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Abstract

The antiprotonic helium (p-He'), a three-body system which consists of one
electron, one helium nucleus and the antiproton (p), is the only known exotic atom
which keeps the antiproton as long as a few microseconds. Since the first discovery
of this longevity in 1991, many experiments have been performed. Then it turned
out that this metastable system provides us an excellent way of studying antiproton
properties, which can be a key to the test of CPT invariance.

The antiproton charge and mass were precisely determined by former laser spec-
troscopy of the p-Het, and now we are also interested in the magnetic feature of
the antiproton, especially its magnetic moment. By a combinational use of the laser
and the microwave, we intend to perform microwave spectroscopy to observe the
hyperfine structure (HFS) and superhyperfine structure (SHFS) of the p-He™.

This laser-microwave triple resonance experiment is to be performed from 2000
in CERN, using Antiproton Decelerator (AD). The setup of the p-He™ spectroscopy
experiment was almost successfully developed to produce various powers and fre-
quencies of microwave field at the helium target region. By using a cylindrical
microwave cavity and a triple stub tuner, we made a tunable high-() microwave res-
onator which can be operated in a cryogenic condition. Microwave detection system
was also constructed using I/Q mixers, and we verified that microwave field actually
resonated inside the cavity.

For the search of the resonances we must determine the optimum experimental
conditions in advance. We simulated the laser-microwave transition process of the p-
He", and found that the laser intensity of 2.0mJ/cm? is best to cause the maximum
population asymmetry. The microwave input power should be the maximum power
of 3kW when we search the HFS resonance, and when we search the SHFS the
estimated optimum microwave power is 1.5W.

Using the numerical and experimental results, the signal-to-noise ratio of the
transition signal is estimated. It is concluded that we will need hundred AD shots
for each microwave frequency to observe the microwave transition, which indicates
the feasibility of our experiment.
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The antiproton was named so because it was expected to have same mass and
opposite charge compared to those of proton®. The precedent discovery of positron
and success of the Dirac equation were convincing enough for that moment. Yet
nobody could ever prove, nor disprove, that it is really antiproton in the sense
above. Only recently can we discuss the equality of the properties between them.

In the system of modern physics, there is one fundamental proposition which
predicts symmetrical nature of every particle/antiparticle pair. That is the CPT
invariance theorem in the quantum field theory. Here C stands for the charge conju-
gation, P for the space reflection, T for the time reversal, and CPT is a combination
of these three transformations. The theorem demands physical laws in all the local
field theories with Lorentz invariant Lagrangian to be invariant under CPT trans-
formation. Though invariances for these transformations were once believed, studies
on the weak interaction revealed P[2] and CP[3] violations. Thus the CPT invari-
ance also comes to be experimentally tested with high accuracy. The invariance
against CPT transformation requires a particle/antiparticle pair to have same val-
ues of mass, lifetime, and charge and magnetic moment in opposite signs. Therefore
the most straightforward test of CPT invariance is to compare the properties of a
particle and its antiparticle, like proton and antiproton (see Table 1.1). That is
the reason why many scientists pay close attention to the antiproton.

In 1991 our former group? discovered that antiproton survives for an anoma-
lously long period in helium media[4-9] (see Figure 1.1). Both theoretical and

*) At the moment of its discovery, the only knowledge about p property was that it had a negative
charge, momenta of p = 1.19GeV /c and velocities of 0.75 < 8 < 0.78 [1].
DKEK E215
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Figure 1.1: Antiproton (delayed) annihilation time spectrum (DATS) for “He
target. (Figures are selectively taken from [22] and not from
the first observation.) While 97% of the p annihilated almost
instantly and formed sharp peak at t = 0, there existed long life
component which had a lifetime of 4us. Background is already
removed by coincidence logics. Without helium target we cannot
observe such delayed annihilation.
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experimental efforts were dedicated to this phenomenon and established a notion
of p-He* atomcule?). The subsequent laser spectroscopy[10-21] of p-He* success-
fully revealed its structure and became a powerful tool to determine the antiproton
properties, especially antiproton Rydberg constant, %mpqu; [20]. The resolution of
the laser spectroscopy was so good that it resolved[16] a hyperfine structure (HFS)
in (n,0)% = (37,35) level and also in (38,34). In this case HFS comes from the
interaction of the p orbital motion with the electron spin magnetic moment, and is
supposed to split the initial as well as the final state into two states separated by
about 50ueV. The previous laser spectroscopy observed those HFS in an indirect
and less informative way. We must make transitions within the hyperfine levels to
determine the amount of splitting, which falls into a microwave region. This is what
we aim to do in a next generation experiment[23,24|. The determination of HFS
leads us to further understanding of the orbital magnetic moment of antiproton
in the framework of three-body system. Also an observation of a finer structure
called superhyperfine structure (SHFS) is in scope of the study. Possibly we could
determine the magnetic moment of antiproton more precisely than the best known
accuracy of 1073 (see Table 1.1).

In order to carry out the microwave measurement we have developed a laser
and microwave apparatus for experiment at CERNY. Former experiments were per-
formed at LEAR, Low Energy Antiproton Ring, until 1996. For the next phase
experiments a new facility AD[25], Antiproton Decelerator, is constructed and pro-
vides us 5MeV energy pulsed p beams. One purpose of this report is to describe
the detail of this experiment, especially in terms of microwave. The setup of the
experimental devices and result of test measurement will be found in Chapter 3.
Another purpose is to give a quantitative understanding of the physical processes
involved and provide with a guideline to the real experiment. In Chapter 4 calcula-
tions and computer simulations are performed to determine the optimum conditions
of the laser and microwave operation.

Table 1.1: The present status of proton/antiproton CPT test[20, 26, 27].

charge-mass ratio (|;—i| — gl—’;) o Average (—=9+9)x 101
charge lgp + g5l/e <5x10°"7
mass |my, + mgz|/m, <5x10°"7

magnetic moment | (u, + i)/ |ftaverage] | (—2.6 £2.9) x 103

YTo describe this system a word “atomcule” was thought out from atom and molecule, in view
of its molecular-like aspect. In fact the first (and some follow-on) substantial calculation of its
energy levels[37] was based on molecular picture.

$Here n denotes principal quantum number of the p and [ is orbital angular momentum number.

) CERN:European Laboratory for Particle Physics, Geneva, Switzerland.
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2.1 Formation of the metastable antiprotonic he-
lium

Though CPT symmetry (and experimental proton lifetime*)) predicts quite long
lifetime of an antiproton, usually it cannot survive long when it stops in matter.
The process of its annihilation is understood as follows: An antiproton, alike other
charged particles, ionizes the molecules along its path losing its energy, as long as
the energy is large enough to remove the electrons from the molecules. After being
decelerated below the ionization energy of the target atom, it will be caught by
and bound to Coulomb potential of the atom, replacing one of the bound electrons,
probably the peripheral one. This is common for all negatively charged heavy par-
ticles. Due to the heavy mass, the Bohr radius for the p is almost Zf ~ 1800 times
smaller compared to the electron Bohr radius. Then it has /1800 = 40 times larger
principal number n) than the replaced electron which was located at the same dis-
tance from the nucleus. It has a wider range for the angular momentum . When
it is caught in a low [ state as s or p, the overlap with the nucleus gets large and

)Tt is longer than 5 x 10%? year[28].

DThe number forty comes from square root of the ratio of the reduced masses for antiproton
and electron. For *He nucleus n is 38 and for 3He nucleus n is 37.

DStrictly speaking, the system should be treated as a compound of a p and an electron, and [ is
not the angular momentum of the p alone. For description of the metastability this is not problem-
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induces a nuclear absorption. It is immediately absorbed by the nucleus through
strong interactions, and together with one of the nucleons it gets converted into
some mesons, typically 3 ~ 5 pions. A p with large [, which is localized away from
the nucleus, follows some extra steps before absorption. It kicks the other remain-
ing electrons out of the atom, through internal Auger transitions. After the last
electron leaves, the rest forms a two-body Coulomb interaction system, and states
with different [ but same n become degenerate. In absence of level gaps [ will be
frequently perturbed by thermal collisions with surrounding molecules. This process
is known as Stark mixing®. It loses its angular momentum and then gets absorbed
by the nucleus as mentioned above. Though the Stark mixing rate depends on the
target density, generally it takes at most picoseconds to annihilate. That is a too
short period for our laser system which has nanosecond timescale.
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Figure 2.1: The level diagram of p-Het and p-He?*. The transition energies
are shown in wavelength (nm), with six digits for observed ones
and five digits for calculated ones. The binding energy (in atomic
unit) is not the energy of the p only but includes the electron
energy for p-He' levels. The states drawn by wavy lines have
lower p-He?T states within Al < 3, so they have large Auger
transition rates and are short-lived.

atic because most fraction of the electron remains in 1s orbital and has no angular momentum. The
difference is only perturbational. In calculation of electric transition dipole moments, however, a
compensational electron movement associated with an “atomic core polarization” has a significant
effect[29, 30].

