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Abstract: We have built a spectral shaping system, based on a virtually imaged phased array
(VIPA) and a digital micromirror device (DMD), to manipulate a multimode diode laser spectrum.
Due to its working principles, the system reduces the available optical power by ~ —27 dB. To
overcome this limitation, we have seeded its output, using a double-pass configuration, in a
tapered amplifier, to increase the available power to ~ 60 mW. We have implemented spectral
features with a resolution of 0.1 cm™', which is limited by the characterization spectrometer.
This may be attractive for a wide range of applications, especially for cooling the translational,
vibrational, and rotational degrees of freedom of a diatomic molecule.
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Further distribution of this work must maintain attribution to the author(s) and the published article’s title,
journal citation, and DOI.

1. Introduction

Broadband laser sources are fundamental tools for molecular spectroscopy since the first lasers
were created [1]. For complex molecules, the number of rovibrational energy levels in a large
spectral width gets higher, presenting a forest of spectral lines, sometimes hard to resolve. For
this matter, high-resolution broadband sources are required. Lately, broadband laser sources,
such as frequency combs, superluminescent diodes, and frequency-shifted feedback lasers (FSF),
are commonly used for applications like direct frequency comb spectroscopy [2], trace detection
of molecules [3], loading ultracold molecules in the ground state [4], pumping He* gas at room
temperature [5]. Furthermore, it has been suggested that FSF lasers could be applied to the
formation of cold molecules [6]. The control of rovibrational levels is fundamental for the
production of dense and cold molecular samples.

Rovibrational optical pumping of cold molecules has been an intense research field [4,7-9].
However, the molecular rotational constant is small, and a precise spectral shaping is necessary.
For example, the rotational constant of the ground potential X IE; in the Rb, molecule is around
~0.022 cm™!. Cournol et al [10] suggested that it could be achieved using a virtually imaged
phased array (VIPA) [11,12]. Recently, it has been proposed that spectrally shaped broadband
laser sources, using a VIPA, could be responsible for rovibrational as well as translational cooling
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of the Rb, molecule [13]. In this article, we have built a spectral shaping system, based on a VIPA
and a digital micromirror device (DMD), to manipulate a multimode diode laser spectrum. We
have characterized the system using a single frequency laser, demonstrating a spectral resolution
of 0.02 cm~!. However, the available power was reduced by approximately ~—27 dB. Therefore,
it was necessary to seed the system using a double-pass configuration in a tapered amplifier (TA)
to increase the power to ~ 60 mW. We have demonstrated that the TA output can be manipulated
with a resolution of 0.1 cm™!. In the following, we first present our experimental setup and then
present the spectral properties of the system.

2. Experimental setup

A key element in the experimental system is the VIPA, which is a Fabry-Perot etalon consisting of
two parallel flat mirrors separated by a distance t [11,12] (Fig. 1). The first surface, the incident
surface, has a reflectivity of approximately 100%, except for a window intended for optical access
of the light beam, which features an anti-reflective coating. The second transmission surface is
coated with a film with a reflectivity greater than 95%. The space between the mirrors is filled
with either glass or air. The incident laser beam is coupled into the access window with the
aid of a cylindrical lens, forming an angle 6, small in relation to the perpendicular direction of
the VIPA. After the beam reflects off the second surface, a small amount is transmitted through
the VIPA, while the majority is reflected. Then, the beam is reflected by the first surface, and
the optical path difference between these two reflections is given by d = 2fcos §. Successive
reflections generate virtual sources separated by d. In summary, the incident light is dispersed
by the VIPA at an angle (¢) that depends on the phase difference between the virtual images,
i.e., the frequency of the radiation, the angle of incidence, and the thickness of the VIPA. An
important characteristic of the VIPA is that frequencies separated by an integer number of the
free spectral range (FSR) will be dispersed to the same spatial positions.

R=100 %

Virtual images I~ J i
--------- >
Emmmm IS >

incident beam
cylindrical lens

R=0 %
Fig. 1. Experimental setup. Scheme of the VIPA. The incident beam is coupled with the
help of a cylindrical lens. The numerous reflections generate virtual images.

