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Abstract

Storing quantum information carried by light is a challenge currently addressed within quantum
information science. The objective of this master's thesis is to carry out experimental work in
preparation for quantum state storage. The scheme, that the experimental work is based on, utilizes
photon echoes and the inhomogeneous broadening in a gas of atoms. The experiments consist of
carrying out photon echoes in a gas of Rubidium atoms. The theory of photon echoes and the
theory of the specific quantum state storage scheme, which the thesis is built on, are described.
Experiments consisting of generating light pulses and detecting photon echoes have been carried
out, and the results are given. The equipment used in the experiments is described in some detail.
Further experimental work to be carried out, on the way to quantum state storage, is discussed.
Calculations on the requirements for realization of quantum state storage in Rubidium are
presented.
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Chapter 1

Introduction

Photons are an ideal carrier of information since they travel fast and interact less with the surroundings
than other information-carrying particles. The problem with photons is however that the information
they are carrying is hard to store and recall. Finding a way of storing an arbitrary quantum state of a
photon is a step along the way of developing quantum computers. It would also have great importance
in the field of quantum cryptography. The storing of the state should be reversible, and the original
state should be reconstructed with a high efficiency.

There are several different approaches to solving the problem with storing quantum information
carried by light. Yet it is not known which one will be the most useful. Scientific research is done on
the different methods, in several research groups around the world. A lot of theories have been
presented, but not as much experimental work has been done yet within the field. The different
approaches utilize different materials. For example quantum storage schemes has been suggested in
single atoms, ensembles of atoms, impurities in solid materials and in quantum dots. A lot of articles
can be found on quantum state storage. As an example of a method, one that is based on using single
trapped ions and cavity quantum electrodynamics (QED) can be said, [1]. Another method is based on
electromagnetically induced transparency (EIT) [2], [3]. The different methods store more, or less, of
the different parts of the quantum information carried by photons. An example of such a part can be
the information saved in the polarisation of a photon. The methods also have different prospect to
achieve long storage times and high reliability.

The approach to quantum state storage behind this master's thesis is built on reversible inhomogeneous
broadening, in a gas of atoms. Serguei Moiseev and Stefan Kroll proposed the theory in 2001 [4]. No
experimental work has been carried out so far, to see if the theory holds in reality. The aim of this
master's thesis was to prepare for the experiment of conducting quantum state storage, according to the
suggested scheme. The preparation consisted of achieving high efficiency photon echoes in a gas of
Rubidium atoms. The efficiency of the process was to be investigated as well. After this scheme was
proposed some similar techniques based on inhomogeneous broadening in solid materials was
suggested [5], [6]. These materials will probably be of more use since they are more practical.

In the rapport different aspects of the realisation of quantum state storage are given. In Chapter 2 the
theory behind two-pulse photon echoes and the quantum state storage scheme is presented. Besides
explaining how the echoes are formed in the two cases, some of the requirements for the quantum state
storage are described. In Chapter 3 some optical properties of Rubidium atoms are given, since this is
the system used in the experiments. Chapter 4 deals with the experimental equipment. In Chapter 5 the
experimental procedure, consisting of generating light pulses and detecting two-level echoes, is
explained. The results are given and discussed in this chapter as well. In Chapter 6 some thoughts
about further experiments, on the road to realisation of quantum state storage, are presented.



Chapter 2

Quantum state storage

The quantum state storage scheme, which is treated in this chapter, is built on photon echo techniques.
Therefore the theory of photon echoes will first be described. An explanation of the quantum state
storage scheme is then given.

2.1 Photon echoes

In a photon echo a group of atoms sends out coherent radiation in form of a pulse, some time after
they have been excited. In such a case the radiation sent out by the atoms does not follow the ordinary
exponential decay, which are normally seen. To prepare for the echo an excitation sequence of two or
more successive light pulses is used. The radiation sent out can be regarded as an echo of one or more
of the excitation pulses. Two descriptions of the photon echo process will be given in this section.
First a schematic description of the interaction between the light and the atoms, in the process, is given
[7]. The formation of photon echoes is then described by analysing the solutions of Schrdodinger's
equation.

2.1.1 Schematic description of a photon echo

The easiest way to explain the formation of an echo is by modelling the atoms as two-level atoms,
where electrical dipole transitions between the two levels are allowed. In the two-level model any
influences from other levels are neglected. The wave functions for the two levels are given by
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where k stands for the ground state, g, or the excited state, e. The wave function for an electron in a
superposition of these states is

Y(r,)=c, O, +c.(OY,

The squares of the coefficients in front of the wave functions, |ci[’, give the probability of finding the
electron in the corresponding state. The coefficients ¢, is called the probability amplitudes. If the atom
initially is in the ground state, c, is zero and (/= {f,. A photon, or an electromagnetic field in general,
interacting with the atom at this stage, can move the wave function all the way up to the excited state
so that ¢, becomes zero. Or it could just change the coefficients ¢y a little. If neither of the ¢ is zero the
atom is said to be in a superposition of states. The atom will stay in the superposition until it decays to
the ground state due to the natural lifetime of the upper state. It can also decay due to other relaxation
mechanisms.

An atom in a superposition of states always sends out radiation. The probability of finding the electron
in a certain position is given by |¢4x,1)|". The probability, and therefore also the atomic charge density,
oscillates in time according to
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Since the electron is a charge and the oscillation is an accelerated motion, the atom will send out
radiation at the transition frequency -,
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Consider now a group of atoms, all in the ground state from the beginning. A light pulse, at the
transition frequency, comes in and puts the atoms into a superposition state, such that they start
oscillating. These oscillations will start in phase with the electrical field of the light pulse. Just after
the pulse has passed all the atoms will therefore oscillate in phase. Because of constructive
interference, N atoms oscillating in phase will send out a total radiation proportional to N* times the
intensity from a single atom. This could be compared to N atoms sending out radiation in random
phase. These will instead send out a total radiation intensity proportional to just N. If all the atoms in
the sample have exactly the same transition frequency, they will continue to oscillate in phase until
they have all been deexcited to the ground level.

But consider instead that the atoms have slightly different transition frequencies. Then the atoms will
come out of phase with each other shortly after the pulse. The radiation sent out will therefore
decrease rapidly. This radiation sent out right after the pulse, before the atoms come out of phase, is
called the free induction decay. The differences in frequency, between the atoms, are due to
inhomogeneous broadening'. In a gas the transitions are Doppler broadened. Atoms moving towards
the incoming electromagnetic field will experience it as if they had a higher frequency, than the ones
moving away from it. The Doppler shift is given by
G
c

where v is the component of the atom's velocity in the direction of the field. The atoms themselves do
not have different transition frequencies, but viewed from the incoming field it appears as if they had.
To simplify the explanation, a model where the atoms have different resonance frequencies, aw-at+4,
is normally used. The result will be the same, if the atoms are now treated as if they were at rest.

In the first part of Figure 2-1 the population distribution before the first pulse, for a group of atoms, is
shown. The inhomogeneous broadening as a function of frequency can be seen. The population
distribution after the first pulse is shown in the middle part of the figure. Here the probability of
finding the electron in the upper state is the same for all frequency groups of atoms. Now another light
pulse is sent in. This pulse should come before too many atoms have decayed to the ground state. On
the other hand it should not come too soon, so that it comes in the middle of the free induction decay.
The atomic charge density is still oscillating. Because they have slightly different frequency some of
the atoms send out radiation in phase with the incoming electrical field, and some send out radiation
out of phase. Again looking at interference, it could be seen that the atoms sending out radiation in
phase with the field will constructively interfere with the field. The total intensity in this case will
increase, which has to be due to stimulated emission. Therefore atoms in phase with the field will be
deexcited down to the ground state. Atoms sending out radiation out of phase will on the other hand
interfere destructively with the field, resulting in absorption. These atoms will all be moved to the
excited state. At this moment there will be a population gratings at the two states. This situation can be
seen in the last picture of Figure 2-1.
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Figure 2-1: The population distribution a. before the first pulse, b. after the first pulse, and c. after half of
the second pulse has passed. Atoms in phase

! That a broadening mechanism is inhomogeneous means that it is due to that different atoms have different
transition frequencies.



The groups of atoms that are no longer in a superposition will not continue to oscillate. As the second
pulse continues to irradiate the atoms, the atoms in the upper state will be deexcited since that is the
only possibility. The atoms in the lower state will be excited. After the second pulse the atoms will be
back in a superposition of both the states. The atoms that were deexcited start oscillating in phase with
the field. These were the atoms that were out of phase when the second pulse entered the sample. The
other group of atoms, which were in phase before the second pulse, is now out of phase. The second
pulse is said to have rephased the atoms. Now as the atoms continue to oscillate, their phase difference
will decrease instead of increase, as was the case before the second pulse. The evolution of some
atoms can be seen in Figure 2-2. Here only five atoms are shown, but in reality there are many more
atoms interfering. At time zero in the figure the first pulse will start the oscillations of all the atoms.
The second pulse passes at the time T. The top and bottom ones are in phase with the field of the
second pulse, and the middle one is out of phase. These three atoms change their phase by Tt The other
two atoms in the figure send out radiation that is just between in and out of phase with the field.
Therefore the field will not affect these atoms. It can be seen from the figure that at time 2T all the
atoms will be in phase again. Interfering constructively at this point, the radiation sent out will be
again proportional to N times the intensity of a single atom. A light pulse will be emitted. This is the
two-pulse photon echo.

Figure 2-2: Five atoms radiating with slightly different frequencies. From the beginning, after the first
pulse, they oscillate in phase. After a time T they are irradiated by a second pulse, and after
2T an echo is formed.

In Figure 2-3 the two excitation pulses and the echo are shown. The echo is centred at the time 2T, as
can be seen in the figure. The free induction decay, after the excitation pulses, is also illustrated.
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Figure 2-3: Two excitation pulses, with a separation of T, form an echo centred at 2T. The free induction
decay can also be seen after the two excitation pulses.

The intensity of the echo will depend on the intensity of the excitation pulses. The strength of a pulse
can be given by the pulse area, €, defined as
2UEt,

n
where [ is the electrical dipole moment for the transition, E, is the amplitude of the electromagnetic
field, and t, is the length of the pulse. A light pulse moving all the atoms in a sample all the way from
the ground state to the excited state has a pulse area equal to Tt It is therefore called a T-pulse. The

pulse area can be visualized as an angle of rotation, induced by the pulse. This is done by modelling
the two-level atoms as a sphere, were the ground and excited states are the two poles. A vector centred
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in the middle of the sphere, and pointing to one of the poles corresponds to all atoms being in that
state. If the atoms initially are in the ground state, a rotation of the vector by Tt will move all the atoms
to the excited state. A pulse moving the vector half the way up to the excited state is a TU2-pulse. After
such a pulse the atoms are in a well-defined superposition of the ground and excited states, where the
probabilities of finding the electron in a given state are the same for the two states. The highest echo
intensity is achieved if the first pulse is a TW2-pulse and the second one is a T-pulse.

The echo will decrease in intensity as the time between the first and second pulse is increased. As
more atoms become deexcited, due to the natural lifetime, fewer atoms will contribute to the formation
of the echo. Also other homogeneous broadening mechanisms, for example collisions between atoms
in gases, will decrease the number of atoms contributing to the echo. This is because these processes
will randomise the phase of the atomic wave function. If the optical density of atoms is too low, too
much of the excitation pulses will pass the sample without being absorbed. This also leads to a weaker
echo since fewer atoms will contribute. If the density is higher the pulses will be absorbed. The
problem is then instead that also the echo will be absorbed, and not much of it will leave the ensemble
of atoms. Even when an optimum of the atom density is found, the echo intensity is normally only a
few percent of the intensity of the first excitation pulse.