$)Stark mixing doesn’t change n, while there is also a process which reduces n, known as an
external Auger transition.
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However, in case of helium target, about 3% of the trapped p show longer lifetimes
of 3 ~ 4us, depending on the target conditions. A P in a state of small vibrational
quantum number v(= n—1—1), which is called a “circular state”, lives long because
the internal Auger transition rate in such a state is quite small, even less than the
radiative transition rate. The reason of this prohibition is relatively large ionization
potential of p-He™. In order to ionize, p-He™ has to compensate the electron binding
energy with further binding of the p. In other words, large reduction of n is required.
For circular states it inevitably means large [ reduction. From the law of internal
Auger transition[32], however, transitions with small Al are preferred. Calculation
shows that the rates of Al > 3 transition is smaller than the typical radiative
transition rates of megahertz order for states n ~ 38. Energetically An > 6 is
required as we find in Figure 2.1, then lifetime of v = 0,1, 2 states is dominated
by radiative transition and concluded to be metastable. Conventionally the term
p-Het refers to these metastable compounds only.

The delayed annihilation of the p which was shown in Figure 1.1 is explained by
the following decay process. Because of the small Auger transition rate, p-He™ in the
metastable state only follows spontaneous radiative transitions. Calculations of the
E1 transition moments[29, 30] indicate that what we call the “favoured” transition
of An = Al = —1 (or Av = 0) has the largest moment and dominates over all the
branches. According to this propensity rule, it repeats Av = 0 favoured transitions
and cascades down to the lower metastable states in the same v series, without
annihilation. There is, however, an Auger-dominant state which terminates the
cascade series, as (n,1) = (36,33) (for v = 2) or (38, 34) (for v = 3) (see Figure 2.1),
and right after the last radiative transition it annihilates through Auger transition.
Thus the delayed annihilation of p is invoked by these radiative transitions between
adjacent pairs of metastable states and short-lived states, a few microseconds after
the p-He™ formation.

2.2 Metastable states and laser transition

The longevity of p-He™ lifetime was elaborately studied through the early work
of group PS205[4-8]. Yet conclusive experimental grounds were essential in order
to hold the picture above instead of many other hypotheses. So laser spectroscopy
experiments were carried out by the PS205 collaboration to confirm it, from 1993
till the end of LEAR operation[10-21].

The principle of the longevity is, in short, the existence of the metastable circular
states, and there are some adjacent pairs of metastable states and short-lived states
as mentioned above. If we induce a p transition from a populated metastable state
to an adjacent short-lived state¥, whether it is favoured or not, additional 7 anni-
hilations will take place and a sharp spike will appear in the delayed annihilation

1) Also some transitions between two metastable states could be observed using the double-
resonance method[14] or the hydrogen-assisted inverse resonance method[18].
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time spectrum (DATS). This spike serves as a sign of the transition.

For this purpose short laser pulses were applied in the former experiment, and
actually the spikes are found as shown in Figure 2.2. The amount of the induced
spike changes with the wavelength of the laser, and formed a Lorentzian-like res-
onance curve in accordance with the transition efficiency. Figure 2.3 illustrates
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Figure 2.2: The first observation of the laser resonance of the (n,l) =
(39,35) — (38,34) favoured transition, cited from [10]. With
irradiation of a laser pulse with A ~ 597.259nm, a sharp annihi-
lation spike appears in the DATS. The p annihilation plot against
the laser wavelength shows a resonance profile.

how we perform the laser spectroscopy. Bunches of p get stopped inside the target
region filled with the helium gas, and laser beam is irradiated from the other side.
Then the induced annihilations are observed by the Cherenkov counters with pho-
tomultipliers, and a digital oscilloscope records their output voltage as time spectra.
This is the setup for what we call an analog method, and is different from that
used in most of the former experiment. The difference of the two methods will be
explained in section 3.2. The typical time spectrum taken in analog method can
be found in section 3.1.

So far ten transitions[10-12,14-16, 18] were identified for *He target!), and the
measured transition wavelengths show good agreements with theoretical predic-

D Also three transitions[13] for 3He were discovered.
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Figure 2.3: Setup of the laser spectroscopy in the analog method.

tions[38,40-42]. The finest three-body QED calculation[42] of the transition wave-
length at the moment includes relativistic correction and Lamb shift and higher
order correction, and is claimed to have relative accuracy of 20ppb (or absolute
accuracy of 10MHz). The typical precision of the former spectroscopy was several
ppm, and for a transition (n,l) = (39,35) — (38,34) the highest precision of 0.5ppm
(or 250MHz) is acquired after density shift correction[20]. With this precision it is
concluded that the charge and mass of antiproton agree with those of proton with
at least 0.5ppm accuracy[20].

2.3 Hyperfine and superhyperfine structure of the
metastable states

The antiprotonic helium is a bound state of the three charged particles interacting
through Coulomb forces, together with small magnetic interactions. Theories[38, 40—
42| based on the Coulomb interaction successfully calculated the transition energies,
but our knowledge of consequences of the magnetic interactions is rather poor.

The largest magnetic effect associated with the antiproton is a hyperfine inter-
action of the p orbital motion [ and the electron spin magnetic moment $,*). When
an interaction of a formtt

= 1 gphlpe| 1 =
H(l- ) ~ —2F — (- s 2.1
1( S ) 47T€0 mﬁcz rﬁS( S ) ( )

exists, neither [ nor S. is conserved in its direction. Then eigenstates are classified
by I, se, and the combined angular momentum F' = [+ s.. Because of the hyperfine
interaction, states with different F' have different energy levels. On a state F'* =

**)Note that for a normal atom hyperfine structure comes from the nuclear magnetic moment
and the electron spin magnetic moment.
)Stringent form of the magnetic interaction Hamiltonian is found in [36].

10
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[+ %, the term Hl(f- Se) acts in a positive way, and vice versa on F~ = [ — %
However, the negative charge of p causes negative H;, so F'* lies lower than F~.
For some pairs of HF'S levels around n ~ 38 the amounts of the splittings vgr are
calculated to be 12 ~ 13GHz[36].

The other magnetic interactions cause also a superhyperfine structure. The main
splitting is introduced by the interaction of the antiproton spin s; and l_: which
corresponds to fine structure effect in a normal atom.

1 eh

2
4mey mye

L g (2.2)

3
Tp

g h

,u’p 2ml7

Ho(l- 55) ~

Also sz interacts with the electron spin s.. This interaction is split into two different
components. One is Fermi’s contact interaction which comes from an overlapping
region of the two particles and has a form of

1 8 D MFe — — — —
om HpHt 83 (7 — 72)(55 - 52). (2.3)

Hg(s%- S_é) ~ —47[-60 3 02

Another is a long distance interdipole interaction which gives a tensorial term as

Ha{(82 - 5p) — 3(7- 2) (7 - 5p) } ~ dreg zz Tj{(se'sﬁ)—3(”‘8e)(”'35)},(2-4)
p

5 . = — - — o .
where 77 means a unit vector -2. Then not F' but J = F'+sj is the conserved angular
p

momentum, and eigenstates are classified by quantum numbers [, F, J, and J, (or
any component of the vector J). The total perturbation energy[39] is written as

E(I-$) + Ey(I- $5) + Bs(55- 52) + By {211+ 1)(52 - 53) —6(1 - 52)(I- 55)}.(2.5)

As mentioned above, the large hyperfine splitting vgr between F~ and F'* is caused
by the first term. The third term and the forth term act in opposite way, so the
superhyperfine splitting is mainly determined by the second term which is positive
when [ and sy are in the same direction. Therefore the SHF'S levels of J = F — %
are slightly lower than J = F + % Actual knowledge of vgp gives us insights on
the orbital g-factor of antiproton, or QED treatment of antiproton in a three-body
system. The superhyperfine splitting is related to the antiproton magnetic moment
and we can measure it by the observation of SHFS. Thus we intend to resolve them
by microwave spectroscopy.