Therefore, when the bandwidth of the light sources is greater than the free spectral range (FSR),
there will be an overlap of frequencies for each spatial position where the light is dispersed,
separated by an integer multiple of the FSR. Thus, it is necessary to break this frequency
degeneracy. To address this issue, a pulse shaper described in the literature is employed, which
uses a transmission grating to break the spatial degeneracy of the VIPA, allowing access to very
fine resolution across a wide spectrum range [14,15]. Although this dispersion scheme has been
reported in prior applications such as frequency comb spectroscopy [16], optical communications
[17], polarization sensing [18], and pulse shaping [19], it has never been implemented in a
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continuous multimode diode laser pulse shaper. This implementation is of great importance in
the rotational optical pumping of molecules [13].

The first part of our experimental setup is the spectral shaping system (Fig. 2). We start
from a multimode diode laser (MMDL) (RPMC, LDX-3230-680) operating at ~ 682 nm, with
a total power of 1.5 W, which is collimated using a combination of spherical and cylindrical
lenses. The laser spectrum typically exhibits peaks spaced by ~0.8 cm™!. An optical isolator
(OI) guarantees that no reflection, from the spectral shaping system, feedbacks into the laser. A
cylindrical lens (CL1, focal length 10 cm) focuses the laser beam onto the VIPA in the vertical
direction. The VIPA is manufactured by LightMachinery (model OP-6721-6743-3), operating in
the 600-725 nm range with a free spectral range of 15 GHz (0.5 cm™!) and a typical finesse of ~
70. A cylindrical lens telescope (CL2, focal length 5 cm and CL3, focal length 25 cm) expands
the laser beam in the horizontal direction, illuminating 5 cm of a 2400 groves/mm holographic
diffraction grating (G). It is important to note that the resolution of the grating must be sufficient
to separate two frequencies separated by the VIPA free spectral range, breaking its degeneracy.
The first-order diffraction beam passed through two cylindrical lenses (CL4, focal length 70
cm and CL5, focal length 50 cm). CL4 is parallel to the VIPA direction, and CLS5 is parallel
to the diffraction grating direction. Both lenses focus the beam onto the same Fourier plane.
Figure 3 shows the multimode diode laser profile at the Fourier plane using a laser beam profiler
(Newport, LBP-1-USB). The VIPA dispersion occurs along the y direction, while the grating
dispersion occurs along the x direction. The different frequency modes are spatially separated,
two adjacent spots in the y direction are separated by the VIPA spectral resolution within the
FSR. While frequencies separated by an integer number of FSR are resolved by the grating in
the x direction. To shape the spectrum, the digital micromirror device (DMD, Vialux, model
V-9001 2560 x 1600 pixels ) is placed at the Fourier plane, and its reflection counterpropagates
the incident beam, emerging at the polarizing beam splitter (PBS1). The available power after
the shaping system (without spectral mask) was reduced by approximately ~—27 dB, with losses
of about ~16 dB in the VIPA, around ~6 dB in the diffraction grating, approximately ~4 dB in
the DMD, and ~1 dB in the optics. The losses in the diffraction grating and DMD are within
the expected range. However, the loss in the VIPA is higher than the ~12 dB reported in the
literature for a single-mode Gaussian laser [14]. This discrepancy is attributed to the fact that our
laser operates with multiple longitudinal and transverse modes, resulting in significantly higher
losses compared to a single-mode laser. The total power after the shaping system ( about 3 mW),
without any spectral shaping, is not enough for atomic physics applications. To amplify it, we
incorporated an amplification system into our setup. In this assembly, we perform a double pass
through a 250 mW tapered amplifier (TA) ( EagleYard, EYP-TPA-0670-00250) before directing
it to a homemade grating spectrometer via a single-mode fiber. The fiber output passes through a
cylindrical telescope, illuminating 5 cm of a 2400 grooves/mm holographic diffraction grating.
The first-order diffraction is focused by a spherical mirror (focus 1 m) onto a CCD camera
(Thorlabs, DCC1545M). A single-frequency diode laser (TOPTICA, model DL pro), operating
at 682 nm and monitored by a wavemeter (HighFinesse, model WS7), is utilized to calibrate both
the spectral shaping system and the homemade grating spectrometer, with a resolution of 0.1
cm™!. The Fig. 4 shows a scheme of the complete experimental setup.
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Fig. 2. Spectral shaping setup. The system is composed of: multimode diode laser (MMDL),
optical isolators (OI), waveplates (1/2 and 1/4), polarizing beamsplitter (PBS), cylindrical
lenses (CL), virtual imaging phase array (VIPA), diffraction grating (G), digital micromirror
device (DMD) and mirrors (M).
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Fig. 3. Multimode diode laser profile at the Fourier plane in a laser beam profiler. The
different frequency modes are spatially separated in tilted lines. This lines are a product
of the dispersion from the VIPA (vertical direction) and the diffraction grating (horizontal
direction).
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Fig. 4. Experimental setup. The whole system is composed of: multimode diode laser
(MMDL), optical isolators (OI), waveplates (1/2 and 1/4), polarizing beamsplitters (PBS),
cylindrical lenses (CL), virtual imaging phase array (VIPA), diffraction grating (G), digital
micromirror device (DMD), mirrors (M), spherical mirror (SM) and CCD camera (CCD).

