moved along the axial direction of the microscope. The combined utilization of the pinhole (iris) and the pair of diffractive and refractive lenses can be regarded as a spectrometer. That is, as the focal length of the focusing optics varies inversely with the wavelength of the incident light producing strong chromatic aberrations, one can select narrow spectral lines by using a simple pinhole (iris) that operates as a spatial filter. Hence, by placing 

the pinhole at that particular position, spherical waves with specific narrow wavelength contents are produced. To record the spectral lines corresponding to each displacement of the join lenses, the CCD camera was temporally substituted by a commercial spectrometer. Following this procedure, seven spectral lines, stepped 5 nm from 385 nm to 415 nm were obtained. To measure the intensity of corresponding spherical waves without sample, the camera was restored into its original place and the focusing optics are displaced to the same axial positions as before. At these positions, after introduced the sample into the MDLHM set-up, the corresponding in-line holograms are recorded. In Fig. 3, a multispectral image of the same paramecium sample is shown. 

 
Fig. 3.  (Color online) Pseudo colored RGB image of a paramecium obtained from the merging of images corresponding to the spectral lines 415nm, 400nm, and 385 nm, respectively. 

To generate this image, we merged three images corresponding to the spectral lines 385, 400, and 415 nm, respectively. In the resulted pseudo-colored RGB image the red channel was formed with the reconstructed image for 415 nm, the green channel with the corresponding one for 400 nm, whereas the remaining blue channel with the image obtained for 385 nm. The spectral lines from the second harmonic spectrum that were used to illuminate the sample are included in the color-bar located at bottom part of Fig. 3. From Fig. 3, one can see that most regions of the paramecium show an even response to the different wavelength content. However, some other regions of are wavelength-dependent, with preference for the 385nm. The predominant white color of the image might be determined by the relative small bandwidth of the second harmonic light, which is approximately nm 53  intensity FWHM. The combination of other three images, corresponding to different spectral lines, can originate another multispectral image, containing new information on the absorption/emission distribution of frequencies. This fact, together with the possibility of tuning a spectral line along the whole spectrum of the illuminating source, turn the proposed MDLHM set-up into a friendly optical system for spectral analysis of biological samples. Our results experimentally show that second harmonic generation from a spatially coherent broadband light can be very suited for MDLHM applications. In this case, image reconstruction can be beneficiated not only from the high spatial coherent of the initial light source, but also from the frequency-double content of the second harmonic spectrum, which positively contribute to obtain image with enhanced spatial resolution, as  seen in Fig. 2. 
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