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Figure 6.2: Quantum mechanical explanation of magnetic field compensation in
one-atom maser.

passage, the hyperfine structure spin will precess around magnetic field,
thereby changing the distribution of m; quantum number states in a coher-
ent manner. The probability that the spin after the time ¢ will be oriented
again in the initial direction (my = +3) is given by

Pry—y3(t) = 1 — sin” asin®(wt) (6.2)

where « is the angle between magnetic field and laser beam and w = gF%

is Larmor frequency. The constant gr is hyperfine structure Lande-factor
(here 1/3). This theoretical model comes from the calculations done by
investigating the coherent atomic control of the atomic states described in
Section 6.3.

At the end of the region atoms are promoted to the Rydberg state with
the three-step laser system which was already described in Chapter 5. The
polarization of three laser beams are chosen in a way (corresponding to
04,04,0_) that in 0 magnetic field the excitation rate over the selected
ladder

5512, F'=3,mp =43 = 5P, F'=4,my = +4 —
5D5/2,F:5,mf:+5—>63P3/2,F:4,mf:+4 (63)

is most efficient (i.e. the highest excitation probability is achieved in van-
ishing magnetic field, when there is no precession of the magnetic moment).
However in the presence of magnetic field, the excitation probability of atoms
depends on my quantum number. Depending on how far the spin has pre-
cessed, the resulting superposition of m; quantum levels will be different.
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Figure 6.3: The experimental results of magnetic field compensation in one-atom
maser for all the three spatial directions.
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Because each m; transition has characteristic from Clebsch-Gordan coeffi-
cients dependent oscillator strength, the probability at which the atom will
be promoted into the Rydberg regime depends on the direction and magni-
tude of magnetic field and the interaction time.

Since the precession of a spin is a periodic process, the excitation rate
for an atoms with a fixed velocity depends on magnitude of magnetic field
periodically also (oscillatory behavior of the count rate excitation to the
Rydberg states). Each of these oscillations corresponds to complete rotation
of a spin. However, since in the usual setup the atoms with all velocity
components are excited with the laser that is perpendicular to the atomic
beam, higher order oscillations are smeared out. Only at B = 0 field - the
symmetry center of the curve - the oscillation has a pronounced extremum
since the magnetic moment of all atoms remains temporally aligned. The
required magnetic field compensation point lies in the symmetry center of
this curve.

Such magnetic field compensation using an iterative method is done in
all three directions. There is one special case, when magnetic field is in
the direction of quantization axis, namely laser beam (B||k) direction. In
this case the magnetic moment of atoms and the magnetic field is collinear
and the spin precession around itself yields a zero net result. The magnetic
field compensation in this direction is done by applying a small (~ 3 mG)
magnetic field offset in one of the other directions.

The experimental results of magnetic field compensation are shown in
Figure 6.3. Here the final iterative scans for each of three directions are
shown. The right compensating magnetic field is determined from the sym-
metry center of the curve. The magnetic field compensation in this case is
done with the precision of about 1 mG.

Such magnetic field compensation measurements have been routinely
performed in one-atom-maser experiments before as well, but increased reli-
ability, stability and efficiency of the system allows to compensate magnetic
field better, compared to those measurements [Bod00, Bra0O1l], which have
been performed previously.

6.2 High Resolution Magnetic Field Compensa-
tion

For even more precise magnetic field compensation, a new method was de-
veloped and realized in the experiment. The resolution with which mag-
netic field is compensated, using this new modulation-demodulation tech-
nique dramatically increased by several orders of magnitude. Using such a
method magnetic field compensation was performed for the first time in the
one-atom-maser experiments.

This method employs a lock-in based detection scheme which is used to
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Figure 6.4: The modulation - demodulation scheme for the magnetic field com-

pensation.
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Figure 6.5: Experimental results of the modulation - demodulation magnetic
field compensation. (a) Blue curve shows magnetic field compensation signal; black
curve shows demodulated signal. (b) The slope of the demodulated signal. A linear
fit yields the compensating field By and its error, that gives an absolute resolution
of ~ 10 uG.
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determine the compensating coil current with strongly enhanced resolution.
The main idea is graphically represented in Figure 6.4. The basic steps are:

e Small rectangular modulation (”dither”) is superimposed on the DC-
current (”offset”) of one of the Helmholtz pairs. For the realization
of this new method on each of the Helmholtz coils an additional 10
wire-windings (applied 1 mA current correspond to B = 0.225 mG) for
the field modulation were added. Modulation frequency was limited
by the induced induction in the coils and the optimum value of 2 Hz
was chosen.

e A phase shifted signal defines two detection channels: channel ”+”
and channel ”-”. Channel ”"+” (”-”) is open if and only if the phase
shifted dither signal has a positive (negative) polarity.

e Separate counters determine the excitation events for each of the two
channels. The demodulation signal is obtained by subtraction.