12
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2.4 Laser transition and microwave transition

This section is devoted to an illustration of the transition mechanism with a prac-
tical example of metastable states (n,l) = (37,35) and short-lived states (38,34).
The former (as well as latter) consist of many states, and due to the hyperfine in-
teraction they are grouped into two sublevels, F* (where (n,[, F) = (37, 35,35+3))
and F~ ((37,35,35—1)) (see Figure 2.4 and Figure 2.6). The calculated energy
splitting between F™ and F~ is 12.906GHz and that between F'* ((38,34,34+ 1))
and F'~ ((38,34,34—1)) is 11.138GHz. Thus 1.767GHz difference occurs between
the laser resonance frequency f* for the (F* — F'") transition and f~ for the
(F~ — F'7) transition™. This difference is large, and we already resolved in our
former laser spectroscopy (see Figure 2.5). This is the reason why we chose these
levels.

In addition to the level shift by the hyperfine interaction, the each group con-
tains a superhyperfine structure. The level F* is divided into two, J** (where
(n,l,F,J) = (37,35,35+3,36)) and J*  ((37,35,35—3,35)), and so on for the
other. Each of the levels consists of 2J 4+ 1 degenerate*) states of different .J,, rang-
ing from —.J to J.

Suppose a linearly polarized laser beam incidents on the ensemble of p-He™.
Here we choose the axis z parallel to the electric field of the laser. The interaction
Hamiltonian between p-He™ and the laser field is Hin(t) = —ji - E(t) = —p, E.(t),
where [i = g7 — e 4 2eye is an electric dipole moment operator. According to
the transition dipole moments u,, = @), F',J" J. | n, | n,l, F, J, J,), p-Het in some
states start transitions to the other states during the laser period.

For a particular initial state, the corresponding principal final state is determined
by the laser frequency and selection rules. First of all, J, should be equal to J, from
the angular momentum conservation. The electric dipole moment i is a polar vector
operator and has a parity —1, so Al = %1 is necessary to conserve the system parities
before and after transitions, which are determined by [ and I’ respectively. Because
the electric field does not couple with spin magnetic moment, the particle spins s,
and s; tend to be conserved. Roughly speaking, Al ~ AF ~ AJ is most probable
in this case. These restrictions are quantitatively argued in Section 4.2. In the
case of spontaneous emission a propensity rule “Av = A(n — 1 —1) = 0” exists as
mentioned in section 2.2, but in the case of excitation n’ and [’ are determined by
the laser frequency. The consequence is that a laser beam with a frequency f ~ f*
transports p-He' in J*+ to J'** and p-Het in J*~ to J'"~, with .J, conserved.
Likewise a beam with a frequency f ~ f~ transports J T to J T and J ~ to J .

A laser transition between F~ and F'T is suppressed, because it is mainly attributed to a p
spin flipping process. A transition between F'T and F'~ requires AF = 2, and is impossible by an
E1 transition. Quantitative argument will be given in Section 4.2.

*)If there exists external static magnetic field, the energy levels become unisotropic (i.e. different
energies for different J,) through Zeeman effect. We assume no static field throughout this thesis.
If it is found, we must compensate it with a supplemental solenoid.

13
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Figure 2.6: Diagram of the (n,l) = (37,35) and (38, 34) levels, and laser and
microwave transitions between the levels.
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CHAPTER 2. PRINCIPLE OF THE MICROWAVE SPECTROSCOPY
EXPERIMENT

Then they will annihilate through Auger transitions to (n,l) = (32,31) and emit
pions, and Cherenkov counters detect them (see Figure 2.3). As seen in Figure
2.5, the frequency splitting f* — f~ = 1.7GHz is not large enough against laser
bandwidth. Thus a laser beam tuned to f* also excites p-He™ in F'~ level to some
extent, depending on the bandwidth we can achieve.

At the moment of p-He™ production the number of p-He™ in all the J** states
are almost equal. If we irradiate a first laser beam of a frequency f*, some P in
JTt or J*~ level are transfered to states in J'*t or J'*~ and forced to annihilate.
Antiprotons in F'~ are less excited because of the different resonance frequency f~.
Thus population inequality or asymmetry arises (see Figure 4.13). Application of
a second laser pulse will cause smaller annihilation spike compared to the initial one,
because the number of p-Het in F'™ have been already expended. An important fact
is that the amount of the second annihilation serves as a probe of F'™ population at
the moment. This is the key to the microwave spectroscopy.

If we are able to make an M1 transition between F~ and F'* before the second
laser, we can feed p-He™ to the exhausted states and we can expect an increase of
second induced annihilation (see Figure 4.12, simulated result of these processes).
Thus we introduce a microwave magnetic field H,(t), to de-excite or excite the p-He™
according to the interaction Hamiltonian Hyn(t) = —fint - H(t) = —(un), Ha(2).
The electric part of the microwave has no significance in this M1 transition process
and so it is ignored here. Here [i3; means a magnetic dipole moment operator. In
this case we can assume Jip; ~ g(e)suBs_gT) due to the large magnetic moment of the
electron. Then transitions are induced as to conserve [ and sz, and invert s;. This
is roughly equivalent to Al = 0, AF = AJ = +1, though AJ = 0 transitions are
also allowed with smaller amplitudes. Needless to mention that .J, is conserved.
There will be three types of microwave transitions, 7, (;—+os++), T— (;--s+-) and
7L (J—+eos+-) around 13GHz (see Figure 2.4). If the microwave frequency wy is
close to wyp, for example, populations of the J~* and J** will be mixed to become
equal, and the signal of the second laser-induced annihilation will increase. Then
we are able to find the resonance. The second annihilation spectrum against wy (as
Figure 4.17) may form peaks at wnr,, wur_, and also wyr, if we manage to make
the microwave field strong enough.

T)g(e)sz spin g-factor of electron, 2.002319304386(20)[28].
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3.1 Overview

The experiment is to be performed with AD in CERN, unique source of slow
antiprotons in the world. We have constructed our helium target, laser hut and
counting room inside the AD hall (see Figure 3.2). A bunch of 1.2 x 107 slow p
comes from AD in every 70 seconds, and it is degraded to stop inside our microwave
cavity. Then about 3% of the p form metastable p-He™ and decay with lifetimes of
about 4 us. A short laser pulse of around 726.10nm wavelength, which is tuned to
the resonance between the metastable state F*((n,l, F) = (37,35, 35—{—%)) and un-
stable state F'*((38, 34, 34+1)), is fired to the target region in response to the trigger
signal which comes from the AD control 380us before the p extraction. We chose
this transition for its large difference in the two HFS resonance frequencies, f* for
F* — F'* and f~ for F~ — F'~. (Here F~ is ((n,l, F) = (37,35,35—3)) and F'~ is
((38,34,34+43)).) The laser depopulates the state F'* selectively and makes popula-
tion asymmetry against F'~. With some delay the microwave system begins to send
microwave, and resonant microwave field occurs inside the cavity. Then we expect
a microwave resonant transition between F~ and F'*. A second laser pulse of the
same frequency is fired after that, and forces the p-He™ in F'* to annihilate. The p-
He™ annihilation is measured as an output of Cherenkov counter, and digital storage
oscilloscope records its time spectrum. By scanning the microwave frequency and
checking the second laser-induced annihilation we survey the microwave resonance.
Each experimental device is controlled remotely by distributed Linux PCs via GPIB
or RS232 interfaces, using Labview. A Digital Unix computer integrates them in
the framework of Labview and acquires all the measurement data via ethernet.
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On the last few days in 1999 AD was actually operated. The beam condition was
really bad, nonetheless we managed to re-observe the favoured transition (n,l) =
(39,35) — (38,34) as Figure 3.1.
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Figure 3.1: The first result of AD, re-observed laser transition of (n,l) =
(39,35) — (38,34). The upper spectrum is a Cherenkov counter
output voltage read by the digital oscilloscope, summed over 56
shots of the AD pulse. The solid line is a result of exponential
fit. The lower shows output voltage of a p-i-n photodiode which
was placed near the target to know the laser beam arrival time.
The counter signal indicates the long-lived p-He™ annihilations
(together with the background count from m — u —e decay of
the pions formed by the p prompt annihilation), and the laser
beams of A = 597.259nm induced a sharp annihilation spike.
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Figure 3.2: Our experimental area in the AD hall.

18



CHAPTER 3. EXPERIMENTAL SETUP

3.2 AD

The p deceleration scheme used in the era of LEAR was a complex one includ-
ing four accelerators, namely, Proton Synchrotron(PS), Antiproton Collector(AC),
Antiproton Accumulator(AA), and LEAR. On the contrary AD is designed[25] to
have an integrated function of the former deceleration system, and enables us more
economical operations.

The first process is a p production. A bunch of 1.5 x 10'3 protons is accelerated
to 26GeV/c in PS, then extracted and focused onto an iridium target outside. At
this proton beam energy, the p yield per one proton amounts to 3.5 x 107%. The
emerging P have a restricted momentum distribution around 3.5Gev/c maximum,
and collected by magnetic horns they flow into AD as a bunch of 5 x 107 antiprotons
together with many background particles as pions.