2.1.2 Description of a photon echo using solutions to Schrodinger's equation

The formation of a two-pulse photon echo can be derived from Schrodinger's equation, as has been
done in Ref. [8]. The solution of the wave function, for an electron, can be presented in the
expressions for the probability amplitudes co(?) and c.(?). The probability amplitudes right after a
pulse, of pulse area 8, will be”

¢, =c, [0s(8/2) +c,, B Ein(6/2)

¢, =¢, [Bos(8/2) +c,, LI 8in(8/2)

where cg and ¢, are the probability amplitudes right before the pulse. For simplicity the frequency of
the ground state has been set to zero, a), = 0, and the excited state has a frequency of w=w-a+4. A
free evolution in time, of an atom, will give a phase factor of ™ in the expression for c,. This factor
give rise to that atoms with slightly different frequency will come out of phase, as described above.
Looking at the process of achieving an echo, expressions for the probability amplitudes can be derived
at the different time steps. These expressions, for an atom initially in the ground state, are given in
Table 2-1. It is assumed that the pulse length is short in comparison with the separation between the
pulses. It is also assumed that the coherence time, for the atoms, is long. The homogenous broadening
mechanisms are therefore neglected.

initially after pulse 1 before pulse 2
coft) 0 isin(6,/2) isin(6/2)e™
Col?) 1 cos(6,/2) cos(6,/2)

after pulse 2 some time after pulse 2
R . _-iAT
“’Sf-f?f/éf}fifé/féiz) : [cos(6y2)isin(6/2) ™" + isin(6y2) cos(6/2)] €
cos(6/2) }‘;‘;;?Z;Zj;m’;s’”(@/ 2 cos(8/2) cos(0y2) + isin(6y/2) isin(6y2)ye™
1

Table 2-1: Coefficients of the wave functions, for the ground and excited state, during the stages in the
process of achieving an echo. 6, and & are the pulse areas of the two pulses. t is the time after
the first pulse, and T is the time separation between the two excitation pulses.

% A phase factor, due to the position of the electron in space, is not included.



The expressions might look complicated, but they can be simplified by putting in known pulse areas.
If the first pulse has a pulse area of TV2 and the second a pulse area of T¢ the expressions in Table 2-2
are found.

initially | after pulse 1 | before pulse 2 | after pulse2 | some time after pulse 2
Co(t) 0 i/V2 (i/V2) e i/v2 (i/v2) e D
c(t) 1 1/v2 1/v2 -1/v2e™ T -1/v2)e™"

Table 2-2: Coefficients of the wave functions when the first pulse is a T2-pulse and the second a Tepulse.

It can be seen that after a time t = 27T, the two expressions in the last column will have the same phase
factor. The atomic dipole moment, for the transition, will then be independent of A for all the atoms in
the sample. This is because the dipole moment depends on the product ¢y c., which is proportional to
¢'21 By the dipole moment being independent of A, means that all the atoms are oscillating in
phase. This is analogous to the result achieved earlier.

2.2 Quantum state storage

The scheme for quantum state storage, presented here, is based on a three-level system, as shown in
Figure 2-4. The state denoted |a) is the ground state, |b) the excited state, and |c) the storage state.
There are allowed electric dipole transitions between states a and |b), and between |b) and |c). State |c)
is a metastable state, meaning that there is no allowed electric dipole transition to [a). State |c) is
situated just above state |a).

la>
Figure 2-4: The three-level system used for quantum state storage.

The wave function for an atom in the system will be given by

Yr,0) = c, (O, +c, (O, +c (W,

where (), (), and (. are the wave functions of the three states.

The atoms are all initially in the ground state. Both the excited state and the storage state are empty. A
single-photon wave packet, denoted 1 in the figure, puts the atom into a superposition of state |a) and
[b). The second pulse is a Tepulse, set to the transition |b) — |c). It will move the probability amplitude
in the excited state to the storage state. Now the superposition is instead between the ground state and
the storage state. Since the storage state is metastable there will be no natural decay of the atoms due
to electric dipole transitions. The third pulse is a T-pulse as well. It moves the probability amplitude in
the storage state back to the excited state.

If now all the pulses had come from the same direction, the atoms would continue to oscillate more
and more out of phase, once they had returned to the excited state. Then there would be no echo. A gas



of atoms however, has the feature that its inhomogeneous broadening is dependent on the direction of
the incoming electromagnetic field. The broadening profile for the ensemble of atoms will look the
same, but each atom will be positioned at a different place on the profile, for different directions. If the
third pulse comes in the direction opposite that of the first photon and the second pulse, the sign of the
Doppler shift will be changed for all atoms. The resonance frequencies of an atom will then be w4,
instead of wtA. The phase difference between the atoms will in this case start decreasing after the
third pulse. At a time after the third pulse, equal to the time between the single photon and the second
pulse, an echo of the first photon is generated.

The expressions for the coefficients in the wave function, at different stages in the quantum state
storage process, are given in Table 2-3. To shorten the expressions S;=sin(6,/2) and C;=cos(6,/2) are
used, where & is the pulse area of the single photon. T is the time between the single photon and the
second pulse, and T, is the time between the second and third pulse. A, is the Doppler shift of the
transition Ja) — [b) and A, is the Doppler shift of the frequency difference between state |a) and |c).

initially after single photon before pulse 2 after pulse 2
c(t) 0 0 0 - Siexp(-idT)
cu(t) 0 S i Syexp(id.pt) 0
Ca(t) 1 C C C,
before pulse 3 after pulse 3 some time after pulse 3
-Srexp(-id,T) exp(-id,.T>) 0 0
=-Srexp(-id,T)
0 -iSyexp(-id,T) -iSyexp(-idy T) exp(idup(t-T-T5))
C[ C[ Cl

Table 2-3: Coefficients of the wave functions, for the three states, during the stages in the quantum state
storage process.

In the expression of c. before the third pulse the last phase factor has been neglected. It is close to
unity because the separation between level |a) and |c) is so small. Therefore the Doppler shift A, is
also small. In the last expression of ¢, it is apparent that at time t = 2T + T, the phase factor will
disappear. All the atoms are then oscillating in phase, sending out a photon echo. If the content of the
table is compared to the content of Table 2-1, some differences can be seen. In the case of the quantum
state storage process, the ground state coefficient does not change once the single-photon wave packet
has passed. The frequency grating introduced by the first wave packet will not be changed until the
echo is released. It can also be seen that now it is the same group of atoms evolving backwards in
phase, as was evolving forward before the second pulse. In the two-pulse echo first one group of
atoms evolved forward in phase. Then the other group of atoms evolved forward the same amount.
Both cases resulting in that all atoms will be in phase again at a certain time.

It has been derived that the echo sent out, in the scheme described above, is the exact time-reversed
copy of the single-photon wave packet [4]. In the derivation a lot of approximations and assumptions
have been made. These will be discussed later in the next section. The echo is sent out in the opposite
direction with respect to the incoming single photon. The pulses and echo direction in the sample of
atoms can be seen in Figure 2-5. The density of atoms is high. The dark area shows the probability of
absorption of the single photon. The second pulse will interact with the whole volume where the first
photon is absorbed. Looking at the time difference between the single photon and the second pulse, it



will be the same for all atoms in the sample, since they both come from the same direction. After the
second pulse the superposition is stored until the third pulse comes. The third pulse hits the atoms to
the right in the picture first. These atoms will therefore be the ones, which come in phase again first.
The echo will travel in the same direction as the third pulse through the sample, being amplified as the
atoms along the way will contribute to the echo.

single photan
=
pulse 2 pulse 3
—_—— -
echo
-

Figure 2-5: Directions of the pulses in and out of the sample of atoms. The dark area shows the probability
of absorption of the single photon.

The echo has en efficiency close to unity, of reproducing the quantum state of the single-photon wave
packet. The absorption process is replayed in a time-reversed mode, when the echo is formed. The
sample of atoms is forced to reemit the exact time-reversed copy, of the single-photon wave packet. It
might be hard to realize that the echo, which only consists of a single photon, will not be absorbed on
the way out of the sample. This could be understood as follows. The atoms that the echo meets on its
way out are still in a superposition of states. It is not until the echo has passed that they will be back in
the ground state. The field they are sending out is oscillating in phase with the field of the emitted
echo. They will therefore contribute to the echo by stimulated emission, and there will be no
absorption. Because of this feature the sample of atoms can be very dense. This was not the case for
the two-pulse photon echo described above, were the sample had to have a low density of atoms. In
this quantum state reconstruction process, however the sample needs to be dense, to make sure that the
single photon is absorbed with a high probability.

2.2.1 Requirements for quantum state storage

For the scheme described in the previous section to work, some requirements must be fulfilled. These
are explained in Ref. [9]. The lifetime of the excited state should be greater than the time separation
between the single photon and the second pulse. Also the coherence time, of the atoms in the excited
state, should be longer than this time separation. The coherence time, of the storage state, should be
greater than the storage time. The superposition between the states will be destroyed, with large
probability, if either one of these three conditions are not fulfilled.

The spectral width of the second and third pulses should be greater than the spectral width of the
single-photon wave packet. Otherwise not all the spectral information in the quantum state of the
photon will be stored. The spatial beam size of the two pulses should be much larger than the spatial
extent of the photon wave-packet. The atoms, which interacted with the single photon, will otherwise
move out of the interaction volume of the second and third pulses before they arrive.

The Doppler broadening, of the transition between the ground and excited state, should be greater than
the spectral width of the single-photon wave packet. This is also because the full spectral information
of the photon should be stored well. In the wings of the Doppler profile there are fewer atoms
absorbing. Therefore the spectral information there will not be stored to the same extent as the
information in the centre of the profile.

The transition between the ground and excited state should easily be separated from the transition
between the excited and the storage state. One way of doing this is by using a ground state and a
storage state that are well separated in energy. The problem then would be that the phase factor
neglected in Table 2-3 would play a more important role. The approximation made then would not be
as accurate if the separation is large. There is however another way of addressing the transitions one at
a time, without interfering with the other. If the levels are different magnetic sublevels, defined by a
weak magnetic field, the transitions could be addressed by polarized light. The polarisation of the



different transitions will be different. Therefore it is not a problem if the broadening of the states
overlap in energy.

Another important aspect, for the reconstruction of the quantum state to be possible, is that the storage
state should initially be empty. If this is not the case, the second and third pulses will interact with the
atoms in the storage state. There will be other emitted photons, which might be hard to separate from
the echo. With many atoms in the storage state, the second and third pulses would also not be constant
throughout the whole sample. They will be approximately constant if there were no atoms in the
storage state, except for the stored quantum state. Emptying the storage state by optical pumping could
solve this problem, if the ground and storage state are different magnetic sublevels. It is important that
the optical pumping is done just before the storage process. Otherwise the pumped atoms will leave
the interacting volume, before the pulses enter. Optical pumping will discussed more in Chapter 3, for
the case of Rubidium atoms.



Chapter 3
Rubidium

There are a couple of reasons why Rubidium was chosen as the gas for the quantum state storage
experiments. It has a simple system of energy levels. Different magnetic sublevels of the ground state
can be used as the initial and storage state. To achieve a high enough atom density, a gas of Rubidium
does not have to be heated to more than approximately 80 °C. The lifetime of the excited state is very
short, only around 30 ns. This is a disadvantage since the pulses then need to have a very short
duration. Ytterbium for example has a lifetime of 875 ns, which would make the experiments much
easier. But to achieve the atom density needed, a gas of Ytterbium has to be heated to around 500 °C.
For this purpose a special heat-pipe oven would be needed. There are elements that have similar
properties as Rubidium that could be used. But since there were lasers available at the right frequency,
in the photon echo group, Rubidium was chosen.

