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We present a scheme for three-photon excitation in room temperature rubidium. Using diode lasers we
created an overlapping optical arrangement to follow the 5S;,5 — 5P3/, (780-nm laser wavelength),
5P3/5 — 5Ds/5 (776 nm), and 5D5,5 — 63P3/; (1256 nm) cascade in room temperature 85Rb atoms,
with principal quantum number n = 63. This is building on previous work done by Professor A.
Goodsell at Middlebury College who has sucessfully created two-photon excitation in launched cold
atoms [1]. We have created, and tested, parts of a proposed scheme that is both robust and affordable
for creating Rydberg rubidium atoms. This setup is ideal for carrying out a range of quantum physics
experiments and has been designed with integration into the already existing lab at Middlebury College

in mind.



I Introduction

Rydberg atoms, atoms in states of high principal quantum number n, are atoms with exaggerated prop-
erties. This results in them being more susceptible to influences from extrenal magnetic and electric
fields, making them great candidates for study of quantum mechanical properties of atoms. While
they have been studied intensely since the 1970s, they have played a role in atomic physics since the
beginning of quantitative atomic spectroscopy. The original method of studying Rydberg atoms was
by absorption spectroscopy, and it remains a generally useful technique [2]. Variants of detection were
developed that included dye lasers to populate an excited state preferentially, allowing the absorption
spectrum of the atoms in the excited state to be recorded. However, most of modern work is done by

detecting the excited Rydberg atoms themselves rather than their absorption spectra.

Rydberg atom detection can be accomplished in two ways. First, after being optically excited,
their slow decay to lower states radiates visible flourescence. Second, we can detect the Rydberg
atoms by ionizing them via collisional or field ionization. This can be done easily due to the outermost
electron being in a large weakly bounded orbit. We aim to create a model for the former mode of
detection at this time for observations of atoms at room temperature. This sets the stage for direct
detection of cold rydberg atoms later. Following the work previously done at Middlebury College,
we designed a model for Rydberg rubidium-85. This element is relatively easy to convert to a vapor
and has an emission and absorption spectrum that allows for the use of cheaper infrared diode lasers
for excitation. The following is a discussion and summary of two major elements in the model: The

third-stage laser tuning and optimization and the experimental setup for detecting absorption.

II Third stage characterization

In a paper puplished in 2009, Thoumany, et al. created a scheme for observing three-photon absorption
in a room temperature rubidium gas cell. We modeled our excitation scheme after their work and, as a
result, opted for following a similar three-laser cascade outlined in Fig. 1. Previous work in Professor
Goodsell’s lab has succeeded in measuring excitation with the first and second stage lasers, therefore,
this work has been primarily focused on proper implementation of the third stage (1256 nm) of the

excitation scheme.

Il. (i) Power and Intensity

As part of the characterization of the laser, we recreated performance plots from the specification sheet
to better understand the performance of the laser. Previous work by Thoumany, et al. has found success
in using the third stage laser at 5 mW and we aim to compare our laser’s performance to that standard.

We measured the laser’s power output across the whole tuning range while the laser’s drive current,
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Fig. 1. Two level schemes for Rydberg rubidium atoms. In (a) the Rydberg atoms are excited in
one step using a 297-nm laser. The 780-nm laser is used to confirm absorption. In (b) the Rydberg
atoms are excited using three infrared lasers (Excitation scheme image sourced from Thoumany, et al.
2009 [3]).

I.p, is set to 300 mA mimicing a plot from the spec sheet. From these results (Fig. 2) we found that
our measured power was 0.16 mW-a factor of 10 lower than expected based on the specification [4].
When compared to Thoumany, et al. our third stage was a factor of 50 lower power than their laser.
This is a potential cause for concern as our lower power may not be enough for base saturation in the
third excitation stage. The first stage power was never specified in previous literature, however, data
was collected after running the second stage at intensities above base saturation and consequences of
this were asymmetries in absorption data, leading Thoumay, et al. to run their 780 nm laser below
saturation intensity. The second stage was recorded to be running at 2 mW which we can replicate

using the current lab at Middlebury College [3].