The next step in AD is a precooling of p , which was formerly the work of
AC. The beam emittance and the momentum dispersion are reduced via stochastic
cooling. Then AD decelerates the p momentum down to an intermediate momen-
tum of 2.0GeV /c and cools again in order to compensate the adiabatic increase of
the emittance and momentum spread. Similarly electron cooling is applied to the
beam at 300MeV /c and 100MeV /c during the deceleration cycle. The final prod-
uct is planned to be a pulse of 1.2 x 107 p beam, with 5MeV energy and hundreds
nanosecond length, an emittance of 17 mm mrad and 0.1% momentum spread, al-
though in 1999 AD created only 10° order p of far low quality because of an electron
cooling failure.

There is one remarkable change in the experimental strategy, though it is not
due to the difference of AD and LEAR. At the beginning of the LEAR experiment
the intensity of the p beam was only 10%*s™!, and it is possible to count each p
annihilation event one by one. Each p-He™ formation was identified, and then laser
pulses are fired against it. This method is called a digital counting. While this
method was excellent in background elimination, it required enormous number of
laser shots and frequent maintenance of the lasers. Another defect of the system
was that took time to trigger the laser after p-He™ formation, because we could not
know when a p-Het emerges beforehand. That is not desirable because we lose more
p-He™ and get smaller signal as more time we lose. On the other hand, from AD we
will get a pulse of 107 p once in 70 seconds and the peak intensity will amount to
1014~15s=1 Now it is impossible to analyze all the p annihilation individually, and
all the annihilations are acquired as a time spectrum of the counter output voltage
(see Figure 3.1). So large background is unavoidable. In this method, however,
we can apply laser or microwave to many p-He™ at any moment. So this is more
efficient than the digital method. This method is called analog method. To acquire
accurate results with this method, an intense and stable p beam is essential. So the
development of AD is the principal factor to the successful experiment.
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3.3 Microwave system overview

The helium target region is enclosed by a cylindrical microwave cavity made of
stainless steel. With this cavity we aim to produce the microwave magnetic field.
The design principle of the microwave system is that it is capable to resonate mag-
netic field around the p stopping region of about one cubic centimeter volume, with
a resonance frequency of vyr = 12.91GHz, resonance frequency tunability of about
150MHz, and field strength of 30 ~ 40gauss which is required for fast microwave
transitions (see section 4.4). Generally tuning of the resonance frequency can be
attained either by mechanical tuning of the cavity dimensions or by the use of stub
tuners outside the cavity. However, in our experiment we must keep the cavity at
cryogenic condition for many reasons discussed in Section 3.5, and mechanical tun-
ing of the cavity will be troublesome. So we use a rigid cavity, and frequency tuning

TWTA
Aluminawindoy
liquid I
He
£ He gas

N2
77K

cooling flow control|

Isolation vacuum

Kapton window

cryogenic
SMA cable

_

r laser beam
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< Si diode

microwave cavity
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Figure 3.3: The microwave cavity and helium target region inside the cryo-
stat. The target region is cooled by liquid helium flow in the
winding tube. The cooling power can be controlled by the con-
trol valve. A silicon diode is put inside the cryostat to measure
the temperature of the target, thus we can maintain constant
temperature as long as liquid helium is reserved.

is attained by a triple stub tuner which is described later. The size of the cavity is
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28.3mm in its diameter and 24.6mm in its longitudinal length, and arranged along
the p beam path and laser path. With these dimensions it has only one resonance
mode TMy;o around vryy,,, = 12.92GHz (see Appendix A.2). The front face and
the back face of the cavity are not walled off completely but are formed of thin
mesh*), so that they allow easy entrances of the laser and p pulses. The cavity has
an iris window which leads to a rectangular microwave waveguide, and through the
waveguide we feed max 3kW microwave field into the cavity using a travelling wave
tube amplifier (TWTA)P. The unloaded @ value of the cavity is 2700, and with this
() and the microwave power we expect maximum field strength of 70 gauss, which
is well over the requirement above (see section 4.1). The cavity has also a small
probe antenna to pick up the inner field for a diagnosis purpose. The whole cavity,
part of the waveguide, and the SMA cable for the pick up signal are put inside the
bath-type cryostat as shown in Figure 3.3. Because of the stainless steel wall of
the cavity, the unloaded ) value does not increase so much at low temperature. The
waveguide is also made of stainless steel in order to reduce the heat load, but inner
surface of the waveguide is covered by a 10um copper layer to avoid large losses of
the microwave power. The junction to the room temperature and the atmospheric
pressure is made of an alumina window which has more than 97% microwave trans-
mittance and stands 10bar pressure without leakage. The cryogenic SMA cable is
also made of stainless steel and copper, and leads to the outside via a cryogenic
feedthrough.

Another important device is the triple stub tuner (TST). It is a waveguide compo-
nent with three sidepockets, and the lengths of the every sidepockets are adjustable
by stepping motors within a range of 0 ~ 25mm. Use of the TST and low (loaded)
Q) cavity provides the most effective way to implement the resonance frequency tun-
ability under the cryogenic condition. ¥ The loaded Q value of the cavity determines
the characteristics of the cavity resonance in the framework of the circuit[44], and
low Q0aqa means wide width of the cavity resonance. The proper choice of the three
pockets imposes extra resonance conditions on the microwave system including the
cavity, and makes the system resonance sharper and tunable. Microwave circuit
theory[44] accounts for the requirement of three tuners. At least two tuners are
indispensable for independent tuning of the resonance frequency and the coupling
to the outer system (i.e. impedance of the circuit at the resonance frequency), and
the third is to expand the free tuning range. We can make an impedance match-
ing condition, or “critical coupling” and excite the cavity at any frequency within
the tuning range of the cavity. The loaded @) value gives the FWHM of the cavity
excitation as %. We can also tune the resonance frequency outside this range,
provided that the excited field can be weak. In consequence the frequency tunability
requires the cavity Qo.q of at most 100.

*)The thickness of the mesh is 0.3mm, longer than the skin depth. The width of the mesh wires
is 60 um and the wire-to-wire distance is 0.744mm.

DThorn Microwave Device PTC6358

YThe role of TST is similar to that of an intracavity etalon in a laser system.
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Figure 3.4 illustrates the microwave system overview. Our microwave system is
operated in two different modes, changed by remote-controlled waveguide switch®.
One is a diagnosis mode in which we measure frequency response of the cavity
system, and another is an operation mode which is alloted to the microwave feeding.

Upper part of Figure 3.5 illustrates the scheme of the diagnosis mode. The
vector network analyzer (VNA)Y is a widely used device for a microwave circuit
analysis. With that VNA we can measure the reflection coefficient and transmission
coefficient of the circuit for the frequency range from 40MHz to 13.5GHz with 1kHz
resolution. The each TST tuner position for desired resonance frequency should be
defined by a preexperiment, and during the real run the VNA checks the reflection
and the pickup signal from the cavity and verifies the resonance status. The result
of the test measurement and an example spectrum will be shown in section 3.6.1.

As soon as the VNA finishes diagnosis, the system changes into the operation
mode and waits for a trigger signal sent from AD control. Lower part of Figure
3.5 gives the full description of the circuits involved. In this mode the VNA acts as
a narrowband microwave source for the TWTA. Continuous microwave comes from
the VNA and (after some power adjustment by preamplification and attenuation)
goes into the TWTA input. When the arrival of p, hence the production of p-
He™, is announced by the AD trigger, the programmable pulse generator!) sends
a gate signal to the TWTA, and the TWTA amplifies its input microwave up to
3kW and feeds them into the cavity during the gate signal period. Power of the

§)Nihon Koshuha WGSA-1285
0 Anritsu 37225B
IDLeCroy 9210
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Figure 3.4: The schematic drawing of our microwave circuit.
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Figure 3.5: Two modes of the operation of our microwave circuit. Some

inessential parts are omitted.
24



CHAPTER 3. EXPERIMENTAL SETUP

output microwave is controllable using a voltage controlled variable attenuator**)
which diminishes the microwave power exponentially according to a control voltage
(see 3.6.2).

The resultant microwave oscillates with 12.9GHz frequency, and the oscilloscope
is not a feasible device to measure such a fast signal. On the other hand the VNA
is a rather static device which measures a signal frequency accurately in a long
span and not suited for a short signal analysis. In order to see whether the cavity
is successfully filled with the microwave or not, we use microwave 1/Q mixerst).
I/Q mixer is a circuit of nonlinear devices which mixes an RF input signal with a
reference RF signal called local oscillator (LO), and outputs DC signals proportional
to the in-phase (I) and quadrature (Q) component of the input signal against LO
(see section 3.6.3). We use two mixers, one for a sample output of the TWTA and
one for the pickup signal from the cavity. The LO inputs are supplied by a branch of
the VNA output signal. Some attenuations and amplifications are taken for proper
power requirements of the devices.