3.1 The levels of Rubidium

Rubidium has the atomic number 37 and it belongs to the group of alkali metals in the periodic table.
All the elements in this group have one electron in its outermost shell. Rubidium naturally exists in
two isotopes. 73 percent in a natural composition of rubidium is **Rb and 27 percent is ¥'Rb. In my
experiment the *’Rb atoms are used. A lot of information about this isotope and its optical properties
can be found in Ref. [10]. The ¥Rb isotope has a nuclear spin of 3/2. The electronic transition used in
the experiment is between the fine structure levels 5%S,,» and 5°Py, also called the D1 transition. Some
data about the DI transition is given in Table 3-1. The absorption oscillator strength, f, is a
dimensionless quantity giving a measure of the transition probability. It is defined as the ratio between
the absorption rate of an atom, and the absorption rate of a classical single-electron oscillator [11]. It is

given by
omap|
fo =5

where p is the electric dipole moment for the transition.
Frequency W 21t 377.1074635 THz
Vacuum wavelength Ao 794.9788509 nm
Air wavelength (at 760 torr, 22°C) A 794.76569 nm
Lifetime T 27.70 ns
Absorption oscillator strength fi2 0.3420

Table 3-1: Some properties of the D1 transition in rubidium.

The hyperfine splitting of the transition can be seen in Figure 3-1. In the experiments the transition
used is F =2 - F'=2. The wavelength of this transition is 794.7704 nm in air at a pressure of 760 torr
and 22°C.
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Figure 3-1: The hyperfine splitting of the D1-transition in Rubidium.

In a magnetic field the hyperfine levels will split into levels with different magnetic quantum number.
In a weak magnetic field, the splitting is given by the Zeemaneffect. The Zeeman splitting for the F =
2 state in Sy, is 0.70 MHz/G, and for the F' = 2 state in *Py5, it is 0.23 MHz/G". The ground state, in
the quantum state storage process, that will be used is the Zeeman level with the lowest quantum
number, m = -2, in F = 2. The excited state will be m = -1 in F' =2, and the storage state will be m =0
in F = 2. Since electric dipole transitions between different magnetic sublevels are forbidden, the
storage state will be metastable. The quantum state storage levels are illustrated in Figure 3-2. The
transitions of the pulses in the process can also be seen in the figure. 0" -polarised light is used for the
single-photon wave packet, were Am = m.-m, = +1. For the second and third pulse Am = -1 and 0"-

polarised light is used. The echo will be 0"-polarised.
m=-1

m=-2
Figure 3-2: The quantum state storage process in the magnetic levels of Rubidium.

The oscillator strength for the transitions between different magnetic levels is given by branching
ratios. The branching ratio for the m =-2, F=2 - m = -1, F' = 2 transition is 1/6. This means that the
oscillator strength is 0.3420 / 6 = 0.0570. Form =0, F =2 - m=-1, F' = 2, the branching ratio is 1/4,
leading to /= 0.0855. The sum of the oscillator strengths, for all allowed magnetic transitions from one
hyperfine level to another, is equal to the total oscillator strength of that transition.

? Magnetic field strength in gauss: 1 G=10"T.
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3.2 Optical pumping

To prepare all the atoms in the ground state, before the quantum state storage experiment, optical
pumping will be carried out. Circularly polarised light, -, will pump Am = -1 transitions. A laser set
from the hyperfine level F = 2 in the %S, state, to F' = 2 in the Py, state, will pump this transition.
From the excited state the atoms will not only decay to the hyperfine level F = 2, but also to the level F
= 1. Therefore another laser, at wavelength 794.7560 nm, is used to empty the F = 1 state. Also this
laser is 0~ polarised. The pumping transitions can be seen in figure 3-3.

r=-2 m=-1 m=0 =1 m=¢

Figure 3-3: Optical pumping using 0™-polarised light. m = 2 in F = 2 is the ground state in the quantum
state storage scheme. The atoms will be pumped to that state.

Once an atom is excited it will fall down again to one of the hyperfine levels, in the S, state. Which
magnetic level it is deexcited to depend on the probability for the different transitions. Only transitions
with Am = £ 1 or Am = 0 are allowed electric dipole transitions. Whatever level the atom is deexcited
to it will be excited again, except if the atom is deexcited to the m = -2 in the ground state. Then it
cannot be excited again with the 0~ light, and it will stay in that level. When the pumping has been
going on for a while almost all the atoms will be in the m = -2 state. This is our ground state, where we
want the atoms. Also the storage state m = 0 in F = 2 will be almost empty, which is even more
important.

Calculations of the requirements for quantum state storage in Rubidium can be found in Appendix A.
There the intensities of the pulses and the vapour pressure needed are calculated. The Doppler profile
for Rubidium atoms is given, and the coherence time is calculated, to see if the requirements for these
are fulfilled.

12



Chapter 4

Equipment

In this chapter the equipment used for the experiments will be described. Most of the items will be
introduced briefly. The electro-optic modulator and the acousto-optic modulator will be described in
more details. This is because these have played an important part in the experimental work.

4.1 The laser

The experiments were conducted with an external cavity diode laser. The laser has been designed and
constructed, as another master's thesis project in the photon echo group [12]. It has a bandwidth of
around 300 kHz. The output power varies between 30 and 40 mW, depending on the settings of the
current to the diode and the temperature. A Profile LDC 202 diode laser driver is used to deliver
current to the diode. The temperature is controlled and stabilised by a Profile TED 200 temperature
controller. Coarse tuning of the laser frequency is done by turning the grating, located at one end of
the external cavity. Fine adjustment is done by changing the temperature of the diode slightly, or by
changing the current through the diode. The laser can be tuned mode-hop free over a range of a few
GHZz". An electro-optic modulator, inside the external cavity, is used for the tuning. As an electric field
is applied over it, its refractive index will be changed and therefore also the length of the cavity. As the
electric field is varied the frequency, which depends on the length of the cavity, is changed. A
Burleigh pulsed wavemeter, model WA-4500, was used to measure the wavelength of the laser.

The light out from the diode laser has an elliptical cross section. To make the beam more circular an
anamorphic prism pair can be used. Depending on how it is turned it can contract in the direction that
the beam is extended, making the diameter smaller. Turned the other way it can expand the beam in
the direction that it is narrow in, so that the beam becomes larger. This latter way is how the prism pair
is used in the experiments. When the beam is larger it will be less divergent.

To avoid reflected light to go back into the laser and disturb it, an optical isolator from Optics For
Research, 10-5-793-HP, was used. It consists of a Faraday rotator with a polariser at each end. The
rotator will rotate the polarisation 45° independent of the direction the light comes from. The light in
the forward direction will be let through by the second polariser. The light in the backward direction
however, will be rotated so that the first polariser blocks it.

4.2 The electro-optic modulators

An electro-optic modulator, EOM, is a device that modulates the light in some way. The EOM type
used, in the experiments, modulates the polarisation of a light beam. It consists of one or more Pockels
cells. A Pockels cell is a crystal, which changes its refractive index when an electric field is applied
across it. Perpendicular to the propagation direction, the crystal has two axes with different
characteristics. When an electric field is applied across the crystal, light polarised along one of the axis
experience one refractive index, and light polarized along the other axis experiences another.

If the light incident on the crystal is polarized at an angle in between the two axes orientations, the
light can be regarded as divided into two beams experiencing different refractive indexes. For
polarization incident at 45° angle, the light will be divided into two equal parts. As the light travels

4 When the laser was built it could be tuned mode-hop free over more than 10 GHz. When the diode inside the
laser was changed, to a diode with less efficient anti-reflection coating, the tuning range decreased.
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through the crystal, there will be an increasing phase difference between the two beams. The phase
difference, after the light has passed the crystal, will depend on the length of the crystal, L, and the
difference in refractive index, An. It is given by [13]

2n
Ap=—L[Dn
0
where A, is the wavelength in vacuum. It turns out that the phase difference depends on the applied
voltage, U, across the crystal, as follows:

Ap = i—n r Bzg w
0

where 1 is the linear electro-optic coefficient, given in m/V. ny is the refractive index in absence of an
electrical field. If the phase difference after the crystal is Tt the polarisation will be turned 90°. In this
case the Pockels cell functions as a half-wave plate. The voltage, which gives the phase difference =, is
called the half-wave voltage, and it is given by:

_ A

2r (h,

If the EOM is used together with two polarisers it can modulate the amplitude of the light. One
polariser is placed before the modulator, to make the light polarised at an angle of 45° between the two
axes of the modulator. Another polariser is placed after the EOM. The two polarisers are rotated so
that they are perpendicular to each other. In this way the transmitted light will be extinguished when
no field is present across the EOM. This is true when there is no natural birefringence in the crystal.
The maximum intensity let through the set-up will occur at the half-wave voltage, when the
polarisation is turned 90°. The transmitted intensity, as a function of the applied voltage, U, is given

by
I=Imaxsin2(7—r v J
2U,y

The suppression of the light, through an EOM that is turned off, is often specified as an extinction
ratio. It gives a measure of how much light that leaks through when the voltage is turned off,
compared to the maximum light through when it is turned on. To get a good extinction ratio it is
important that the light goes straight through the modulator crystal, so that no reflections occur inside.
Reflections of the beam will destroy the polarisation.

UHW

The electro-optic modulators used in the experiments were two Gsénger, LM 0202. They have a half-
wave voltage of 200 V at a wavelength of 633 nm. The extinction ratio is given to be 1:250. The
capacity between the two plates inside the EOM, which generate the electric field, is 90 pF. To
compensate for the crystals natural birefringence, the modulator consists of four crystals. The crystals
are placed after each other along the optical axis, rotated from one another by 90°. They are of equal
length to minimize the total phase retardation, when no field is present over the modulator. The four
crystals are connected electrically parallel, so that the applied field over the nearby crystals are of
opposite sign. In this way all the four crystals contribute to the phase retardation induced by the
electric field.

4.3 The high voltage switches

To turn on the voltage to the EOMs, two Behlke, HTS 31 and HTS 51, fast high voltage transistor
switches were used. These are specified to have a turn-on rise time of less than 5 ns. The turn-off rise
time is 50 ns. A high voltage power supply, Model PS350/500V-25W from Stanford Research
Systems, provided the high voltage. The trig-signal to the switches was taken from a digital pulse
generator, Model DGS535, from Stanford Research Systems. The pulse generator gives a square pulse
of low voltage, with a fast rise time.
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A switch can be coupled in different ways. Two ways that were tested in the experiments are shown in
Figure 4-1. The switch can either turn from high to low voltage, or from low to high, when it is
trigged. The response from the switch can be changed in different ways. The speed of the switch
depends on the resistance in series with the output. The higher the resistance the slower the circuit
becomes. A fast circuit is more sensitive to transients in the signal after the switching.

+y +V

. ]

| L I

out out

Figure 4-0-1: Different circuit configurations for high voltage switches. To the left the output goes from
high to low when the switch closes. To the right it goes from low to high voltage.

4.4 The acousto-optic modulator

An acousto-optic modulator, AOM, uses the fact that a light beam can be diffracted on an acoustic
wave inside a medium. An AOM consists of a piezo-electric transducer bonded to a crystal. When an
electric radio frequency, RF, signal is applied to the transducer a mechanical strain is generated inside
it. The mechanical strain will then travel through the crystal as an acoustic wave. The wave will act as
a grating for the light. The wavelength of the acoustic wave depends on the frequency of the applied
RF-signal. Acousto-optic devices in general are described in more detail in Ref. [14].

Depending on the acoustic wavelength, A, compared to the wavelength of the light, Ay, there are
different kinds of diffraction. If

21mA L

n\’
the interaction, between the light and the acoustic wave, is said to be in the Bragg regime. The
diffraction can be seen in Figure 4-2. L is the length of the acoustic wave and # is the refractive index.

>>1

A

\

Figure 4-2: The diffraction of the beam inside an acousto-optic crystal. Oy is the Bragg angle, L is the
length of the acoustic wave and A is the wavelength of the acoustic wave.