3. Results
3.1. Spectral shaping system characterization

Initially, we have characterized the optical properties of the spectral shaping system. To do
this, first we have replaced the multimode diode laser with the single frequency laser, and the
DMD by the laser beam profiler (Newport, LBP-1-USB), which was placed on a 12 mm travel
DC servomotor actuator, controlled by the Thorlabs KDC101 DC servomotor controller. The
position of the LBP was adjusted to minimize the laser spot, finding the Fourier plane. This
procedure allows us to measure the waist of the laser beam in both the vertical and horizontal
directions. Measurements were taken by identifying the points where the intensity of the beam
had decreased to 13.5% (approximately e~2) of its maximum value. The size of the waist in the
vertical direction was approximately 150 um, while in the horizontal direction it was around
40 um. Considering the DMD’s pixel size of 7.6 X 7.6 um, the laser size corresponds to 20 pixels
vertically by 5 pixels horizontally in the Fourier plane. The beam waist is larger in the vertical
direction compared to the horizontal direction, due to the VIPA’s greater dispersion angle in
contrast to the diffraction grating. Figure 5(a) shows the LBP image for two different frequencies
separated by 0.02 cm™! in the VIPA direction. Figure 5(b) shows the laser beam vertical profile.
These figures show that the spectral resolution is better than 0.02 cm™'. Figure 5(c) shows the
LBP image for two different frequencies separated by 0.5 cm™! in the diffraction grating direction.
Figure 5(d) shows the laser beam horizontal profile. These figures show that the diffraction
grating breaks the degeneracy of the VIPA, allowing the system bandwidth to be greater than the
VIPA’s free spectral range (FSR). Such results agree with VIPA finesse and the resolving power
of the grating.

In the next step, it was necessary to place the DMD at the Fourier plane to obtain the single
frequency beam exiting at PBS1, therefore, the LBP was replaced by the DMD in the travel DC
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Fig. 5. a) LBP image at the Fourier plane for two different frequencies separated by 0.02
em~! in the VIPA direction. b) Laser beam vertical profile. ¢) LPB image at the Fourier
plane for two different frequencies separated by 0.5 em™! in the diffraction grating direction.
d) Laser beam horizontal profile.