This is the overview of the microwave system, though some components are still
left unmentioned. A microwave isolator?) is used to make a one-way microwave
transmission just after the TWTA output and prevent its breakdown by a reflected
wave. It has a forward transmission of 90% and backward transmission of —50dB.
Also a microwave limiter®) is inserted in the pickup signal transmission line. Its
output is limited under 10dBm and it protects the VNA and I/Q mixers from too
strong pickup signal in case of misoperation. Finally, one more isolator is put before
the pickup I/Q mixer, otherwise the VNA fails to get correct transmission spectrum
because of an [/Q mixer noise. Between the main output of the TWTA and the
cavity, where high power field travels, a rectangular waveguide is used, while the
other block is composed of SMA standard transmission lines?) and semi-rigid cables.

3.4 Laser design

We irradiate the metastable atoms formed inside the cavity, with a laser light
pulse which comes from the opposite way to the p beam path. A Monte Carlo
simulation showed that the stopping region of the p was lcm in its diameter for
a successfully refined beam, so we have to expand the laser beam to the same
size to increase their overlap. It is also predicted from theories and the former
experiments that the “unfavoured” transitions like (n,l) = (37,35) — (38,34),
which change vibrational quantum number v = n — [ — 1, have only one tenth
of transition moments than “favoured” transitions in which Av = 0 and requires

) G.T.Microwave,Inc. A6L-78N-7
HMITEQ IR0618LC2Q

RYT industries 401328
*)Hewlett Packard 11693A
DSHUNER Sucoflex 104
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a hundred times larger laser power. For that reason we need a millijoule order
laser energy per 1 cm? for every shot. Since our experiments are involved in time
spectrum analysis, timing jitter should be as small as nanosecond. Stable temporal
and spatial profiles are desirable, less power fluctuation is preferable, and most of
all a wavelength of A = 726nm with as narrow bandwidth as possible is required.

We chose a commercial dye laser?) as a solution, which is pumped by a Nd:YAG
laser?. The YAG laser fires a 300mJ laser pulse of 532nm wavelength triggered
by an AD signal which precedes 380us earlier than p extraction. The dye laser
output energy can be as large as 10mJ per 3ns pulse, thus the intensity requirement
is satisfied. We use Styryl 6 as a laser dye, which has a 13nm scan range around
721nm wavelength. We have two identical but independent sets of the laser system
in order to fire two successive laser pulses, one before the microwave transition and
the other after that. The wavelengths are measured shot by shot by a commercial
interferometer?. The best achievable resolution is 600 ~ 800MHz. Laser power
can be measured by a pyroelectric detector. The power fluctuation is about 10% at
random trigger rate of 1shot/minute.

3.5 Cryogenics

It is also essential to keep the target helium gas as cold as about 5K during the
spectroscopy for many reasons. First of all we must get rid of impurity gases as
hydrogen, oxygen, nitrogen and water. Even a few ppm contaminations of these
gases quench p-He' and distort the annihilation spectrum|[9,17]. The next reason is
that we should attain high target density so as to stop p in as small target region as
possible. At our typical operation condition of temperature T' = 5.8K and pressure
P = 500mbar the gas density is p = 4.5¢g/l. Finally, it is required to repress the
helium atom thermal agitations and reduce the Doppler broadening of the laser
transition. At a temperature of T the helium atom velocity (and so the p-He™
velocity) v distributes according to the Maxwell-Boltzmann distribution

M \? Mv?
f(vg)dv, = (W) exp {— SET } dv, (3.1)

where M is the mass of the p-He™ and x is the direction of the laser path. Since the
Doppler shift of a frequency v is given by Av = vv,/c, the observed laser resonance
shape subjects to Gaussian type broadening with a full width at half maximum of

Avp = 2v21In2 v,/ J\’g? Even for T = 5.8K, it brings 320MHz broadening into the

transition wavelength A = 726nm. Also density shift!) of the resonance frequency

YLambda Physik Scanmate2E

§) Coherent Infinity 15-30

ATOS Lambdameter LM-007

IDThe density shift and broadening, which changes the resonance frequency and its width ac-
cording to the density, was systematically studied in the former experiments. See [20].
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should be regulated as constant.

Therefore all the process should be in a cryogenic condition, and we put the
cavity and part of the waveguide inside a cryostat. The schematic drawing was
already shown in Figure 3.3. The target region including the microwave cavity is
cooled by the controlled flow of liquid helium which is reserved in the cryostat. The
target temperature is acquired by the silicon diode, and together with a heating coil
in the target it enable us to do PID control of the target temperature.
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3.6 Results of the test measurements on the mi-
crowave system

3.6.1 Measurement of the microwave circuit response

To fill the cavity with microwave field of a desired frequency, we must make a
resonance condition with the help of TST. So we investigated the circuit resonance
and TST tuning at the experimental condition (i.e. T ~ 5.8K, p = 550 ~ 650mbar).
Figure 3.6 shows an well-tuned example spectrum of the S parameters of the cir-
cuit*) against the input RF frequency. S parameter stands for the transmitted
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Figure 3.6: Left: The spectrum of the circuit response. We find a sharp (Q =
3000) resonance both in the reflection and the transmission. The
centre of the resonance is tuned to vgp_. The target temperature
was 5.80K and the target pressure was 607mbar. Right: Smith
chart display of the S;;. The circuit reflection indices are plotted
in a complex plane. The circular trajectory indicates that the
circuit is well resonant.

(“S91”) or reflected (“Sy;”) complex field amplitude. The probe microwave trav-
els in the waveguide with little resistive loss, and that of nonresonant frequency is
completely reflected from the circuit. On the other hand microwave which satisfies
the resonance condition of the circuit will be resonated inside the circuit including
the cavity, hence reflection becomes small. The field inside the cavity is probed by

*)Here “circuit” means the part between the planes of calibration in Figure 3.5.
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the pickup antenna and observed as the transmission. From the spectrum and the
Smith chart, a reflection index plot in complex plane, we find that the circuit is
tuned to form a resonance. We require critical coupling of the circuit (or no re-
flection) to supply maximum microwave power. The center of the circuit resonance
frequency can be tuned at will by changing the TST positions. The loaded @) value
of the cavity was measured to be Q,.q = 96.5 at room temperature, so the cavity
will be excitable within a range of iﬁVTMm + 130MHz around the characteristic
resonance frequency of vryy,,, = 12.92GHz (see section 3.3). The HFS transition
frequency vyp, and vgp_ will be well covered, while vgp, is somewhat out of the
resonance.

Figure 3.7 shows the scanning profile of the TST actuator positions. The actu-
atorst!) can set the position of the tuner terminals with 0.25um precision. Since we
have to control the resonance centre frequency and the coupling, we manipulated
two actuators. The third one is fixed to some position. This is only a test measure-
ment and we will make a complete mapping table just before the real experiment in
order to be as accurate as possible.

Actuator2 position[pum]

25000 T T T T T T T T T

* V=12.948[GHz

) 1 2 3
24000+ -
23000 4
22000 N omm i Ll T

| . ] position il -
: 25mm | L
V=12.902[GH: )
21000 o j s
SV
cavity TWTA

20000

18000 19000~ 20000 21000 22000
Actuatorl position[pm]
Figure 3.7: Result of the test scan of the TST tuners. Actuator 1 and 2 were
adjusted step by step while actuator 3 was fixed to 18.675mm.
The scan step was 1IMHz. One step took about 5 ~ 10 min-
utes. The target temperature was kept within 5.80 £+ 0.02K. The
pressure decreased in time from 677mbar to 567mbar. During
the scan the circuit impedance was tuned to match with the in-

put at each resonance frequency, and the circuit @) values were
2700 ~ 3000.

) Sigma Kouki DMY25
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3.6.2 Microwave power control by the voltage controlled
variable attenuator

Since the TWTA has only a fixed gain of about 75dB, we must control the
microwave power by changing the input power level of the TWTA. For this purpose
a voltage-controlled variable attenuator is inserted before the input. It has a port
which accepts DC voltage from zero to ten volt, and accordingly attenuates the
microwave power. The relation between the control voltage and the output power
at the port of the TWTA input was measured with the VNA as shown below. Thus

[dBm] RF output power measured by VNA
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Figure 3.8: The output power at the input port of the TWTA, controlled
by the voltage of the variable attenuator. Within this range
the TWTA input power is controlled linearly by the attenuator
voltage. The fit function is Y/[dBm|] = —11.72 — 8.14 X/[v]. The
input level at no control voltage is adjusted a little bit higher
than —15dBm, the saturation level of the TWTA.

the microwave power control is achieved. Although a small shift of the phase was
observed™, which is not important for our experiment. With voltage higher than
five volt the exponentiality of the observed output power became a bit worse. From
seven volt the output power level reaches the noise level and cannot be attenuated
any more.