Such measurement is performed for a set of offset currents that are suf-
ficiently dense in the vicinity of the compensating current. Figure 6.5(a)
shows the experimental results. The blue points correspond to usual mag-
netic field compensation signal as it was described in the previous sec-
tion. The black points corresponds to the dispersion signal. A linear fit
y = a(B — By) (Figure 6.5(b)) to the demodulated signal based on all mea-
sured peaks with:

Amin <A< Amax

2 - T 2

yields the compensating field By and its error, that gives an absolute reso-
lution of ~ 10 uG.

Such high resolution magnetic field determination and compensation
in the micromaser experiments was achieved for the first time. The ob-
tained result is three orders of magnitude better compared to those measure-
ments with ”several mG” resolution which have been performed previously
[Rai95][Bra0l].

(6.4)

6.3 Velocity Selected Magnetic Field Compensa-
tion

The new three-step-excitation setup opened the possibility for the detail
investigation of the atomic Hanle precession in the static homogenous mag-
netic field. It also made a magnetic field compensation measurements with
a velocity selected atoms possible. Such kind of measurements were done
for the first time in one atom maser experiments. Performing such measure-
ments allows not only to compensate magnetic field with a higher resolution
compared to the measurements with a thermal atomic beam (see Section
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6.1), but also to perform quantum coherent control of the magnetic sub-
state of the atoms.

The setup of the velocity selected magnetic field compensation (MFC) is
similar to the one used in MFC experiments with the thermal atomic beam
(see Section 6.1). However for the certain atomic velocity group selection
via the Doppler effect a different excitation scheme to the Rydberg states
was utilized.

The main principle of the experiment depicted in Figure 6.6. With a cir-
cularly polarized light of the first laser (A = 780 nm), the magnetic moment
of all atoms are polarized along the laser direction by means of optical pump-
ing. The laser beam direction (?) is also chosen as the quantization axis.
After several hundreds of absorption and spontaneous emission cycles in the
laser beam, the atoms leave this excitation region in a 55 /5, F' = 3,my = 3
state with a well aligned magnetic moment. Afterwards atoms move along
a certain distance (around 8 cm) including the resonator where they are
subjected to a static homogeneous magnetic field.

Magnetic field is produced by three pairs of Helmholtz coils which were
already described in Section 6.1.

During the time of passage the magnetic moment of atoms precess around
magnetic field thereby by changing the distribution of m; quantum number
states in a coherent manner (Hanle precession [Han24]).

At the end of a region using diode lasers (described in Chapter 5) in
a three-step-ladder (A\; = 780 nm; Ay = 776 nm; A3 = 1256 nm) atoms are
promoted to the Rydberg state 63P;/5 and detected using a state-selective
field-ionization detection system.

To realize the excitation scheme depicted in Figure 6.6, the polarizations
of the laser beams are chosen correspondingly. For this purpose the first two
laser stages are circularly (o) polarized and superimposed to hit the atomic
beam perpendicularly. The third laser beam is placed along the atomic beam
and is linearly (7) polarized along the propagation direction of the first and
second stage lasers. This laser is also used for the selection of the certain
well defined velocity group of the atoms by means of the Doppler effect.

The measurements were done at 77 K temperature. The experimental
results of such a Hanle precession are shown in Figure 6.7. The detection of
atoms in the Rydberg state is measured as the_) magnetic field in the direction
perpendicular to the pump laser beam (B L k) is scanned. Here the atoms
with the 345 m/s velocity were chosen.

The laser power were: 5mW for optical pumping, P\, = 5 uW, Py, =
4mW and Py, = 10mW. The power of the \; laser were chosen corre-
spondingly low, to avoid optical pumping and redistribution of atoms where
Hanle precession would be hardly observable (see Figure 6.10).