When the light is incident at a certain angle, the Bragg angle 0g, there will be only one order of
diffraction. This is because except for the forward direction the light will only interfere constructively
in that one direction. If the incident and the diffracted beam experience the same refractive index, the
interaction is said to be isotropic. In this case the Bragg angle is given by
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BB = M
2nv
where f; is the frequency of the acoustic wave, and v is its velocity. The angle between the zero and
first order will be twice the Bragg angle. The efficiency of the AOM will decrease rapidly as the angle
is changed just slightly from the Bragg angle. The efficiency is given by the intensity in the first order
divided by the intensity of the incident beam. It depends on the power, P, of the RF-signal as

1
“L =gin? [const E{Q
1, 2

The constant depends on the acoustic wave dimensions. Ag is the wavelength of the light and M is the
acoustic-optic figure of merit for the crystal. A typical efficiency curve versus RF-power for a crystal
can be seen in Figure 4-3.
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Figure 4-3: Efficiency versus RF-power for a typical acousto-optic modulator.

The extinction ratio for an AOM is defined in the same way as for an EOM. It informs about how
much light that leaks through, in the direction of the diffracted beam, when no RF-field is applied to
the crystal. To get a good suppression, the beam should be aligned such that reflections and scattered
light inside the crystal are minimised.

The rise time of an AOM is given by the time it takes for the acoustic beam to travel through the light
beam. The more the light beam is focused the faster the modulator becomes. But if the beam is
focused too hard, it will not be small throughout the whole acoustic wave. It is also a problem that the
outer part of the beam and the middle part of the beam will propagate at slightly different angles
toward the focus, if the beam is focused too hard. Then only the middle part will fulfil the condition of
the Bragg angle. The light beam should also pass the crystal close to the piezo-electric transducer to
get a fast response. It is there that the quality of the acoustic wave should be the best.

When an AOM is used, it is also important how the crystal is oriented in the direction perpendicular to
the one that sets the Bragg angle. In this other direction it should be oriented so that the light comes in
close to the Brewster angle. In this way the losses in the surface, due to reflections, will be minimised.

The AOM used in the experiments were a Model 7200 Cavity Dumper from Coherent. This cavity
dumper is constructed for use inside a cavity of a Picosecond dye laser system. It then enables a
selective repetition rate of the output pulses. In the experiments here it was instead used as an ordinary
modulator, with the beam just passing once through the crystal. It consists of two units, the 7210
Cavity Dumper Head and 7211 Cavity Dumper Driver. The crystal used in the Cavity Dumper Head is
a Si0, Cavity Dumper, Model H-101, from Harris. Some specifications of the crystal are a rise time of
less than 8 ns and an extinction ratio of 500:1. The diffraction efficiency is 15-20 percent for single
pass, at the wavelength 514,5 nm. The frequency of the radio frequency field, from the driver, is 380
MHz. The maximum allowed power of the RF-signal in continuous wave mode is 1 watt. In pulsed
mode the maximum allowed peak power is 10 W, as long as the average power do not exceed 1 W. It
is recommended to stay well below both these limits. Besides the Coherent Driver, an Arbitrary
Waveform Generator, AWG 520, from Sony Tektronix were used to drive the RF-field. It had a
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resolution of 1 GS/s. A Mini-Circuits Amplifier LZY-1 was used, together with a DC Power Supply
PS3010 from HQ Power, to amplify the RF-signal.

4.5 Electrical equipment

Attenuators of electrical signals were used in the experiments. Attenuation, as well as amplification, is
often expressed in dB.

Attenuation in dB=10 Dlog( E, j

out
where P;, and P,,, is the power in and out of the attenuator. There is also attenuation, of approximately
-0.3 dB/m, in the coaxial cables used. To suppress reflections in the cables a resistance of 50 Q is

normally put parallel to the signal, at the end of the cables.

4.6 Additional optical components

Several different optical components were use in the experimental set-up. Lenses of different focal
lengths, mirrors for infrared light and apertures were used for the alignment. A pinhole of diameter 50
pUm and a Newport F-SV single-mode fibre were tested in order to see whether they could improve the
spatial cross section, of the laser beam. The fibre had a core diameter of 4 um. To picture the beam
cross section a 3ComHomeConnect CCD-camera was used. A/2-plates and A/4-plates were used to
manipulate the polarisation of the light. Rotated at a certain angle, a A/2-plate will turn the
polarisation, of linearly polarised light, by 90°. A A/4-plate will make linearly polarised light circular
polarised, if rotated at a certain angle. It can make the light either right-hand or left-hand circular
polarised depending on how it is rotated.

4.7 The cell and the heating

The cell used in the experiment is cylindrical, and comes from Toptica Photonics. It is 2.5 cm long and
has a diameter of 2.5 cm. On the sides there are thin optical surfaces. Inside the cell there is a natural
composition of Rubidium.

To heat the cell two hairdryers were used. These were turned so that they blow on the optical surfaces
of the cell. The optical surfaces have to be the warmest points of the cell. If this is not the case the
non-vaporized Rubidium will stick to these surfaces. The temperature was regulated by changing the
distance between the dryers and the cell. The temperature was measured with a thermoelement wire of
NiCr-Ni, Type:K. It was placed at the point of the cell that was expected to be the coolest. It is the
coolest point of the cell that sets the vapour pressure inside the whole cell. The resistance thought the
thermoelement was measured with an ohmmeter. The resistance increases as the temperature
increases.

4.8 The detection

For detection of light photodiodes and photomultiplier tubes can be used. A photodiode consists of a
photosensitive cathode. Photons hitting the cathode will extract electrons from the surface. The
electrons will be accelerated towards the anode by an electric field. The current from the electrons will
be detected. A photomultiplier tube works almost in the same way. The electrons released from the
cathode will be amplified on a series of dynodes. Each electron will extract a few more electrons from
each dynode. In this way the signal is multiplied at every dynode. At the end of the tube the current
will be detected. A photomultiplier tube can detect much less light than a photodiode because of the
amplification. However, noise will be generated in the amplification process. This will lead to a higher
noise level than for the photodiode. Therefore it is not advantageous to use a photomultiplier if the
signal is weak compared to the noise level. Weak signals can only be detected, in a photomultiplier or
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a photodiode, if the noise is even weaker. To reduce the noise the tube can be cooled and screened
from surrounding light. More information on the noise in a photomultiplier tube can be found in Ref.
[15].

The photo-diode used in the experiments was an ET2010 from Electro-Optics Technology. It has a
sensitivity of 0.4 A/W at 830 nm. From the sensitivity curve it can be seen that the sensitivity is almost
the same at 795 nm. The rise time is less than 1 ns. The photomultiplier tube used was a Hamamatsu
R943-02. It has a rise time of 3.0 ns and a transit time through the tube of 23 ns. A typical sensitivity
is 3.6:104 A/W depending on the operation voltage. The tube has a normal anode to cathode supply
voltage of 1500 V. It has to be operated at a lower voltage when there is much light in the signal, or in
the background. The average anode current should not exceed 1 HA. The voltage to the multiplier was
taken from a Fluke 412B High Voltage Power Supply.

The signals from both the photodiode and the multiplier tube were detected on a Tektronix TDS 540
Digital oscilloscope. Also other electrical signals were studied at this oscilloscope. It has a sampling
rate of 1 GS/s. For both the photodiode and the photomultiplier, it is important that the cable to the
oscilloscope is well screened. If a screened cable is used, the noise from the surrounding will not
interfere as much with the signal. To measure the power in the beam during alignment a LM-2
Coherent power meter, connected to a FM Coherent Fieldmaster, was used.
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Chapter 5

Experimental procedure and
results

In the plan for this master's thesis a lot of experiments were included. The final goal was to achieve
high efficiency photon echoes with counter propagating beams. However, the initial experimental
steps demanded much more work than expected from the beginning. Just to generate light pulses of
the right length, which was the first step, took up a lot of time in this master's thesis project. A reason
for that was that the photon echo group has not previously worked on such short time scales, which
was required for these experiments. Normally work done in the group is on time scales ten to hundred
times longer. The equipment available is therefore not suited right away, for the purposes it is used for
here.

5.1 Generating a short pulse

To be able to perform the photon echo experiments in rubidium, short light pulses have to be used.
Every pulse should have a duration of somewhere between 5 and 10 ns. It has to be this short because
the lifetime of rubidium is around 30 ns. This means that the echo will be much weaker if it comes
later than 30 ns after the first pulse. For both the pulses and the echo, in a two-pulse echo, to fit within
30 ns the pulses cannot have too long durations. It must be possible to distinguish the pulses and the
echo. On the other hand the pulses cannot be too short either. For a shorter pulse it will be harder to
achieve a high enough pulse area, since the power out from the laser is limited. Another reason for the
pulses not to be short is that they then will have a larger bandwidth. If the bandwidth is too large the
light will cover more than one transition, and the experiment will be ruined. The separation between
the hyperfine levels in the excited state in rubidium is 817 MHz. For a pulse with a Gaussian shaped
intensity distribution over time, the minimum full width half maximum, FWHM, of the pulse is given
by [16]:

_20n2

nthv
where AV is the bandwidth of the pulse. It can be calculated that the pulse should be much longer than
0.54 ns, in order not to overlap the closest transition. Since it is desirable to have a small bandwidth of
the pulse, the pulse should be close to transform limited. A transform-limited pulse has a bandwidth
that is the smallest possible for its pulse length, given by the expression above. Another important
aspect in the pulse generation is that, there should not be much light before and after the pulse. This
sets rather hard requirements on the extinction ratio, and on the transient behaviour after the pulse.

AT

5.1.1 Generating a pulse with EOMs

The first idea, how to generate short pulses, was to use electro optical modulators, EOMs. Because the
high voltage switches only have a fast rise time, but not a fast turn-off time, more than one switch had
to be used. Two EOMs, with one switch controlling each one of them, could be used. Then one of the
modulators would turn on the light, and the other would turn it off. The high voltage would be put on
one of the plates inside each modulator and the other plate would be connected to ground. Another
way, which was also tried, is to use only one EOM with a switch coupled to each one of the two plates
inside the modulator. First a high voltage is applied to one of the plates, and a field over the crystal is
created. Then a voltage of the same magnitude is applied to the other plate. The field is now turned off
again, since the voltage is the same on both the plates. The result is the same as if no voltage was
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applied to any of the plates. Results from both methods will be given below. First however the losses,
the extinction and the response of a single EOM are studied.

To find the half-wave voltage, the polarisers before and after the EOM were rotated to block the light,
when no field is present over the EOM. Maximum signal through is achieved when the crystal is
rotated with the correct angle and the voltage over the EOM is equal to the half-wave voltage. By
rotating the crystal and changing the voltage for each angle the half-wave voltage was found to be 257
V. The EOM was locked in the position where the maximum signal was achieved. The intensity,
without a voltage applied across the EOM, turned out to be rather high. A reason for this might be that
the EOM is turning the polarisation to some extent even without a field. If the light out from the EOM
is slightly elliptical polarised it will be impossible to extinguish it by the last polariser. To overcome
this problem a A/4-plate can be placed between the EOM and the polariser. By turning the plate to a
certain angle it can modulate any elliptical polarised light to linearly polarised light. The extinction of
the light was improved when the A/4-plate was introduced. Some measurements made, with and
without the plate, are found in Table 5-1.

Without EOM (with polarisers rotated to let the light through) 10.5 mW
EOM with 257 V 8.52 mW
EOM with 0 V 140 pyW
EOM with 257 V and A\/4 8.18 mW
EOM with 0 V and A/4 39 uyW
Background 1.1 yW

Table 5-1: Measurements of the power after the EOM and the polariser under different conditions.

From the above results the losses with only the EOM were calculated to be
Iy~ Loy _ Py =Py _ (10.5-852)0007 _ 10%
1, P, 10.5007° -1.1007°
with the background subtracted. The extinction ratio, for the case with only the EOM, was calculated
to be

1 140-1.1)00°° 1
v = ( 0_3 )10 = =1.7% =—
L, =1, 852007 -140010 60
With the A/4-plate the losses were 22 %, and the extinction ratio was 1/215. It is a good choice to use a

M4-plate together with the modulator, since the extinction ratio is improved. This is of greater
importance than the increased losses when a plate is used.