1t is shown in the lower-right part of Figure 3.9, the I/Q mixer test.
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3.6.3 Microwave power survey with I/Q mixers

I/Q mixer is a device which outputs DC voltage signals according to the powers
and the relative phase of the input signal and Local Oscillator (LO) signal.

““WV1oVinCOoS(()
|
V0LoCOS(wt) ( )’\/Vi NCOS(wt+ @)

Local Gscillator | [ | RF i nput

mixer diode I
VLoCOS(wt) — 9%333’;8 hybrid <—VinCOS(wt+ @)
T T
”\/VLoCO|§( Wi+ 172) % ~AVinCoS(wt+ @)
l Q
~VioVinsin(g)

Suppose the input RF signal oscillates with the same frequency w as that of the
LO signal, but with a different phase ¢.
VLO (t) = VLO cos(wt)
Vin(t) = Viy cos(wt + ¢) = Vip(cos(¢) cos(wt) — sin(¢) sin(wt))
Using a nonlinear mixer we can get a multiplied output of the two input voltages,
and because cos(wt) cos(wt+¢) = 3(cos(¢)+cos(2wt+¢)), there appears a DC output

which is proportional to V1,0Vi, cos(¢). Thus we can get the in-phase component of
the RF input, as

Vi o< VioVin cos(). (3:2)
Changing the LO phase by 90 degree, we can also get the orthogonal component as
VQ X VLOVEn sm(cb) (33)

The I/Q mixer contains all these functions in one and makes it possible to observe
the amplitude and phase of the microwave signal. In the experiment we are not
so concerned about the phase information. When the output ports are terminated

2
with impedance Z,,;, sum of the output power is P, = ZVIZt + ZV—Qt. The input RF

power of the I/Q mixer is written as Py, = ‘;L%O when it has the input impedance Z;,,

and we find a linear relation between the 0111:6put power and the RF input power.
Pout X PLORII (34)

For the LO ports constant powers of P;,o = 14dBm are supplied from the VNA
through amplifiers. Against various input powers made with the variable attenuator
the output signals and powers were measured by the digital oscilloscope, and plotted
in Figure 3.9. As expected, the mixer output powers are proportional to the RF
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Figure 3.9: Test results of the I/Q mixer power response. The input power
tuning was achieved by using the voltage controlled variable at-
tenuator. The I/Q responses were different for the two I/Q mix-
ers, probably because of the different LO phases. The output

power was calculated as ]
lated to the RF input power. On the other hand the phase data

contain large errors.
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input power. So we can use them as a means to check the RF power. Figure
3.10 is an example of the TWTA output observation through the cavity. The
TWTA produced a two microsecond pulse of amplified microwave into the cavity.
The circuit was tuned to be resonant at a frequency v = 12.8853GHz with a peak
transmission of Sy; = —36.3dB. The observed voltage pulse power of the mixer
output was about —8dBm, which means —2dBm RF input power. So the TWTA
output power is estimated to be 34dBm™*. At the moment the TWTA input power
was about —22dBm, thus it means that the amplification gain was 56dB. Because
the TWTA went out of order after the observation, we could not perform systematic

study of the TWTA amplification.

Pickup mixer output voltage [mV]
FT ' | ' | ' | ' T

150 .

100t | signal .

S0 =

i Q signal ]
] ! ] ! ] ! ] ! ]

-10 5 0 5 10
Time [us]

Figure 3.10: The pickup mixer output voltage at the moment of the TWTA
amplification, measured by the digital oscilloscope.

*) At that time no attenuator was inserted before the I/Q mixers.
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. Simulation of the
' laser-microwave experiment

250033333 222200203533032332 2222000033302,

4.1 The laser pulse and the microwave

In this section we discuss about the electromagnetic field of our laser and mi-
crowave. Let us define coordinates so that the laser beam travels along x axis and is
linearly polarized to z axis. The temporal change of laser power at a target position
ideally centred is well described by a single component Gauss function,

—tg—z/c 2
~(ln2) % 2(1/2/ (4‘1)

P(.’L’,y,Z, t) = P()(J,‘,y,Z)e

as shown in the lower part of Figure 4.2, while the excimer-pumped dye laser used
in the former experiments had two peaks. The full width at half maximum of the
laser power 6t is about 3ns. The relation between the intensity I(z,y, z) and the
peak power P, is determined by an integration with respect to ¢, as

™
I=, /4111 5 Podt = 1.064Py5t. (4.2)

In our case it is convenient to choose the unit as I = [mJ/cm?], 6t = [ns] and P, =
[MW /cm®]. The maximum laser power is 10mJ. We expand the laser beam so that
I(z,y, z) becomes uniform over the p stopping region. Then the laser electric field E,
at the target point has a form E, = Ey(t) cos(wt), independent of the position. Here
the amplitude Ey(t) is governed by the laser power profile of nanosecond timescale,
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CHAPTER 4. SIMULATION OF THE LASER-MICROWAVE EXPERIMENT

and cos(wt) is an oscillating part of femtosecond timescale, depending on the angular
frequency w/2m ~ ft = 0.4PHz. The wavelength of 726nm allows us to ignore
spatial variation of the field from the point of the atomcule. The amplitude Ey(t)
is dependent on /P(t) and given by

Eo(t) = Eoe 22(&73) (4.3)
where

Ey = 2.745 x 10%\/ Py /[MW /cm?][NC ™). (4.4)

According to the gate signal generated by the pulse generator, the TWTA fills
the cavity with resonant microwave during the gate period. The maximum output
power of the TWTA is specified to 3kW, and unloaded ) factor of the cavity is
2700. Then the resonated microwave energy inside the cavity is given by

1
PM = Qf)loss;a (45)

where P is the microwave energy loss inside the cavity (or, in this case, energy
supply from outside) and w is the microwave angular frequency (see Appendix A).
The cavity resonance mode of our interest is TM;9 mode. The field of the mode
at the centre of the cavity is described as H, = Hysin(wt), and H, is given by the
microwave power Py as

Pu
Hy = . 4.6
’ \/WNOGQCU{Z(PH) (4.6)

Now the cavity radius ¢ = 14.15mm and the cavity length d = 24.6mm, and P, is a
first root of Bessel function Ji(z), and J| gives —0.403 at x = Py;. The microwave
frequency is around 12.9GHz, to which the resonance frequency of TM;;, mode is
adjusted by the dimensions. So with microwave power P we get magnetic field

&:%;%E—:MMN3MMWFM8MWMM

wa?dwJi? (p11)

(4.7)

The field strength distribution of the TM;i;p mode is illustrated in Figure A.2.
It is uniform around the centre of the cavity. Calculations show that the strength of
the magnetic field is reduced to half with 8mm lateral dislocation or 4.5mm vertical
dislocation from the centre, so the p stopping region of +£5.0mm is almost covered.
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4.2 Transition dipole moments

The next step is to calculate the E1 transition dipole moments p,, = (f | u. | ).
For matrix elements of any tensor operator, Wigner-Eckart theorem asserts that
they are divided into two parts. One is orientational, and another is physical. In
this case,

(U F T m | p, | m, L, F, J,m)
/
= (=1)/ ( S ) (!, U, F', T |l 1, F, J)

m 0 —m
=™, (! U, F, T |ul|n, L, F, J). (4.8)

J 1 J!
m 0 —m

) ) is Wigner’s 3-j coefficient and C7™9,  is a Clebsch-Gordan coef-
ficient, and (f||u||7) and (f||u||?) mean reduced matrix element with respect to each
coefficient. The reduced matrix element (n',l', F', J'||p||n,l, F, J) is not yet purely
physical, because it contains information on the angular momentum combinations.
What is purely physical is a reduced matrix element (n', !'||u||n, 1), which we can
calculate from p-He' orbital wavefunctions. To associate (n',I', F', J'||u||n, 1, F, J)
with (n', l'||||n, 1) we use Racah’s 6-j coefficient.