The symmetry center of the curve shows the compensated (B = 0) earth

and ambient magnetic field. In this scan direction (B L ?) it is at B =
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Figure 6.6: The scheme of experimental coherent atomic control realization. With
the first laser, the magnetic moments of atoms are aligned by means of optical
pumping. Then the atoms pass through the region where they are subjected to
a static magnetic field. At the end of the region, the atoms are promoted to
the Rydberg regime by a three-step excitation. Depending how far the spin has
precessed in the magnetic field, the resulting m ¢ quantum number state distribution
will be different. This is observed by detection of atoms in the Rydberg regime,
because every my have different oscillator strength, therefore different excitation
probability (noted in numbers above each excitation path).

342 mG. In the other B | ? direction the compensation is done in similar
way.

However, the case where the magnetic field is applied in the direction of
quantization axis (B || ?), should be discussed separately. The precession of
atomic magnetic moment in this case can not be observed due to 0 deg angle
between the induced magnetic moment and the magnetic field. To make the
Hanle precession effect visible, a small (~ 2 mG) magnetic field offset in one
of the other directions should be applied. When one applies such a small
offset in the one of the perpendicular directions, the magnetic moment of
atom will precess around this component. However, when the B-field in the
laser direction is strong, this precession would be hardly observable again,
because the effect of this applied component would be in comparison very
small. So only when the B-field in the laser direction is small then this small
offset starts to play a dominant role and the precession can be observed.
Such measurement is shown in Figure 6.8. That is why in this scan direction
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Figure 6.7: Theoretical fit and experimental results.

the oscillations are observable only at almost compensated magnetic field
(here compensated magnetic field corresponds to B = 210 mG).

Such magnetic field compensation measurement using coherent control
of atoms is done in all the three directions in an iterative way.

Figure 6.9 shows a scan for different velocity groups of atoms. Since the
different velocities of atoms takes a different time of passage through the
region where magnetic field is applied, the accumulated precession angle is
different also. Therefore the period of the Hanle precession is smaller for
the higher velocities of atoms. Due to the different number of atoms in each
velocity group the corresponding count rate is different also. For the clarity
reasons the count rate here was normalized to the symmetry point of the
curve. At the compensated magnetic field for all the atoms no precession
occurs what leads to the dark state. This is clearly pbserved from the point
where all the curves overlap (By = 342mG). From such measurements,
the magnetic field compensation with the precision of the 0.3 mG in each
of the three directions is done. This gives more than 3 times better res-
olution than using common (see Section 6.1) magnetic field compensation
approach, but is less sensitive than demodulation technique (described in
Section 6.2) where the absolute resolution of ~ 10 uG is achieved. Nev-
ertheless, such measurements were performed not to increase the B-field
compensation resolution even more, but for better investigation and under-
standing of coherent control effect of atoms.

As mentioned above, if in the excitation to the Rydberg states process
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Figure 6.8: Experimental results of magnetic field scan in the B || ¥ direction.

the laser power of the first stage is sufficient to make an optical pumping, it
affects the final Hanle precession signal. It is shown in Figure 6.10, where
the power of the first stage laser was P\, = 6.2mW, as compared to the
Py, = 5puW used in measurements shown in Figure 6.7. In this case the
secondary minimas are suppressed due this optical pumping effect. The
qualitative explanation can be done by investigating the whole excitation
to the Rydberg states scheme. If one has a oo 7 scheme, the excitation
probability in the Rydberg states grows towards the direction of extremal m
state (see the numbers over each of excitation paths in Figure 6.6). If there
is not dark state at the extremal m; = 5, one would observe a maximum
count rate for a perfectly compensated magnetic field. But in addition to
this behavior, one has an abrupt cut, because the excitation to the extremal
63P3/2 my = 5 state probability is zero, which gives a qualitatively sharper
minimum for the compensated magnetic field (see Figure 6.7). Therefore,
one has a double structure in this curve.

Now if the sufficient optical pumping takes place in the excitation path
to the Rydberg states, the population towards the extremal m states occurs
as in the case for the compensated magnetic field. Therefore the case where
B = 0 is not affected. However, in this case the secondary minima (which
is the effect of the negative mj sublevels, which population is depleted by
optical pumping) is suppressed (Figure 6.10).

To explain the observed data the optical pumping, the evolution of the
atoms in a magnetic field and the detection process have to be described
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Figure 6.9: Experimental results of magnetic field scan for different classes of
atomic velocities.

separately.