A switch was now connected to the EOM to study the response of the light upon switching. The light
was detected with the photodiode to see the fast events. It turned out that the signal had a fast rise
time, but there were transient oscillations after the switching. By studying the signal from the switch,
directly connected to the oscilloscope with a probe, the same behaviour as in the light was observed.
Therefore it could most definitely be said that the oscillations is not due to the EOM, but to the switch.
Decreasing the speed of the switch could reduce the oscillations. In Figure 5-1 the light turned on by a
switch, where the resistance in series with the output has been changed between the measurements, is
shown. In the three curves, from the top to the bottom in the figure, the total resistance on the output is
16 Q, 26 Q and 34 Q. It can clearly be seen that the oscillations after the switching is reduced as the
resistance is increased. The rise time however is increased. For the three measurements from top to
bottom the rise time is measured to be 6 ns, 7 ns and 10 ns. As the switch becomes slower the
oscillations are reduced. This is not a solution however, since a fast response of the switch is needed.
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Figure 5-1: The light signal from an EOM, with different resistance on the output of the switch.

In Figure 5-2 signals of the light after an EOM is shown, for cases when the switch is coupled in
different ways. The two configurations are the ones described earlier in Figure 4-1. The signal in the
first picture comes from a switch that turns from high to low voltage, and the second comes from a
switch that turns from low to high voltage. The resistance is almost the same for the two cases, 26 Q
respectively 28 Q. The reason why the signal in the top picture is smaller, and the extinction worse, is
that the EOM was not aligned as well when this signal was collected. Besides this the oscillations are
similar. Therefore the conclusion can be drawn, that the coupling of the switch does not make a
considerable difference. The rise time is around 8 ns in both cases. In the continuation the switches
will be coupled as in the picture at the bottom.

30 T T T T

20 -

10+ q
D 1 1 1 1

0 a0 100 150 200 250

30 T T T T

W [mv]

20

10

1 1
0 a0 100 150 200 250

t [ns]

Figure 5-2: The light response signal from an EOM, with two different electrical configurations of their
switches (compare Figure 4-1).

Two switches where now used together with only one EOM. The switches with slightly different
response, shown in the two top pictures in Figure 5-3, were connected to each one of the plates inside
the EOM. From the signals collected, for each one of the EOMs, a simulation of how the pulse would
look was done. The electrical signal to either one of the switches was calculated, from the measured
signal of the light. Applying these signals to the two plates in the EOM, and looking at the difference
in voltage, a simulation of how the corresponding light would look like was done. The result can be
seen in the third picture in Figure 5-3. The measurement of the real signal of the pulse is given in the
last picture. The switches were located in the same position in time, as the above pictures indicate. It
can be seen that the real pulse has a longer duration than the simulated pulse. The simulated pulse was
made under the assumption that the plates did not affect each other. This is probably not true, since
neither of the sides is connected to the stable ground. Therefore the difference in the two pulses. The
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duration of the real pulse was approximately 13 ns FWHM. The pulse could not be made shorter by
moving the two switches, without decreasing the intensity. The oscillations in the separate switches
are affecting the generation of the pulse, which can also be seen in the picture. After the pulse there are
oscillations, and it takes rather long time until they have faded away. No matter how the switches were
moved in relation to one another, it was not possible to cancel the oscillations after the pulse.
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Figure 5-3: The top two curves show the response of the light from the two EOMs. From these two
functions a simulated pulse has been calculated, seen in the third figure from the top. At the
bottom the real result is shown when both the switches are connected to one EOM, switching
at the same times as above.

Since the plates inside the EOM affected each other when neither one of them are connected to
ground, a set-up with two EOMs were tried instead. There are two ways of generating the pulse with
two EOMs in a row. One of them is with a polariser between the modulators, and one is without a
polariser. In both cases there are polarisers placed before and after both the EOMs. In the first case, the
first EOM turns on the light by letting it through the middle polariser. Then the last EOM turns it off
by rotating the light so that the last polariser cancels it. In the other set-up, without a polariser in the
middle, the EOMs are placed so that they will rotate the light in the opposite direction from one
another. In this way it is hoped for that the oscillations will cancel each other.

In Figure 5-4 the results from both methods have been collected. The time separation between the
EOMs is decreasing in the pictures from top to bottom. For the case with a polariser in the middle, the
pulse duration decreases when the time separation between the switches decreases. However the
intensity of the pulse is also decreasing, which is not desirable. It can be seen that the alignment
without the additional polariser, do cancel most of the oscillations. However the pulse duration for this
case is larger than for the other alignment. With the polariser between the EOMs it is possible to do
short pulses. Even if the pulses can be made short with this arrangement, there is however a lot of light
coming through after the pulse. Therefore neither of the arrangements are good enough. Another way
of generating the pulse has to be found.
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Figure 5-4: Pulses of light generated by two EOMs, with and without a polariser between the modulators.
From the top to the bottom the time separation between the two EOMs is decreasing.

5.1.2 Generating a pulse with an AOM

Since the EOMs did not give good results in generating pulses, an AOM was instead tried. Most
AOMs are much slower than what is required here. A cavity dumper AOM was however found that
should be fast enough. The AOM was set up, and a concave mirror of focal length 7 cm focused the
beam onto it. The RF-signal came from the Coherent drive unit. After the crystal an aperture was
placed to distinguish the diffracted beam from the incident beam. The intensity in the diffracted beam
was measured with and without a continuous RF-field applied to the crystal. This measurement was
done after the aperture. The intensity in the zero order beam, after the crystal, was also measured with
the RF-signal turned off. The background was measured and subtracted from the other measurements.

The efficiency turned out to be low and the suppression was not good. It is hard to adjust the crystal,
and the beam onto it, trying to achieve an optimum. It is also hard to place the aperture in the right
place and making the hole the right size. However these were probably not the main reasons, for not
achieving a higher efficiency and a lower extinction ratio. The beam from the diode laser does not
have a nice symmetrical spatial cross section. Therefore the focus also becomes irregular, and there
will be a lot of scattered light around the focus. Pictures of the beam and the focus were taken with the
CCD-camera. These pictures can be seen in Figure 5-5. The picture of the beam, to the left, shows that
the cross-section is very irregular. Most of the intensity in the beam is located in the mode to the left in
the picture. A lens of focal length 1 m achieved the focal spot photographed, to the right in the figure.
The photo was taken 150 cm after the lens, showing that the beam was quite divergent before the lens.
It is not possible to see the irregularities in the focal spot, or the spread light around the focus. It can
however be seen that the focus is longer in the vertical direction than in the horizontal. Some of the
light in the lower part of the beam is probably reflected at the bottom of the crystal, leading to the high
extinction ratio.

Figure 5-5: Photographs taken by a CCD-camera: The beam cross-section to the left and the focus of the
beam to the right.
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To clean up the beam an attempt to focus the beam onto a fibre was made. There was no success in
getting much light through the fibre. This is partly due to that the loss in the fibre increase when the
wavelength of the light increases above the normal operation range. Then the transmittance will easily
be affected by bending of the fibre. To minimize this effect the fibre was kept as straight as possible.
However, the main reason for only getting through a little amount of light is probably that the focusing
again is not good enough. It is very important that the light is focused onto the core of the fibre, which
only had a diameter of 4 pm. Instead of the fibre another method for cleaning up the beam was tried.
The beam was focused onto a pinhole of diameter 50 pm, with a 5 cm lens. Now most of the light
came through. Around 18 % of the light was lost. It is the outermost parts of the focus that were
blocked. These are also the parts giving rise to most of the scattered light in the crystal. The efficiency
and the extinction were improved by the pinhole, so it was left in the experimental set-up.

A telescope set up by lenses varied the size of the beam, onto the focusing mirror before the crystal. If
the beam is too large the outer parts of it will not fulfil the condition for the Bragg angle. These are
focused with another angle than the middle part of the beam. On the other hand, if the beam is smaller
the size of the focus will be bigger. This will lead to a slower rise time of the crystal and more
scattered light. A size that was good was found and the measurements in Table 5-1 were collected.

Total intensity after AOM 21.4 mW
Background to the total intensity measurement 430 nW
Diffracted beam with the RF-field turned on 562 yW
Diffracted beam with the RF-field turned off 3.07 yW
Background to the diffracted beam measurements 950 nW

Table 5-2: Measurements after the AOM, with a continuous RF-field turned on and off.

From these results the efficiency is calculated to 2.6 %, as shown below. Here the losses in the crystal
are not included in the efficiency expression, as it was in the expression given in the section about
AOMs in chapter 4.
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The extinction ratio is calculated to 260:1, from the measured values above.
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The continuous RF-signal, from the Coherent drive unit, can be seen to the left in Figure 5-6. The
detected signal was measured to 3.66 V peak-to-peak, and the effective value was 1.24 V according to
the oscilloscope. The effective value of the sinusoidal signal, Urys, could otherwise be calculated as
the root mean square of the peak-to-peak value, U,

U

U — pp
RMS 7 \/5

The power, P, is related to the effective value of the voltage as

Uk

R
When the measurement was done the resistance, R, inside the oscilloscope was 50 Q. There were also
attenuators of totally 12 dB coupled in series with of the signal, when it was detected. As the signal is
coupled to the crystal instead no attenuation will be used. From the formula in section 4.5 the power
into the attenuators can be related to the power out of them as

P, =P, 007"

out
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The cable used was of the same length as the cable going to the crystal, when it is connected instead of
the oscilloscope. Therefore the attenuation of the cable can be disregarded. From the measured values
above, the power going into the crystal is calculated to be 0.5 W in the continuous mode.
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Figure 5-6: Signals from the RF-field studied on the oscilloscope. To the left the continuous RF-field is
shown. To the right a pulse out from the Coherent drive unit is studied.

To the right in Figure 5-6 the RF-field for a pulse is shown. The peak-to-peak value here was 6.7 V
and the effective value was 2.4 V at the top of the pulse. From this the peak power 1.8 W is calculated
in the same way as above. To achieve a higher RF-power an amplifier is used. The amplification in it
was approximately 40 dB. Changing the attenuation put in series with the amplifier the power can be
varied. The power of the light is measured, with the powermeter, as the power of the RF-signal is
varied. The measurements, for pulsed mode, are given in Table 5-2. The values of the power into the
crystal, in the third column, are calculated from the voltage in the second column.

Attenuation [dB] | Uocitioscope [MV] | Pre [W] | Piigne [HW]
39 1.7 7.3 122
40 1.4 5.8 100
41 1.26 4.6 90
42 1.06 3.7 76
43 0.88 2.9 63
44 0.76 2.3 54
45 0.62 1.8 44

Table 5-3: Measurements of the light in the diffracted beam, for different powers of the RF-field into the
AOM-crystal.

The result of the measurements can be seen in the graph in Figure 5-7. The points in the graph follow
close to a straight line. The graph can be compared to the curve in Figure 4-3. The measured results
seem to be within the almost linear part of the efficiency curve.
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Figure 5-7: Measured light power versus the power of the RF-field into the AOM.

With the Coherent drive unit it is not possible to change the length of the RF-pulse. It can only
generate pulses of equal length at a given repetition rate. It is not possible to make two pulses shortly
after one another. Therefore the Arbitrary waveform generator was used instead. With the AWG it is
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possible to generate an electric signal with any shape preferred. In figure 5-8 the two RF-drivers are
compared. On top the RF-signals are shown. These are adjusted so that the amplitude will be the same
from both the drivers. It can be seen that the Coherent driver does not give a pulse centred at zero
field. This however does not seem to affect the result in the light pulse. The light pulses can be seen in
the lower part of the figure. The two light pulses, from the different drive units, are very similar. This
means that using the AWG instead of the Coherent drive unit will not affect the results negatively. By
changing the duration of the RF-field from the AWG, the duration of the light pulse can be changed.
There is a limit however of how short the light pulse can be, set by the crystal. Even if the RF-pulse is
made shorter then what is shown in the figure, the light pulse will not become shorter. The pulse
duration was measured to be somewhere between 9.9 and 10.2 ns FWHM, for the AWG.