Here (

/ 71
0, bt ) = VETE DR F D
(4.9)
1 g/ / l’ F’ 1
o, Pt P = VEFFDRF D {3 il
(4.10)
Then the results are
|(38, 34,34+ 2 ||| |37, 35,354+ 1) | = 1.01 gy
| (38,34, 34— || p||37,35,35— )| = 0.99 s,
(38, 34, 344 1| | | |37, 35,35 — 1) | = 0.02 1
(4.11)
[ |(38,34,3442, 35| | |37, 35, 3541, 36) | = 1.0140 11,
|(38, 34, 3443, 34| 1|37, 35, 354 1, 35)| = 0.9998 1y
|(38,34,34— 7, 34| |37, 35, 35— 7, 35)| = 0.9998 1,
|(38,34,314— 7, 33| |37, 35,35 — 7, 34) | = 0.9854 1,
|(38, 34,34+ 1, 35| 1||37, 35,35+ 1, 35)| = 0.0201 ,
|(38,34,34— 7, 34| |37, 35, 35— >, 34)| = 0.0203 1,
|(38, 34,30+ 1, 34| u|[37, 35,35 — 2, 34)| = 0.0200 1,
|(38, 34,34+ 1, 35| u|[37, 35,35 — 1, 35)| = 0.0203 1y
|(38, 34,34+ 1, 35| 1| [37, 35,35 — 1, 34)| = 0.0004 1,
[ |(38,34,344 7, 34|37, 35,35 — 1, 35)| = 0.0004 1,
(4.12)
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where 1, = (38,34|||37,35) = 0.440debye[31]*). These calculations assert the
selection rule Al = AF = AJ = —1 mentioned in Chapter 2. To make transitions
from F~ to F™ we need thousand times stronger laser power, which is impossible
at now. The transition moment also depends on the orientation of the p angular
momentum against the electric field. That is described by the m dependence of the
3-j coefficient or the Clebsch-Gordan coefficient. The final result of the transition
moments for all possible m values is shown in Figure 4.1 for the case of J*~ — J'*
transition. The root mean square value is 0.03debye. This value is relatively small,

E1 transition moment //,, [[debye]
0.05

0.04

0.03

002F

0.01}

] ] ) ] ) ] ) ] ) ] ) ] ]
30 20 -10 O 10 20 30
Angular momentum projection J,

0

Figure 4.1: The E1 transition dipole moments p, for JT= — J'*~ transition,
which depend on the orientation of the total angular momentum
J. The more p orbital motion goes close to the zy plane, the less
it is affected by the electric field perpendicular to that plane.

compared to that of a “favoured” transition, Av = A(n — [ — 1) = 0, which is one
order larger than this[33]. It is small due to the large change of the radial form of
the p wavefunction determined by the vibrational quantum number v. Despite this
demerit we have no choice other than this (or other unfavoured) transition because
we expect larger difference in the transition frequencies f™ and f~. The calculated
difference[36] between f* and f~ is 1.767GHz, and experimentally it is determined to

*)The radiative E1 transition rate ['(38,34)—(37,35) is determined by p, as
w3
[ (3s,34)— (37,35) = gﬁ [1(37,35, m|p. |38, 34, m)|? + |(37, 35, m+1|p4 |38, 34, m)|? + (37,35, m—1|p_|38, 34, m)|?]
3 w3 B .
= %47“10—';;03 (38’ 34”””377 35)2 = %4%610_';:@ 21i1+1 Nﬁ (:u‘:f: =pe = Zl‘y)
and g, = 0.440[debye] = 1.47 x 1073°[Cm] gives ' = 2.3kHz[31], which is negligibly smaller than
the Auger transition rate I'ayger = 84.5MHz.[33]
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be 1.70 £ 0.05GHz[16]. On the other hand, favoured transitions have smaller values,
as 0.5GHz of (n,l) = (39,35) — (38,34) transition. Our current laser system has
the larger bandwidth of 600 ~ 800MHz, and is not capable of resolving these small
differences. To cause the unfavoured transition of the one tenth E1 moment we need
hundred times larger laser power than the favoured transition spectroscopies.

4.3 Laser transition process

Now we will discuss about the laser transition process from the metastable states
to the short-lived states. To describe a nonconservative system where total popula-
tion is not conserved, the method of density matrix is more suitable than the simple
wavefunction representation. Though the behaviour of a single p-He™ is unpre-
dictable, the density matrix p = ) |m)pmn(n| represents the averaged property
(e.g. population) of the ensemble.

First we should limit our discussion to one particular transition. Applying a typ-
ical result of the two-state model, we obtain the following time-evolution equation:

p1 —Vrad 0 0 %Q (t) P1
d P2 0 _’YAuger 0 _%Q(t) P2
— = 4.13
dt Pz 0 0 —YT —Aw Pz ( )
Py -Q@1) Q@) Aw -y Py

Here p; stands for the population of the initial state (i.e. one of the state in the
Jtt, Jt=, Jt or J-~ with a particular .J,) and p, is the population of the corre-
sponding (i.e. AJ, =0,Al = AF = AJ = —1) final state. The nondiagonal part
of the density matrix is divided to the real part p, and the imaginary part p,. The
transition (or oscillation) from p; to py is induced by the Rabi frequency 2, which
is determined by the transition moment pu,, of the states as

Qt) = Mﬁ"(t) Q(t)/2m = 13.82 X fiyn/[debye] X \/P(£)/[MW Jem?|[GHz] (4.14)

in this case. The population escape from the states is implemented by the radiative
decay rate .4 and the Auger decay rate ’yAugerT), and the term Aw = Wjpeer — Wr_s;
is the detuning of the laser. The last term 1 has two physical meanings. First,
it relaxes the correlation of the oscillations among the atomcules. This is similar
to what is called a transverse relaxation in the field of magnetic resonance. The
relaxation rate yr is given as

_ Yrad + YAuger
2

The former part comes from the loss of the total population, while the latter, called

Vr + Y. (4.15)

“collisional width”, is given in a collision theory by weak and frequent collisions with

DThe names of the rates are given by the main sources of depopulation, though other effects
can be included.
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other helium atoms (see Appendix B). So v, is a function of the target helium gas
density. Another meaning of vr is that it increases the bandwidth of the transition
spectrum, as shown later. The former part is understood as the natural width of
the transition, and -, is the source of the collisional broadening.

Before going ahead, it will be informative to discuss the behaviour of solutions of
the equation (4.13). This differential equation has an explicit form, and we can easily
solve it numerically. Assuming initial populations of (p; = 1,p5 = 0, p, = p, = 0)
and typical values of parameters, we got temporal profile of the transition as shown
in Figure 4.29Y. The numerical error is estimated to be less than 10~7, which is
negligible compared to other ambiguities.

Populations
1 a—

0.8
depopulation & |

0.6

04
0.2 ;‘:,02(t) \\\\\\J{,‘A\L\ger:0.0845[GHz] .

Ot
Laser Power P(t) [MWi/cn]
0.6

| =2[mJcm?]

03 g2 ot=3[ng -

|
0 10 20 30 40 50
Time[ng

Figure 4.2: An example solution of the equation (4.13). Parameters are cho-
sen to be w, = 0.03debye, v,/27r = 0.20GHz, Aw/27 = 0.
Part of the population p; in the metastable state is transfered
by the laser into the short-lived state and decays with the rate
Yauger- Lhe fraction of depopulation is given by € =1 — p;(o0) =
f_oooo(q/Augerpz(t))dt. The effect of the radiative loss of p; is not
included now.

DEquations are solved by 4-th order Runge Kutta method.
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Figure 4.3: Examples. (a),(b): Frequency response of the depopulation
(squares). The shape of the resonance is similar to Lorentz curve
(line). (c),(d): Energy dependence of the depopulation. It shows
a saturation according to the laser intensity.
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Figure 4.4: Widths of the depopulation spectra. Higher laser intensity causes
a power broadening, and larger collisional width causes a colli-
sional broadening.

The short but intense laser pulse induces almost instantaneous population trans-
fer from the parent state to the daughter state, and makes an exponential-like an-
nihilation spike which is proportional to the daughter state population. The total
number of the annihilation from the daughter state is equal to the population loss of
the parent state, and ¢, the excitation efficiency or the fraction of the depopulation,
is about half if the laser parameters are adequately tuned. Even with a far more
strong laser power, we cannot get much higher depopulation. This phenomenon
is called a saturation (see Figure 4.3(d)). The increase of the laser power only
activates the oscillative behaviour of the population, called Rabi oscillation, during
the laser period and hardly affects the excitation efficiency. In contrast, if the laser
frequency goes away from the resonance, the annihilation will become smaller. By
plotting € against Aw, we get spectra of depopulation efficiencies as shown in Figure
4.3(b), which are quite similar to Lorentz functions. The FWHM T is a function
of the relaxation rate yr and the laser intensity I, and Figure 4.4 shows their
relations. We find that I' increases with the laser intensity I. This is called power
broadening. It also increase with +,, the collisional width. Thus the relaxation of
the correlation is related with the broadening of the spectrum. Note that as the
laser intensity decreases, I'/2 approaches to vr.