The calculation approach chosen here is formally very simple (similar
to the one described in [BKDO08] where the Hanle effect calculation is done
for the simple F' = 0 — F = 1 transition). It has the advantage that the
influence of different processes can be followed directly. The main idea is
represented in Figure 6.11:

1. Starting with the ideal case, it is assumed that the optical pumping
is ideal and laser beam direction is chosen as the quantization axis,
where the optical pumping is described as o..

2. Since chosen atomic coordinate system does not coincide with the B-
field direction, in order to describe precession, a coordinate rotation
using the Wigner D-matrix into the direction of the magnetic field is
necessary, where the magnetic field is chosen now as the quantization
axis (and is perpendicular to laser direction). One has to calculate the
Wigner D-matrix for arbitrary rotation angle (¢« =0, 8 =0, v = 7/2;
here a, 8 and v are the Euler angles) in 7 dimensions (for 55y /o, F' = 3
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Figure 6.10: The scan of magnetic field with the higher first stage laser power
Py, = 6.2mW due to the optical pumping effect shows spoiled Hanle precession.

and each m state) according to the [Wei78]:

() _ = DNV +Hm)G = m)G A+ m)(G - m)!
Dm0 = 3 5G % m = NG == N — )]

A (6.5)

« €im’a (COS %ﬁ)2j+m—m’—2)\ (sin %ﬁ)m/—m+2>\eim7

3. The interaction with the magnetic field. In this case the phase factor
e"™swLt for each my state is added, where wy, is the Larmor frequency
and ¢ is the interaction time.

4. Wigner D-matrix is rotated back, where the coordinate system again
is chosen in the detection laser beam direction.

5. Finally, the excitation transition probabilities are calculated by using
general formula [MvdS99] for each transition separately (see Figure
6.6):

fleg = 6(_1)1+L/+S+J+J/+I—M§, <a/L'||r||aL)

x /(2] + 1)(2J" +1)(2F + 1)(2F' + 1)

><L/J’SJ’F’I F 1 F
J L 1 FJlqu—TTlf

(6.6)
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Figure 6.11: Scheme of the theoretical model for the Hanle precession calculation.

Here the 3 — j and 6 — j symbols were taken from [RBMJKW59]. In the
calculations it is assumed, that the magnetic field is constant over the whole
interaction region. Asymmetries in the observed spectra can be attributed
to such imperfections and therefore are not reproduced by the calculations.

For easier and faster calculation and variation of the fitted experimental
parameters the whole theoretical model process was programmed.

For the explanation of the observed signals when the magnetic field is
scanned over a wide range (Figure 6.12), two additional effects have to be
taken into account:

e First, optical pumping in a finite magnetic field is not perfect and the
atoms no longer start their interaction with the magnetic field in the
extremal my state.

e Second, the averaging due to a non perfect velocity selection has to be
taken into account.

While the first effect can be treated by including a magnetic precession into
the description of the optical pumping process, the second effect is treated
by averaging several obtained spectra over different velocities. The velocity
spread of the atoms can be calculated in a time of flight setup and was
determined to be 8% (see Section 4.3). Figure 6.12 shows that all relevant
features of the measurement can be reproduced in the theoretical calculation.

The theoretical fit to the measured curve in Figure 6.7 was done by using
analytical approach. First, it was assumed that all atoms are pumped by
the 780 nm laser into the extremal my state and start interacting with the
magnetic field in the 55} 5, F' = 3, my = 3 ground state. If the direction of
the magnetic field does not coincide with the propagation direction of the
780 nm laser, the coordinate system has to be rotated with a 7 x 7 Wigner
D—Matrix. As the state selective field ionization of the Rydberg atoms is
insensitive to the mj; quantum number of the Rydberg atom, the observed
signal depends on the probability to excite the ground state atom into the
Rydberg manifold with the three step laser system. If the magnetic field is
perpendicular to the propagation direction of the first two lasers, an analytic
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Figure 6.12: Theoretical model and experimental measurement of the Hanle pre-
cession over a large range of magnetic field scan.