servo motor actuator. Then, we activated a super pixel of 5 x 20 pixels on the DMD, which size
was previously measured by the LPB. We found the laser frequency at this superpixel position
by scanning its frequency and monitoring the power at the output of PSB1. Subsequently, we
scanned the position of the DMD to maximize the power at the output of PSB1. The position at
which the power is maximized is the position where the laser is fully focused on the superpixel,
thus indicating the Fourier plane position. This whole process was automated using Python.
Next, we turned on the 5 x 20 superpixel again and scanned the laser while monitoring the power
at the output of PSB1. Figure 6 shows this output as a function of the laser frequency (red line),
with a linewidth of about 0.02 cm~'. It is possible to observe small transmission peaks (~ 2%),
separated by the VIPA free spectral range, which are due to the diffraction of the laser beam on
the DMD structure. In the following, the DMD was programmed to reflect frequencies below
14606.87 cm™! only (black line Fig. 6). Again, due to diffraction on the DMD, it is possible
to observe a small transmission of higher frequencies. These characterizations allowed us to
demonstrate that the spectral shaping system has a resolution of 0.02 cm™!.

3.2. Tapered amplifier spectra

In next step, we have replaced the single frequency laser by the multimode diode laser, and
obtained its full spectrum at the exit of PBS1. Although we have characterized the spectral
shaping system using a single frequency laser, such a laser cannot be used to spectrally calibrate
de DMD for the multimode diode laser, because the lasers have different spatial modes. In
principle, such calibration could be obtained by measuring the spectrum for each “superpixel”
using the homemade grating spectrometer. The multimode diode laser has a linewidth of
Avympr, ~ 20 em™!. In the direction of the VIPA (vertical), the MMLD illuminates almost the
entire DMD due to the different dispersion orders of the VIPA. In the direction of the grating,
since only the first diffraction order is utilized, we have a discrete number of vertically separated
columns, spectrally spaced by the FSR (Avgsg = 0.5 cm_l). Since Avyypr/Avesg = 40, this
means that we would have 40 vertical columns, each with a dimension of 5 X 1600 pixels. In the
horizontal direction, we would have 80 rows of 2560 x 20. By multiplying the number of rows
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Fig. 6. Single frequency laser power at the PBS1 as a function of the laser frequency.
Initially, the DMD was programmed to reflect only one frequency (red line spectrum). The
small transmission peaks, separated by the VIPA free spectral range, are due to the diffraction
of the laser beam on the DMD structure. In the following, the DMD was programmed to
reflect frequencies below 14606.87 cm™! only (black line).
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Fig. 7. a) Calibration technique of the DMD, the gray lines indicate the horizontal rows
(20 pixels) and columns (5 pixels) where the DMD pixels are activated. First, all rows are
stepped through, and then the main 40 columns. b) Simulated spectra of a row (blue line)
and column (red line). The two spectra are multiplied to determine the wavelength in the
superpixel (red).
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Fig. 8. Experimental result obtained by multiplying the spectrum of the row located at pixel
460 by the column located at pixel 2040. Thus, the superpixel located at this position is
assigned the frequency of 14657.78 cm™!.
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Fig. 9. Amplified laser beam spectra after the tapered amplifier, which was operating at 900
mA; (a) without the spectral mask and (b), (c), (d) and (e) with several different DMD masks.
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Fig. 10. Amplified laser beam spectra after the tapered amplifier as a function of its current.
(a) shows the seed spectrum. (b) shows the spectrum at 800 mA.(c) shows the spectrum at
900 mA. (d) shows the spectrum at 1000 mA. (e) shows the spectrum at 1100 mA. At the
maximum current, the TA feedbacks itself.

by the number of columns, we would obtain 3200 superpixels of 5 x 20. If each spectrum took
about 30 seconds, the entire process would take more than 26 hours, which is not practical.

To overcome this limitation, we have applied a procedure developed by A. Metcalf and
co-workers [19]. Figure 7 explains the basic idea behind the technique. In Fig. 7(a), the gray bars
represent where the DMD pixels will be activated to reflect the whole spectrum of the MMDL.
First, the DMD software sweeps through all 40 adjacent columns of dimensions 5 X 1600 pixels,
recording the spectrum reflected by each column. Then it repeats the same process for all 80
rows of dimensions 2560 x 20 pixels. The data of the rows consist of several peaks separated
by the FSR of the VIPA, corresponding to the blue trace in Fig. 7(b). However, the columns
would provide a single peak, represented by the red trace in Fig. 7(b), with a width of ~FSR,
as this is the maximum width that the VIPA can disperse. The recorded spectrum of the row is
multiplied by the spectrum of the column to determine the exact wavelength position at each
superpixel location, representing the intersection between them. For example, the red square
shown in Fig. 7(a) provides the spatial location corresponding to the wavelength obtained by
multiplying the spectrum of column N by the spectrum of row M. This calibration procedure
requires the acquisition of 120 spectra, with an estimated time of one hour.
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Fig. 11. Optical power as a function of the TA current.