Coherent drive unit AWG
0z 0z
=
w 0O ]
-
0.2 0.z
0 10 20 30 40 0 10 20 a0 40
B0 B0
Z 40
E
= 0 0
0 0
0 10 20 30 40 0 10 20 30 40
t[ns] t[ns]

Figure 5-8: Comparison between the Coherent Drive unit and the AWG. On top the RF-pulses are
compared and at the bottom the corresponding light pulses are shown.

By making the RF-pulses a little longer a higher efficiency were achieved. The RF-frequency was also
changed a bit from its value 380 MHz, to look for changes in the efficiency’. The best result achieved
is shown on top of Figure 5-9. The frequency was 365 MHz, but the results were almost as good at
380 MHz. The peak voltage of the pulse in the upper part of the figure is 77 mV. This corresponds to a
light power of 3.9 mW at top of the pulse. After the AOM the total power, without an RF-field, were
measured with the powermeter to be 19 mW. The leakage through in the diffracted order, without the
RF-field, was measured to be 2.8 pW. From these measurements the efficiency at top of a pulse was
calculated to be 20 %. The pulse duration is around 10 ns FWHM.
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Figure 5-9: On top the best light pulse achieve with the AOM and the AWG is shown. At the bottom two
consecutive pulses are shown, with the separation needed to distinguish them.

* One has to be careful when changing the frequency however. The attenuation in the cables is reduced when the
frequency is decreased. This might lead to a too high power into the crystal, with the other settings unchanged.
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At the bottom of Figure 5-9 two pulses generated by the AOM and the AWG are shown. The
separation between them is 22 ns. If they are brought closer together the intensity will not drop far in
between the pulses, before it goes up again. This will be a problem when the pulses are going to be
used in the experiments. The separation now showed is longer than desired, but it is more important to
be able to distinguish the pulses.

5.2 Finding Rubidium absorption peaks

The next step in the experimental work was to look for absorption in the Rubidium cell. The cell was
placed in a holder in the beam path. To find absorption peaks in rubidium at room temperature a
sensitive measurement method is needed. The transmitted signal was studied, as the laser frequency
was tuned back and forth, over a small interval. The modulation of the laser frequency was over about
1 GHz, and it was a sinus modulation. This modulation corresponds to an electrical signal to the EOM,
inside the laser, of 80 V peak to peak. The centre frequency was changed, and the modulation of the
signal was studied as a function of the wavelength. The wavelength was measured at the same time by
the Burleigh wavemeter. The Fourier transform of the signal was studied at the oscilloscope. The
modulation frequency was 13.3 kHz. One reason for this choice was that this frequency is far away
from the low frequency noise in the background. It is also chosen as an odd number not to interfere
with the sampling frequency of the oscilloscope.

A peak could be seen in the Fourier transform at the modulation frequency, at all wavelengths. This is
due to the fact that the laser intensity varies as a function of the wavelength. Some changes in the peak
at the modulation frequency could be seen as the wavelength changed. If the centre wavelength of the
modulation is located at one side of an absorption peak, there will be an increase in the modulation
frequency peak on the oscilloscope. When the wavelength is modulated back and forth just on top of
an absorption peak, there will be a modulation of the signal with twice the modulation frequency. The
two different modulation intervals are shown in Figure 5-10. This is a very sensitive measurement
method to make sure whether on a top of an absorption peak or not. There will be no signal peak at the
double modulation frequency in the Fourier transform unless the wavelength is located at an
absorption peak. This is true as long as no mode-hops occur in the laser frequency. It could easily be
confirmed that so is not the case.

b.

Figure 5-10: Modulation of the laser frequency at the position a. gives
a modulation of the signal at the modulation frequency,
and at the position b. it gives a modulation at twice the
modulation frequency.

Using the method described above four peaks in the D1-line was found. Looking at the cell at the
same time as the frequency were tuned back and forth over a top with a low modulation frequency,
fluorescence could be seen. This confirmed that there were actually absorption peaks at the locations
found. The locations of the peaks and the modulation signal strengths can be seen in Table 5-4. The
strength of the modulation signal can just give a hint of the strengths of the actual absorption peak, and
is not an exact measurement.

)\ [nm] Slgnal at 2'(*)modulation [UV]
794.7501 21.6
794.7553 70.4
794.7622 102.0
794.7653 31.6

Table 5-4: Measurements made of the signal on the oscilloscope, at the double modulation frequency in
the Fourier transform. Absorption peaks were found at the wavelengths given.
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By comparing the result to a known absorption spectrum [17] the peaks could be identified. The two
strong peaks in the middle come from the ®*Rb isotope. The peak at 794.7501 nm is from *’Rb and
corresponds to transitions from the level F = 1. This peak consists of two hyperfine transitions, not
resolved by this measurement technique. The transitions are F = 1 to F' = 2, which has the lowest
wavelength, and F = 1 to F' = 1. The peak at 794.7653 nm is the transition from the other hyperfine
level in the ground state. Here the transitions F =2 to F' =2 and F = 2 to F' = 1, cannot be resolved.
These two peaks are separated by 817 MHz, as are also the two peaks from F = 1 described above. The
Doppler linewidth is approximately 500 MHz FWHM at room temperature, calculated from the
formula in Appendix A. Therefore the peaks will overlap in frequency and they cannot be resolved.

When the measurements above were made the AOM was in continuous wave mode. In this mode the
absorption is very weak. This is due to the fact that when the laser is set to a transition from the F = 1
state in the ground state, the atoms will be pumped over to the F = 2 state in the ground state. From
there they cannot be excites again, because the bandwidth of the laser is much smaller than the
separation between the two hyperfine states in the ground state. This pumping occurs rather fast
because there are not many atoms in the cell, compared to the number of photons in the beam. The
absorption seen is therefore mostly due to the atoms entering the beam from the sides. These atoms
have not yet been excited. In the same way the atoms are pumped over to the F = 1 state when the
laser is set to the F = 2 transition. To see more absorption the laser could be run in pulsed mode, with
low repetition rate. If the repetition rate is low enough, there would be enough time between the
pulses, for most of the atoms to relax back to both hyperfine levels. It was possible to find the peaks
with continuous laser light in the measurement above, because the method used there is very sensitive.
To collect absorption spectra on the other hand, it is hard to see anything unless the absorption is
increased.

An attempt to collect an absorption spectra was made with pulses. To increase the absorption further
the cell was heated. The two hairdryers was put on each side of the cell. The termoelement was placed
on the point of the cell were the lowest temperature was found. The absorption was measured at
different frequencies. The laser frequency were changed by hand by changing the temperature and
current through the diode. In this way it is hard to get a nice absorption spectra. The laser does mode-
hops when tuned like this. Therefore it is difficult to collect information at some wavelengths. Also the
wavemeter drift some in time, not showing the right wavelength. It can easily be calibrated, but it
takes some time to do between each measurement, since a lot of points are to be collected. Not enough
measurements were made to get an absorption spectra. A spectra could be achieved if more time were
to be put on this. It is however not of any importance to the continuation of the experimental work to
be carried out here, and therefore it is not done.

5.3 Detecting an echo

Before any attempts to detect an echo were made, an estimation of how strong the echo signal would
be was made. For that purpose some measurements were needed. A rough estimation of the beam
radius was made by measuring the power in the beam, as different parts of it were blocked. A
razorblade was inserted into the beam from one side. It was gradually moved blocking the beam more
and more and from the measured power at the different positions, an estimation of the beam spot size
was made, to be 0.5 mm. The peak power of the pulse before the cell was measured to be around 450
UW. This was done by measuring the power of continuous light with the powermeter and then
comparing the signals from the photodiode, for the two cases. The temperature in the cell was
approximately 59 °C. A calculation of how many photons there is supposed to be in a two-pulse echo,
under the conditions given above, is done in Appendix B. In this calculation the absorption of the
echo, on its way out of the sample, is not included. The echo will therefore be weaker than what is
calculated in the appendix.

To detect the echo signal a photomultiplier tube was set up. To distinguish the echo from the
excitation pulses, an EOM was placed in front of the detector to open just before the echo came
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through. The excitation pulses on the other hand were blocked. Some of the light from the pulses
would however leak through. Another EOM was placed after the AOM to suppress the light after the
pulses. This EOM was set to let the pulses through and then shut right after they had passed. This
EOM would reduce the light after the pulses, but there would still be some leaking through. Some
peaks in the light after the pulses could be due to reflections of the RF-signal in the cables. To
suppress these reflections attenuators were placed, both between the AWG and the amplifier and
between the amplifier and the crystal. The power from the AWG was increased to compensate for the
attenuation. The reflections would however be attenuated more than the signal, since they pass the
attenuators more times. The two EOMs introduced in the set-up will have oscillations, as seen before
when they were used trying to generate light pulse. However, the intention was that the suppression
they achieved would improve the signal more than the oscillations they introduced would damage it.
The experimental arrangement to detect the photon echo can be seen in Figure 5-11.
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Figure 5-11: The experimental set-up for detection of a two-pulse photon echo. The two excitation pulses
can be seen in the picture as well. AOM stands for acousto-optic modulator and EOM for
electro-optic modulator. Lenses, mirrors and polarisers are also shown in the drawing.

The beam was focused in the cell to get a high intensity. A lens with a focal length of 15 cm was used
for this purpose. To find the exact position of the focus, the CCD-camera was placed in the beam after
the expected focus position. The beam cross section was studied, as a razorblade was moved slowly
into the beam from one side. Depending on which side of the focus the blade entered the beam, the
picture of the beam from the camera, was cut from different sides. By moving the razorblade position
along the beam, always entering from the same side, the focal spot were found. The cell was placed so
that the focal spot was positioned in its centre.

The average current from the photomultiplier was measured as the voltage across it was increased.
This was done in order to make sure that the current did not exceed the maximum limit. It is desirable
to have as high amplification as possible, and therefore the voltage is increased until the current limit
is reached. The signal from the multiplier was then studied with the oscilloscope, and the two pulses
were seen. The positions of the gates from the EOMs could also be observed. This was done by
moving them as the signal was studied, to se how the pulses changed. The EOMs, the AWG and the
oscilloscope were trigged from the digital pulse generator. All four trigger times could be moved
independently. The repetition rate of the pulses from the AWG was 10 Hz.

When the pulses were studied with the photomultiplier they had a duration of 13.2 ns FWHM each.
For comparison the photodiode was set up again. The pulse duration in the signal from the diode was
10.9 ns. It could be seen that fast events are extended in time in the multiplier. Since this effect is
rather small, it would probably not affect the detection of the echo.
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The peak intensity of the pulses when placed off resonance, without being blocked by the EOM-gates,
corresponds to a signal of 397 mV on the oscilloscope. With the EOM-gates placed to block the pulses
the peak signal was found to be 31 mV. This corresponds to an extinction ratio of 1/11 in the EOM for
light that is pulsed. This is a lot worse than for the case when the light was continuous. The
suppression could probably be improved if the EOM was aligned for the pulses, instead of for
continuous light. This is however more complicated experimentally, and was therefore not done.
When the EOM-gate was positioned to block the pulses the amplification in the photomultiplier could
be increased. The peak signal then increased from 31 mV to 61 mV. If the echo is assumed to be one
percent of the pulse intensity®, it should have a peak signal of

% [{397 [0.01) = 7.8 mV

when the amplification is increased.