formula for the excitation probability of the atoms is given as a sum over 6
cosine-terms with real amplitudes A;, where only angular part of transition
matrix element gives an overall scaling and the calculated curve has to be
multiplied by a Py factor to match the count rate:

i=6
P=PF-(Ay+ Z A; - cos(2i-wrt)) (6.7)
i=1

Here wy, is the Larmor frequency and ¢ the interaction time. If the excitation
is performed via the 5D; F' = 5 level, dipole selection rules ensure, that only
the 63P, F' = 4 level can be excited in the Rydberg manifold. So a particular
hyperfine level of the Rydberg manifold can be selected even if these levels
cannot be individually resolved in spectroscopy. For this case, the prefactors
A; are given in Table 6.1. While in the first two labeled excitation schemes
the case of zero magnetic field corresponds to a dark state, it corresponds to
an excitation maximum in the case of o+ o4 o_ excitation. For comparison,
in the last column the excitation probability for a single step excitation from
the 557 /5 ground state to the 63P3 /5, Rydberg state with o polarized light
is given, where such an excitation scheme was utilized in former magnetic
field compensation measurements.

The dependence of this probability on the magnetic quantum number
of the ground state is shown in Figure 6.6. As each hyperfine level of the
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Table 6.1: Coefficients in the general expression for the excitation probability
for different excitation schemes. All coefficients are expanded only to give integer
numbers and have to be scaled to match the overall excitation probability. The last
column represents one step excitation used in the previous micromaser experiments.

Oy 04 T | O O4 O Oy 04 O— o4+
Ap | 131026 4942 2043398 2
Ay | 60464 -1912 2993272 1
Ag | -116555 | -4625 1163435 0
Az | -64040 820 229580 0
Ay | -10370 706 20810 0
As | -520 68 700 0
Ag | -b 1 5 0

ground state ends up in one specific substate of the Rydberg manifold due to
well selected laser polarizations and therefore well defined excitation paths,
interferences between different excitation pathways are not observed and not
included in the calculation.

Figure 6.7 the shows the excitation probability for slight detuning of
the magnetic field around zero. The polarizations of the three lasers are
o4o4m. Minima can be observed for Larmor precession angles of 0, 7 and
2m. Whereas the minima at the even multiples of m can be explained as
dark states of the excitation process, the minima at the odd multiples of
m are due to the small excitation probabilities for negative my states. The
sensitivity of magnetic field detection is therefore increased by a factor of
two compared to a one step excitation process where minima occur only at
odd or even multiples of .

As mentioned in the beginning, such kind of measurements were done
for the first time in the one atom maser experiments. Using the new three
step laser excitation scheme opened the possibility to make precise magnetic
field compensation by selecting just one velocity group of the atoms.

This method can be used not only to control the ambient magnetic field
in an atomic beam apparatus but also to control the magnetic substate
and Zeeman coherences of the atoms in a well defined interaction region.
Applying a small magnetic field in a specified direction and selecting the
velocity on the excited atoms it is possible deterministically control the
magnetic substate of the atoms after the interaction region. In principle
every magnetic state which corresponds to a magnetic moment pointing in
a well defined direction can be produced on demand. This demonstrates the
possibility of coherent control of magnetic substates in an atomic beam.

If the setup is seen as an atom interferometer, the rotation of the quanti-
zation axis in the direction of the magnetic field puts the atom in a coherent
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superposition of mp sublevels, each of which acquires a different phase in the
magnetic field. By rotating the quantization axis back into the propagation
axis of the probing lasers the 7 different interferometer paths are superposed
again, and an interference signal is observed.



Conclusions

In this thesis the methods and improvements applied to enhance the reso-
lution of quantum field measurements in the one-atom-maser are described.

To achieve such results, almost all components of the system had to be
revised either conceptually or technically. The most crucial upgrades and
developments in this work concern the cryogenic system, the new three-step
diode laser system, various upgrades on the atomic oven and field-ionization
detection system.

The improvements also include the refinement of several techniques that
are instrumental in calibrating the system, like highly sensitive measurement
of the magnetic fields.

Also, new implemented methods in the spectroscopic setup using three-
step diode laser system opened the possibility of exciting other maser states
that have never been done until now.

A consequence of various implemented improvements and upgrades of
almost all components of the system have culminated to the main result of
this work. It significantly increased contrast of the quantum features of the
field in resonator, vacuum Rabi oscillations, by a factor of ~ 10. This is
the best result for the closed-cavity systems at the temperatures below 1 K
reported so far.

Given the strongly enhanced capability of the apparatus to resolve the
quantum features of maser fields, the prospects of more demanding exper-
iments like atom-atom correlation, quantum stochastic resonance or phase
diffusion have significantly improved.
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