0.00

-2.00 ©300mA
-4.00
-6.00
—. -8.00
o
=
5 -10.00 \v.
3 .
8 _12.00 »
L ]
-14.00
L ]
o’ iy
-16.00
<

-18.00

-20.00
1160 1170 1180 1190 1200 1210 1220 1230 1240 1250 1260

Wavelength (nm)

Fig. 2. Measured power output of the laser while scanning the full tuning range with a running current
I p = 300 mA and temperature control at 21°C.

We measured a peak power of 0.16 mW at the laser’s typical operating wavelength of 1220 nm.

In light of the shortcomings of the power output, we opted to measure the beam size to get a



better understanding to the intensity of the light. We decided on an experiment that places a razor
blade approximately where we would expect all three lasers to intersect inside the rubidium cell. We
then measure the power while scanning the razor’s edge in front of the laser beam. We expect to see a
plot that decreases as more beam light is blocked from reaching the photdetector by the razor. Figure
3 displays the results of this experiment scanning only the beam width after 35-36 inches of beam
travel after exiting the laser cavity.We measured beam cross section to be a measurement from 10%
of the measured intensity to 90%. Assuming a purely circular beam intersection we can estimate the
intensity to be 25 - 35 mW/cm?. However, from qualitative observation we believe that the laser beam
is vertically larger than it is wide, consequently, the previously stated intensities are in all likelyhood
over estimates to the true intensity. Beam vertical size was never explicity measured.
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Fig. 3. Beam width results after scanning a razor blade’s edge in front of the beam after ~3ft. of beam
travel. Measurements taken with laser wavelength set to 1256 nm.

Voltage is the raw output of the photodetector.

II. i1)) Wavelength

Our chosen laser is a diode laser in a Littrow configuration. This configuration allows us to take a laser
light—spanning a small range of wavelengths—and scatter it using a grating. This grating allows us to
have different wavelengths of light correspond to different locations in space. By adjusting the angle
of this grating we can direct whichever wavelength we would like to use into the gain chip to amplify
our desired running wavelength. The details of this differaction set up and relative beam paths can be

seen in Fig. 4.

This approach aims to excite single hyperfine states in rubidium. As these states are separated
by just a few kHz, laser frequency tuning and precision was of the utmost importance. Following
the Thoumany paper we want to create a laser with the ability to modulate the frequency by 5 MHz
(~ 0.00003 nm) increments. Our approach to tuning the laser wavelength is organized as a two-

step process. First, we completed a full characterization of the laser at different operating currents
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Fig. 4. This is a schematic of the laser pathway incident on the grating and scattering onto the colli-

mating lens in the Littrow configuration from the Thorlabs tunable laser kits guide [5].

and temperatures. This mapped the range of wavelengths we can achieve and the stability of both
the output wavelength and temperature controller. From this characterization we decided on running
conditions that would allow us to reach 1256 nm and have adjustability without sacrificing temperature

stability. These results are summarized in Fig. 5.
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Fig. 5. This is the culmination of the full laser wavelength characterization with these running param-
eters: I,p = 100.00(5) mA, Tspr = 11.420(10) k2. These operating conditions allow us to span
1256-1257 nm with <4 GHz increments via grating angle alone (not explicitly shown in figure). Note
that the "angle" of the laser is specified as a distance. This distance is determined by a translationally

linear motor location that adjusts the angle of the grating that is never explicitly measured.

We also worked towards more accurately determining the absorption wavelength of the third
stage, however, the laser frequency range of absorption is small and as a result we attempt to cre-
ate a scheme for stable detuning of the laser frequency of approximately 5 MHz, again, following in
the footsteps of Thoumany et al. Detuning involves slightly altering the laser wavelength from being

"tuned" to the correct wavelength where we observe absorption. These small adjustments in wave-
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length can allow us to create smoother absorption plots to confirm Rydberg excitation. This plot will
let us clearly see absorption when tuned and as we detune the laser this absorption begins to fade.
From Ref. [3] we see that absorption spans 100 MHz ( ~ 0.0006 nm). This is much higher precision
than grating angle adjustments will allow. We opted to modulate the running current, /1 p, of the laser

to attempt this finer control.
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Fig. 6. These plots summarize efforts in detuning the laser frequency by increments of 5 MHz through
current modulation. Blue points indicate recorded frequency and the function generator is the input of
the current, /;0p, which allows us to change laser running current, I p, in smaller increments. The
function generator amplitudes are not to scale, but only indicate amplitudes relative to each other across
(a) and (b). (a) has an input sine function of 20 mV amplitude corresponding to a + 1-mA modulation.