In Figure 5-12 the signal from the photomultiplier can be seen. The amplification is the same as when
the last measurement above was made. The EOM-gates are placed so that one suppresses the pulses
and the other suppresses the background after the pulses, as described above. A lot of light from the
pulses leaks through the EOM, as can be seen in the figure. The measured curves are zoomed in, to
better see what happens after the pulses. The lower trace shows the signal with the frequency off
resonance. It could be seen that there are some oscillations in the light after the pulses. By moving the
EOM-gates slightly the oscillations can be changed. Minimum oscillations were achieved when the
gates were positioned at the same places as when the signals in the figure were taken. The upper trace
in the figure shows the signal close to resonance. When the frequency was positioned exactly at
resonance the absorption was too high. Instead of changing the temperature, to find an absorption that
is adequate, the frequency was changed slightly off resonance. The absorption was approximately 70
percent at the wavelength for which the signal in the figure was taken. It has been shown that the
absorption should be close to 63 percent to achieve an as high as possible echo intensity. The
absorption can be seen by comparing the signals, on and off resonance, in the figure. The scale of the
upper curve is smaller than for the scale in the lower one.
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Figure 5-12: Signals from the photomultiplier. The signal after the two pulses is zoomed in. The top
picture shows the signal close to resonance and the bottom picture is the signal off resonance.

When comparing the light after the pulses it can be seen that it looks slightly different for the two
cases in Figure 5-12. However, when positioned at different positions within the absorption profile,
the signals after the pulses were also different. No unambiguous conclusions regarding whether some
of the light after the pulse is due to an echo, can therefore be drawn. From the estimation above the
echo signal should be approximately 8 mV. It can be seen from the upper picture in the figure that

® This assumption is not based on the results in Appendix B, but instead on what is known to be a normal value
of the echo intensity if optimum excitation pulses are used.
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such a high signal would easily be distinguishable. The background signal is approximately 2 mV after
the pulses. The noise in the signal cannot be seen in the picture since the signal has been averaged over
a few samplings shots. It was however measured to be approximately 1 mV. The minimum detectable
signal is normally a signal that is as large as the noise level. Considering this limit an echo of 0.13 %
could is detectable. However it might be hard to detect such a weak echo even if it is possible due to
the noise limit. Since the oscillations after the pulses alter with the wavelength, it will be hard to
distinguish the echo from the background.

It is hard to say if there is no echo at all or if there is an echo that is too weak to be detected. A lot of
things can be wrong in either the experimental set-up or in the assumptions made. Maybe the echo is
much weaker than one percent of the pulse intensity. The time separation between the first pulse and
where the echo should come is 44 ns. If this is compared to the lifetime of the excited state, which is
28 ns, it could be understood that the echo will be weak. Another reason for the echo to be weak is that
the temperature was increased to achieve higher atom density in the sample, than was calculated in
Appendix A. This was done because there were many more photons in the pulse than atoms in the
sample. By increasing the temperature, an absorption of the pulses that was adequate was found. The
echo however will not contain as many photons as the pulses. The absorption of the echo may
therefore be higher than for the pulses. By reducing the intensity in the pulses, instead of increasing
the temperature, the absorption of the echo would be more similar to the absorption of the pulses. For
that case the atom density would set the absorption instead of the number of photons in the pulse.
However the intensity of the echo is reduced when the pulse intensity is reduced. This could be
investigated further by calculations, to see if the result could be improved by reducing the pulse
power.

The experimental set-up in the laboratory can be seen in Figure 5-13. This is the same optical set-up as
illustrated in Figure 5-11, but with some additional components. A small part of the beam is led off to
the wavemeter, the white box to the left in the picture, to measure the wavelength. The red box to the
right in the picture is the laser. On the upper table some drive units are placed. In Figure 5-14 the
Rubidium cell is shown, in its holder. The hairdryers can also be seen to the right in the picture.

Figure 5-13: The experimental set-up in the laboratory. The red box to the right in the picture is the laser.
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Figure 5-14: The Rubidium cell used in the experiments, in the middle of the picture. The hair-dryers
used to heat the cell can be seen to the right in the picture.
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Chapter 6

Further analysis of experiments

Initially there were several experimental steps in the plan of this master's thesis. However, only some
of them, described in the previous chapter, were performed. Even if the other steps did not become a
part of the experimental work carried out, some aspects of them were analysed. In this chapter some
considerations of three-level echoes, with pulses coming from the same direction and with
counterpropagating pulses, are discussed.

6.1 Long-lived three-pulse echo

In the previous chapter the effort to try to detect a two-pulse echo was described. The two-pulse echo
only utilizes two levels. The long-lived three-pulse echo utilizes three levels, as in the scheme for the
quantum state storage. For the echo to be long-lived, a storage state with a long lifetime is needed. The
levels in Rubidium, to be used, are the same as the ones given for the quantum state storage in Chapter
3. To define the magnetic levels a magnetic field is to be applied over the cell. This will split the
hyperfine levels into Zeeman components. A suggestion of an experimental set-up for long-lived
three-pulse echo, with pulses from one direction, is illustrated in Figure 6-1.
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Figure 6-1: Experimental set-up for detection of a long-lived three-pulse photon echo. The excitation
pulses and their polarisation are also shown in the picture. Beam splitters, which divide the
intensity in 75/25 percent or 50/50 percent, are drawn in the picture. Further comments are
given in the text.
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The first and last parts are the same as for the two-pulse photon echo. However, now there is only one
pulse generated by the AOM. It is divided into three pulses by beam splitters. The reason, that not all
pulses can be generated from the AOM, is that they shall have different polarisations. The relative
amplitudes of the different pulses can be chosen, by choosing the transmission / reflection ratio of the
beam splitters. The first pulse passes a A/2-waveplate, which turns the linearly polarised light 90 °.
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When the beams are combined some light will be lost in the beam splitters. For the last combination a
polarised beam splitter is used. Operated in the other direction it divides unpolarised light into two
orthogonal linear polarised components. Used as it is here, the losses will be small since the beams to
be combined have polarisations orthogonal to one another. The A/4-waveplate makes linear polarised
light circularly polarised. It will be right-hand or left-hand polarised depending on the rotation of the
plate compared to the direction of the polarisation before the plate. The direction of the magnetic field,
compared to the propagation direction of the pulses, will then decide if the light will be 0" or G*
polarised. The polarisation that the pulses should have after the A/4-waveplate are shown in the figure.
Varying the optical path length for the different pulses changes the time separation between the pluses.
A time separation of 22 ns between the first two pulses, as was the separation in the two-pulse echo
experiment, corresponds to a difference in path length of around 7 meters.

The magnetic field across the cell shall be in the direction of propagation of the pulses, to achieve the
correct polarisations for the scheme. The field should be weak, not to split the Zeeman levels too
much. The separation between the levels should not be larger, than that the bandwidth of the laser
pulse should cover both transitions. The field also needs to be homogenous throughout the sample, for
the direction of it to be well defined. A Helmholtz coil pair, with the coils placed one on each side of
the cell, best achieves this condition. To compensate for the vertical component of the earth magnetic
field, another Helmholtz coil pair can be used. Placed above one another, one each side of the cell, the
coils will generate a field in the opposite direction of the earth magnetic field. The total field
component in the vertical direction inside the cell will then be cancelled.

To achieve the long-lived three-pulse echo, one pulse is divided into three pulses, as described above.
The pulses will therefore be weaker than the pulses in the two-pulse echo. It will lead to a weaker
echo, and the signal will therefore be even harder to detect than the two-pulse echo. Some
improvements of the experimental set-up have to been done to be able to detect such an echo. Either
the pulse power has to be increased, or the noise in the detection system has to be decreased further.

6.2 Three-level echo with counterpropagating pulses

The three-pulse echo described in this section is quite similar to the long-lived three-pulse echo
described above. The three levels involved are the same, and therefore also the polarisation of the
three pulses. In the echo considered here, the last pulse comes from a direction opposite to that of the
first two pulses. This situation is analogous to that of the quantum state storage scheme. For the
scheme to work with a high efficiency, the storage state must be emptied before the pulses are sent in.
This can be achieved using optical pumping. An additional laser is to be used, together with the
existing laser, for this purpose. Echoes generated in this way can be called high efficiency echoes,
since the efficiency should be high, as in the quantum state storage process.

A suggestion of an experimental set-up for high efficiency photon echoes is illustrated in Figure 6-2.
The zero order beam from the first AOM, which was blocked in the previous experiments, is now used
for the optical pumping. It is combined with the beam from the second laser. A second AOM is used
to turn on and off the pumping. In the other direction the second AOM lets the signal, which is going
to be detected, through in the zero order beam. The first two pulses come from the same direction as in
the previous arrangement. The third pulse, however, enters from the opposite direction, as shown in
the figure. The echo will come out of the cell in the same direction as the third pulse. Since it is 0"
polarised and travels in the opposite direction than the two first pulses, it will follow the path of the
second pulse. It will therefore be separated from the third pulse, which will follow the path of the first
pulse. The signal will be led off to the detector by one of the beam splitters. The disadvantage with
this separation of the signal is that half the signal intensity will be lost in the beam splitter.

Another way of aligning the beams are by letting them enter by a small difference in angle. The echo

will then be separated by a small angle from the other beams. A set-up like this will simplify the
alignment and the detection. The intensity of the echo will however decrease with the angle of
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separation. The interacting volume will be smaller. There will also be a small error due to the fact that
the direction of the Doppler shift will not be exactly the opposite for the two beams.

Diode
laser
3
Diode laser H fh\. } O @ 50."5!3'
Anarmorphic Optical ) |
pristn isolator Finhole
—r
EOM

v Rb-cell l\/ i s

T Ap

a0ra0

—t

1
Photomultiplier G \l’ EOM

Figure 6-2: Experimental set-up for three-level echo with counterpropagating pulses. The three excitation-
pulses are illustrated in the picture. The components for the pumping are also shown. Further
comments on the picture are given in the text.

To find out if the optical pumping of the atoms is good the fluorescence from the cell can be studied.
When it disappears the number of atoms in the quantum state storage ground state is high. Only the
atoms that are not pumped will then be excited, and therefore the number of fluorescing atoms will
decrease. The pumping shall be turned off just shortly before the pulses enter the cell. As the time
increases the atoms will relax back to the storage state. This will make the echo much harder to detect.

To carry out quantum state storage, of single-photon wave packets, experimentally is a lot more
complicated. The first step then would be to generate the single-photon wave packet and combine its
path with the second pulse. The second and third pulse has to be very close to Tepulses, for the process
to be reliable. The experiment would probably have to be performed in vacuum, where no other atoms
are present to interact with the single photon. Then the problem arises, how the Rubidium atoms
should be isolated. If a cell is used there is a probability that the single photon will be reflected in the
optical surface of the cell. Another aspect is that, when the photon is recalled it will be hard to subtract
it from the noise in the signal. Since the readout photon will come within a well-defined solid angle,
the noise can be reduced by detecting the signal within a narrow angle. Noise from spontaneous
emission, for example, will be emitted in all directions. It will therefore be suppressed quite effectively
as the angle of detection is decreased.
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Chapter 7

Conclusions

The work of this master's thesis has been a step on the way to experimentally carry out the quantum
state storage scheme introduced in reference [4]. There have to be additional thoughts put into high-
efficiency photon echoes, before the experimental work can be continued. No photon echoes were
detected during the work of this thesis. There might be one or many reasons for that. It is not yet
known why an echo could not be detected. The calculations and assumptions made in this thesis must
be studied further. Going through the experimental set-up again is also a step on the way to find out
what can be improved. It must also be analysed whether the experimental equipment available, in the
photon echo group, is sufficient.

A lot of knowledge was gained regarding experiments of the kind conducted in this master's thesis. No
similar experimental work has been carried out previously in the photon echo group. Particularly
working on such a short timescale has not been done before. Therefore problems that came across
were not as simple to solve, as they would have been if similar problems were known to the group.

In the experimental work done, it was found that the pulses were harder to generate than expected. The
pulse finally generated might be good enough, although it was not as good as desired. If the pulses
were shorter an echo would be easier to detect. The pulses would then easily be separated, leading to
less background when the echo appears. The pulse separation could also be made shorter, if the pulse
duration was shorter, which would increase the intensity of the echo. With the equipment available at
the time I think it will be hard to generate pulses of much shorter duration.