Figure 8 shows an example of the experimental result obtained by multiplying the spectrum of
the row located at pixel 460 by the column located at pixel 2040. Thus, the superpixel located at
this position is assigned a frequency of 14657.78 cm™'. After mapping, it is easy to program a
mask on the DMD to perform a spectral cutoff at a specific frequency.

Figure 9 shows the amplified laser beam spectra after the tapered amplifier, which was operating
at 900 mA, without any spectral mask (Fig. 9(a)) and with several different DMD masks (Fig. 9(b),
(c), (d) and (e)). Clearly, we were able to cut the spectra very precisely at different frequencies,
reducing the bandwidth from 20 to 2 cm™!, without losing any optical power. This is the main
advantage of using the TA in double-pass configuration [20]. This occurs because, during the
first pass, the TA saturates with very low power, as demonstrated in Ref. [20]. We should point
out that different spectra can be produced, with several regions within the multimode diode laser
gain curve. We did not observe any temperature-related instability during the time period in
which the experiments were conducted (5—6 hours).

Figure 10 shows the amplified laser beam spectra after the tapered amplifier as function of its
current. Figure 10(a) shows the seed spectrum. Figures 10 (b), (c), (d) and (e) show the spectra
at 800 mA, 900mA, 1000 mA and 1100 mA respectively. Clearly, the optical power increases
with the TA current ( Fig. 11). Although the cutoff frequency does not vary with current (red
dashed line in Fig. 10), the lower frequencies depend on the TA current. At maximum current,
the tapered amplifier presents its own feedback in the spectrum ( Fig. 10(e)). This can be avoided
by operating it at lower currents. An alternative to address this issue would be to use a volumetric
Bragg grating (VBG) [21] in the first pass through the TA to filter out the undesired frequencies,
preventing them from being amplified in the second pass through the TA.

It is important to emphasize that, in this work, we focused exclusively on cutting the spectra
very precisely at different frequencies, as this is crucial for molecular cooling applications, where
shaping at a well-defined frequency is required [13]. Demonstrating advanced spectral shaping
functions, such as band-pass filtering, notch filtering, or shaping over non-contiguous frequency
domains, would be of interest for future studies targeting other applications.
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4. Conclusion

In this work, we built a spectral shaping system, based on a VIPA and a DMD, to manipulate a
multimode diode laser spectrum. Its output was seeded, using a double-pass configuration, in a
tapered amplifier. We have characterized the optical properties of the entire system with both a
narrow-linewidth single-mode laser and a broadband multimode laser. The system resolution
with the narrow-linewidth laser was 0.02 cm™!. On the other hand, the resolution of the system
with the multimode laser was 0.1 cm™!, as our measurement was limited by the resolution of the
spectrometer used. It is expected that the resolution with the multimode laser would be better
than 0.1 cm™!, but not as good as that achieved with the single-frequency laser, since the beam
quality of the multimode laser is worse than that of the single-frequency laser. Eventually, the
molecular rovibrational cooling signal could be used to manipulate the spectrum even with higher
resolution.

Multimode diode lasers are relatively inexpensive devices, available for many wavelengths,
and can also be temperature tuned. Therefore, such a system could easily be available to more
researchers in different fields at different wavelengths, leading to more applications. The relatively
low power (~ 60 mW) may be overcome by seeding a more powerful TA or slaving a multimode
diode laser [22]. In our case, we plan to use it for the rovibrational cooling of Rb, molecules,
whose rotational constant of the ground potential X 12; is around ~0.022 cm~! [13]. It might
also be useful for other molecules such as SrBr and Srl [23,24].
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