(b) has an input sine function with 1 mV amplitude corresponding to + 0.05-mA modulation in I p.

Without modulation we observed that the laser will often fluctuate 70 MHz in frequency. Fig-

ure 6(a) is a proof-of-concept experiment. The programmed modulation was greater than the laser’s
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ambient wavelength fluctuation to more easily confirm our expected behavior. As predicted, smaller
wavelength modulation was more difficult to observe. Figure 6(b) shows promise in general trends.
The frequency seems to be fluctuating, however, the noise from the ambient laser fluctuations makes

it so we cannot qualitatively confirm detuning on the scale of 5 MHz.

II. (iii)) Polarization

Knowledge of the initial polarization of the third stage laser would better inform our optical layout. Po-
larization is a property of the third stage laser that has not been determined and finalized from previous
literature. This gives us the freedom to experiment with various polarizations for optimal absorption
results. However, manipulation of the laser polarization requires characterization and knowledge of
polarization upon exiting the laser cavity. To characterize the polarization, we used a polarizing beam
splitter (PBS) in combination with a half-wave plate to determine both configuration (linear/eliptical)
and orientation of the laser polarization. Table I outlines the results of our observations. We found that
given a half waveplate in series with the PBS, we observed >90% reflectance and >86% transmission
of the laser light, which is consistent with expected total transmission and reflection data from the PBS
specification sheet. This data informs our conclusion of the laser light polarization is linear before

manipulation.

Table 1. Results of measured voltage output after the polarizing beam splitter (PBS). Fraction values

compare measured values to voltage measurements taken before the half-waveplate and PBS.

Voltage (V) = 13 mV ~ Power (mW) & 2%  Fraction of total light

Reflected Min. 0.14 0.011 0.08
Reflected Max. 1.59 0.12 0.91
Transmitted Min. 0.14 0.004 0.03
Transmitted Max. 0.14 0.115 0.87

a. Fraction values are with respect to measured voltage before PBS and half wave plate.

III Description of the optical layout

Both first and second stage lasers have their independent stablization circuits and are resonant with
the 5S,/2 — 5P3/3 and 5P3/5 — 5Dj ), transitions, respectively [1]. The third stage laser is a grating
stabilized diode laser (Fig. 4) and is resonant with the final 5D5,, — 63P3/, transition. Our optical
scheme—seen in Fig. 7—-aims to take the first and second stage lasers, and circularly polarize them to
increase the probability of absorption. These two stages are sent counter propagating through the warm

rubidium cell and intersect at a point by means of a convex lens (Fig. 7a) or mirror (Fig. 7b) [6].

The final laser is then linearly polarized and sent copropogating with the first stage. The angle
of the linear polarization of the final stage is fully adjustable and will be optimized, if possible, for

absorption.
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Fig. 7. Two proposed beam paths with different methods of combining all three lasers to intersect at
a point in the rubidium cell. (a) Laser lights crossing is accomplished by two convex lenses on either
side of the cell. (b) An angled mirror is used to cross the third stage with the first two. Arrows, circles

and ovals indicate polarization direction of either linear, circular or eliptical respectively.

IV Conclusion

In summary, we have created a prototype for three-photon absorption for warm rubidium. However,
some of the larger holes in our work that need further research are the power of the third stage laser
and further analysis of the laser’s intensity. The power output being so much lower than what we
expect from specification is quite alarming. Even more so when none of the previous literature has
claimed success with three photon absorption with less than 3 mW of power. The 1256-nm laser’s
intensity could also see further analysis. A measurement of the vertical extent of the beam cross
section and creation of a Gaussian fit of the laser intensity are both areas that are ready to be measured
and analyzed. Following this work, future research is well equipped to align all three lasers into a
warm rubidium cell and look for absorption. Success in warm rubidium absorption would promote

implementation of the third stage laser into the cold rubidum setup at Middlebury College for further



research in quantum physics experiments.
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