Other materials can be investigated as alternatives to Rubidium. One material to examine further is
Ytterbium, where longer pulses could be used, and there might be others that could be a good idea to
analyse. Finally it can be said that, although the work in this master's thesis has given a considerable
better understanding of how the experiments should be carried out, there is still a long way to go to
demonstrate the quantum state storage scheme.
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Appendix A

Quantum state storage calculations for Rubidium

A.1 Pulse areas

To clarify the requirements for doing quantum state storage in Rubidium, some calculations are
needed. From the expression of the oscillator strength in the section above the electric dipole moment
is found. For the whole DI transition, which is the one used in the two-pulse photon echo to be
conducted, /= 0.3420 and the dipole moment is [11]

2
=2 o 2253710 Cm
2mw

To achieve a Tepulse, a certain amplitude of the electric field is needed. It could be found from the
expression of the pulse area in chapter 2. A pulse length of T = 10 ns is assumed.

E, = LA =653 V/m
2UT

[=2n \/£—T|E|2 ol
Ho f

where n is the refractive index, and g, is the capacitivity for free space. |, is the permeability for free
space. The intensity turns out to be proportional to one over the oscillator strength. If the
approximation that for the Rubidium gas n = 1 is done, the intensity required is 2.26 kW/m?. For the
quantum state storage higher intensities are required, since not the whole D1 transition is used. For the
transition m = -2 to m = -1, the oscillator strength is 0.3420 / 6. The intensity, to achieve a Te-pulse, is
found to be six times the intensity for the whole transition, 7 = 13.6 kW/m®. For the m = -1 to m = 0
transition /= 0.3420 / 4, corresponding to an intensity of 9.05 kW/m?, to achieve a pulse area of Tt

The intensity of the light is given by

To get such high intensities the beam has to be focused. Lets assume that the peak power of the light
pulse is 0.5 mW before the cell. The highest intensity needed, in the quantum state storage process,
then corresponds to an area of 3.7:10® m”. The beam does not have a uniform intensity distribution
throughout its cross section. For a Gaussian intensity distribution, the area of the beam can be defined
by the point were the intensity has gone down by a factor 1/e* of the intensity in the middle of the
beam. The radius of the beam, defined in the same way as the area above, is called the beam spot size.
The beam spot size at a distance z from focus is given by [A.1]

W)= wi 1+
0

where wy is the spot size at focus. If the beam is parallel before the lens the distance z corresponds to
the focal length of the lens. The area calculated above corresponds to a radius of 108 pm. The radius
of the beam is assumed to be w = 0.5 mm before focusing. If the beam is approximated to be Gaussian,
the focal spot should then be z = 0.21 m away, to achieve a radius of 108 pm in focus. This means that
a lens with focal length 20 cm is a good choice. The beam radius at the ends of the cell, which is 2.5
cm long, is found by setting z = 1.25 cm. It is calculated to be 112 pm. This variation of the beam size
throughout the cell corresponds to a variation of the pulse area of 3.6 %. Such a variation could be
considered as acceptable.
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For the two-pulse echo to be carried out, the beam does not have to be focused that hard. A beam spot
size of 265 um is needed in this case. If the beam again is assumed to have a beam spot size of 0.5 mm
before focusing, any lens with a focal length of less than 44 cm can be used.

A.2 Vapour pressure

The transmission of light through a sample of atoms is given by
I=1@"
where [, is the intensity before the sample and L is the length of the sample. @ is the absorption
coefficient and it depends on the frequency of the light. The cross section for absorption, g is related
to the absorption coefficient as [11]
N
=—
7
where N/V is the number of atoms per volume unit, contributing to the absorption. From the oscillator
strength the cross section is found by [11]
2
e
f (W)
2&,mc
where g(a) is line shape function for the broadening of the transition. For Doppler broadening the line
shape function is [16]

ag =

Mc? [w—wo jz
@

1 [27Mc* 57
g(w) =— e

w, kT
where T'is the temperature in Kelvin and & is Boltzmanns constant. M is the mass of an atom, for *’Rb
M=87u= 144107 kg. At the centre frequency of the transition the line shape function has the value

@)= (27
8% w, ' kT

This is the expression used since the laser frequency is set to the transition frequency in the quantum
state storage process. If all these expressions are united it could be seen that the absorption in a sample
depends on both the concentration of atoms and the temperature, as follows

N _ %’ 1 [2mMc?

a=—0H——fH—

V. o2gme”  w, kT
There is also another formula that relates the concentration to the temperature in any gas. The ideal gas
law is given by

pV = NkT
where N is the total number of atoms, and p is the pressure. In the quantum storage experiment that
will be carried out, it is only the ’Rb atoms that are contributing to the absorption. Since the natural
composition of Rubidium contains 27 % *'Rb, the relation between the number of ¥’Rb atoms and the
total number of rubidium atoms is

Ny, =0.27LN
Again uniting the expressions, the absorption can be given as a function of pressure and temperature.
2 2
e 1 (27
a=027L 3= ro— |2 = const L1y
kT 2e,mec” kT T

For a given temperature, the pressure in a gas will always be set by the vapour pressure. If there is an
amount of solid Rubidium, more and more of it will vaporize as the temperature is increased. The
vapour pressure as a function of temperature is given in a curve in [10]. To find a wanted absorption,
iterations between the formula above and the vapour pressure curve are done.
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To achieve the highest photon echo intensity, in a normal two-pulse echo, it has been shown that an
absorption of 'L = 1 is desirable. This corresponds to a transmission through the cell of 37 %. L is the
length of the sample, which in our case is 2.5 cm. The absorption coefficient o should then be around
40 m™. For a two-pulse echo, which is to be carried out, the oscillator strength is again 0.342. From
the above formula, and the vapour pressure, the temperature is calculated to be 28°C to achieve the
desired absorption. At this temperature the concentration of *’Rb atoms is 3.8'10'> m™.

If a three level echo is to be carried out by beams in the same direction, 'L = 1 is still desirable.
Consider such an echo where the levels is the same as for the quantum state storage. The smallest
oscillator strength for the transitions involved is then 0.0570. The temperature required in this case is
calculated to be 48°C, in the same way as above. For the quantum state storage experiment, with
counter propagating pulses, it is instead desirable to have a high absorption, a'L >> 1. For a'L =10, the
absorption coefficient will be a = 400 m™. Then the transmission will be 0.0045 %, which should be
good enough. The smallest oscillator strength is still 0.0570, leading to a temperature of 77 °C. The
concentration of *’Rb atoms at this temperature is 2.410"" m™.

The calculations above are valid if there are much more atoms in the sample than photons in the pulse.
If the number of photons is of the same order as the number of atoms, the absorption will be affected.
Then the last photons in the pulse will experience fewer atoms in the sample, because some have
already been excited. The volume of the beam inside the cell is

V=m’L=9210"m’
where r = 108 um, and L = 2.5 cm is used. From the concentrations above, the number of atoms in the
beam path at 28 °C is Nyoms = 3.410% and at 77 °C it is Nyoms = 2.2:10%. The pulse is again assumed to
have a power of 0.5 mW before the cell and a duration of t = 10 ns. Then the number of photons in a
pulse is given by

Pl1

N poions = P 2.010’
It can be seen that the number of photons is greater than the number of atoms at 28 °C. At 77 °C there
are only ten times more atoms than photon, which is not much. Therefore the results calculated above
can't be used right of to get a desired absorption. To increase the absorption the temperature can be
increased to a point were the desired absorption could be seen in the signal.

A.3 Requirements for quantum state storage

There are some requirements for the quantum state storage scheme stated in chapter 2. One of these is
that the Doppler profile should be much larger than the spectral width of the pulse. The full width half
maximum, FWHM, of the Doppler broadening line shape function is given by [16]

2 /
Aw, = w, (2kTIn2
c M

At the temperature calculated above for the quantum state storage, T = 77 °C, the Doppler broadening
is 540 MHz. From the formula for the minimum pulse duration, in the beginning of chapter 5, the
bandwidth of a transform-limited pulse can be calculated. For a pulse length of 10 ns, the bandwidth is
44 MHz. Since this is much smaller than the width of the Doppler broadening, the condition on the
spectral width of the pulse is fulfilled.

Another condition to be fulfilled is that the coherence time should be long in comparison with the
storage time. The coherence time depends on the homogenous broadening due to spontaneous decay
and to collisions between atoms. For the excited state the lifetime due to spontaneous decay has
already been discussed. For the storage state the collisions will probably be the dominating
homogenous broadening mechanism. The time between the collisions can be estimated, by use of the
hard sphere model, to be [16]
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where p is the pressure and a is the radius of the atom, which is approximately 0.25 nm for a
Rubidium atom. Here the average mass of all rubidium atoms should be used, M = 85.5 u, because
both isotopes contribute to the collision broadening. At 77 °C the coherence time is found to be T, =
3.2 ms. Since this time is rather long it will not be a problem to the storage process. The atoms moving
out of the beam path would instead be a larger problem. The average velocity of the ¥’Rb atoms, at 77

°C, is given by
V=, /Sk—T =292m/s
m

The time it takes for the atoms to travel through a beam, with a diameter of 108 um, is then 371 ns.
This will be the factor setting the limit to how long the storage time can be.
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Appendix B

Intensity of a two-pulse echo

The number of photons, S, in a two-pulse echo, where the pulses has the pulse area 6, and 6,
respectively, can be calculated from the following formula taken from reference [18].

2 2
s=| X 4 tw A, T, ie_zm sin’ 6?1(sin2 i)
T, 8Ln 2

The first part, within brackets, describes how many atoms are in the beam path, and in the right
frequency interval. Here N / V' is the concentration of atoms, A is the area of the beams cross-section
and L is the length of the sample. 7}, is the inhomogeneous relaxation time, related to the
inhomogeneous linewidth as Av = 1/(7T},;,), and 1, is the duration of the excitation pulses. The pulses
must be Fourier limited for the formula to be valid. The exponential term arises from the spontaneous
decay during the time separation, 7, between the first pulse and the echo. 7 is the lifetime of the
excited state. Other homogeneous broadening mechanism, such as collisions, are neglected. A,; is the
Einstein coefficient for spontaneous decay for the transition, and it is equal to 1/1. For the DI
transition 45, is found to be 3.61:10° s'. n is the refractive index, again approximated to be equal to
one. T;,, is found, from the calculated value of The Doppler linewidth in Appendix A, to be 0.59 ns.

To get a desired absorption when looking for the two-pulse echo, the cell was heated to approximately
59 °C. From the vapour pressure formulas in Appendix A, the concentration of *’Rb atoms at this
temperature is found to be N / ¥ = 2.610'® m™. The length of the cell is L = 2.5 cm, and the pulse
duration was around 10 ns. With a lens of focal length 15 cm, and a beam spot size of 0.5 mm before
focusing, the focus spot size becomes 77 um. Here the formula of the beam spot size in Appendix A
has been used, rewritten as

, W wt o Z22A

BT R

The beam size at the ends of the cell, z = 1.25 cm, is then 87 um. To calculate how large the area of
the beam is inside the cell an average of the radius is used, (77 + 87) / 2 = 82 um. The peak power of
the two pulses was around 450 UW before entering the cell. Using the formulas from Appendix A the
pulse areas are calculated to be 8, = €, = 3.1 Tt The time separation between the first pulse and the
echo was T'= 44 ns. The number of photons in the echo is found to be 2.8'10°. This could be compared
to the number of photons in a pulse, 2.0'107, calculated in appendix A. The excepted echo should have
an intensity of 1.4 percent of the excitation pulses. However, in these calculations the absorption of the
echo on the way out of the sample is not considered. When this is also taken into account, the echo
will have less intensity than calculated above.

With both the excitation pulses equal in strength, the optimum number of photons is found with a
pulse area of 6, = & = 2103. With all the other settings, in the experiment, unchanged there would be
1.3:10° photons in the echo. This is almost five times as many as for the pulse areas above.
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