Now we return to the p-Het case. As discussed before, there are many states
and many transitions with different angular momenta. Considering the short laser
period of 3ns, we assume that there is no disturbance of the p-He™ angular momen-
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tum during the transition, and all the transitions are reduced to many two-state
transitions as we have already seen. They are independent of each other, and yet
they have different Rabi frequencies {2 and obey different equations. To solve the
problem we can calculate all these equations independently.

To make the argument realistic, one more complexity has to be overcome. The
equation (4.13) is derived with the assumption that the incident laser is ideally
monochromatic. However, this assumption is not satisfied enough. Actually our
laser has a finite bandwidth, and there is also Doppler broadening as we discussed
in Section 3.5. So different atomcule would suffer the electric field of slightly
different frequency, and the width of the spectrum would become broadened. One
way to take this effect into consideration is to regard the laser frequency w' as a
stochastic variable which subjects to a distribution function W(w'). Then we must
convolute the result from former equations with W(w'). For the moment we assume

the form of the W (W') as
1

li _ (wl - w)2>
W(w' —w) 6027 2 exp ( In 2 (60/2)? (4.16)
where w is the central frequency. Our laser has a bandwidth of 600 ~ 800MHz
in itself, and the Doppler broadening is 320MHz (see section 3.5). So the total
compound laser broadening éw calculated by root sum square of the two widths is
at most 860MHz.

The temporal profile which includes all these effects is shown in Figure 4.5. It
is not easy to calculate nor measure the collisional width with satisfactory accuracy.
So we assumed 7,/2m = 0.20GHz in accordance with that of the transition (n,[) =
(39,53) — (38,34) at the same conditions[20], the most accurate one studied in the
former experiment.

We soon notice that the Rabi oscillations for each angular momentum compo-
nents are averaged out and less apparent. About 45 % of the p in the J* level
are excited almost immediately after the laser application. Figure 4.6 shows the
survived fraction for each angular momentum projection. From this we may assert
that the result of the transition is fairly isotropic.

The spectrum against the laser frequency is shown in Figure 4.7, and that
against laser intensity is shown in Figure 4.8. Now the frequency spectra are a
bit different from Lorentz curves because of the Gaussian laser broadenings. The
depopulation efficiency € increases almost monotonously with the laser intensity I.

42



CHAPTER 4. SIMULATION OF THE LASER-MICROWAVE EXPERIMENT
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Figure 4.5: Temporal profile of the resonant transition (J*~ — J'*7). Pop-
ulations of the degenerated states are averaged from J, = —35 to
J, = 35. The collisional width ~,/27 is chosen to 0.20GHz from
a former experimental study on the collisional effect[20].
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Figure 4.6: The final population of each .J, state in the transition of Figure
4.5. Except for the edge region the populations are almost the
same.
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Figure 4.7: Frequency response of the depopulation for J*~ — J'*~ tran-

Figure 4.8: Energy dependence of the depopulation for J*—
They are fit with a rational function
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There are some subjects we must examine.

1. Differences between the SHF'S levels

The level J™ consists of 36 degenerate states, and J~~ is composed of 34
states. Therefore the transition efficiency e** for these levels may be different
from that of J*~. The calculated results are in Figure 4.9. The results assert
that there are no significant differences between J™~ and J**, and J~* and
J~~. Though the degeneracy of J~" is equal to that of J™~, its frequency
spectrum is shifted because of the different resonance frequency f~. So for
the fixed laser frequency f*, p-He™ in J~+ or J~~ has smaller depopulation
efficiency (name “e”) than that in J*~ or J** (name “¢™”), and population
asymmetry is induced after the irradiation.

2. Laser pulse length dependence

Once there was a suspicion (within our collaboration) that the fluctuation
of the laser pulse length might be critical to the experiment, because of its
shortness against the Rabi frequency. In the former experiment we used long
pulses of excimer lasers, and the pulse duration was considerably longer than
the Rabi oscillation cycle. In the present case, however, the Rabi oscillation
cycle is almost the same length of 3ns as the pulselength. So calculations with
some pulselengths were performed to demonstrate whether it is a problem
or not. The result is shown in Figure 4.10. Concludingly for fairly large
fluctuations they are not affected so much.

3. Ambiguity associated with the collisional width

As mentioned earlier, the adopted value of the collisional width has some
ambiguity. Even for the best measured width of the (n,1) = (39, 35) — (38, 34)
transition there remains about 0.10GHz systematic error[20]. So calculations
with some collisional widths are performed. The results in Figure 4.11 show
that €=, which is understood as the depopulation efficiency at Af = 1.77GHz
off resonance, is more affected by the change of the width than €', that the
effect is large at high laser intensity, and that around I ~ 2.0mJ/cm? the
ambiguities of €™ and € cancel each other and et — ¢ does not change so
much. We also notice that I = 2.0 ~ 2.5mJ/cm? gives the maximum of
e+
Therefore the best laser intensity I we choose from now is 2.0mJ/cm?. Then
the depopulation efficiency € is 0.45 £ 0.04, € is 0.07 & 0.03 and €™ — € is
0.38 + 0.02.

— €, which determines the asymmetry and microwave resonance signal.
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Figure 4.9: The frequency and intensity spectra of the depopulation for each
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Figure 4.10: Depopulation spectra against intensity, with some laser pulse

lengths.
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Figure 4.11: Depopulation spectra against intensity, with some collisional
widths. From the right figure we conclude that the best laser
intensity is 2.0mJ/cm?.
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4.4 Microwave transition

Now we are able to discuss the whole process including microwave transition.
The microwave transition occurs between the states with Al =0, AF = +1, AJ =
+1 (0), and AJ, = 0. The transition dipole moments are given just as that of
the laser. Considering that jiyi, the magnetic dipole moment of the p-He™, is well
described by the electron spin magnetic moment g)supse because of its light mass
and null orbital angular momentum, we get

1 1
(m)m= (37,35, 35—5, J.m' | (pm)z | 37, 35,35—}—5, J, m)

s / 1 1
_ (1) ( ST ) (87,35,35— 1, 737, 35,35+ 1, )

m 0 —m
(4.17)
1, 1
35— g 1 1 1
_ 1 2 2 _Z -
VEI+1)(2J +1) H 77 ssel H (37,35, 35— _ [l uni] 37, 35, 35+ )|
(4.18)
1 1
(37,35, 35— ||| |37, 35, 35+ )
35—-1 35 1 1
_ 2 == =_
— /5040 H 35+_ 10 } (se =3 llimllse =3)
5040 1
_1 == 4.19
o (5o = gllnllse = 1) (419)
The reduced matrix element (s, =3||s||se =3) = ? is directly calculable, so
(37,35 35——|IuMII37 35,35+~ )| = 11.9u5 (4.20)
and
1 1
(37,35, 35— 2, 35 1] |37, 35, 35+ 7, 36)| =12.04m
1 1
(37,35, 35— 2, 34/ 1] |37, 35, 35+, 35)| =11.8um
1 1
(37,35, 35— 2, 35 |i] |37, 35, 35+, 35)| =0.238up. (4.21)
The Rabi frequency for the magnetic transition is given by Qy = (“M)T”’BO, or,
QM/ZTF = 1.40 x ((,UJM)m/,u,B) X (BO/[gauss]) [MHZ] (422)
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For the moment let us ignore the AJ = 0 transitions, for their different resonance
frequency and small transition moments. There are two independent two-state tran-
sitions, (J** J %) and (J*~ J 7). For the population components of .J, = m
we have these equations.

P—+ —Y37 0 0 S0, (m) pP—+

d | pyy _ 0 —"37 0 — 50 (m) P4+
dt | Pz+ 0 0 —(vs7 + ymp) —(wn — war,) Pt
Py+ 7 (m) — Oy (m) Qgemy (wm —wnry)  — (737 + Yvp) Py+

(m = —36 ~ 36)

p—— —Ya7 0 0 T (m) p——

d | ps- _ 0 —37 0 — 2O (m) P+—
dt | Pa- 0 0 — (a7 + ’YMp) —(wm — war_) Pz—
Po— Sy \ TS (m) v m) (Om—wnr ) —(Ys7 + Ywp) Py-

(m = —35 ~ 35)

where v37 = 0.718MHz[33] is the rate of the radiative transition from (37,35) to
(36,34), and v, is the collisional width of the microwave transition. The width
"Yp 18 considered to be significantly small compared to the laser collisional width -,
because in this case the spatial structures of the initial and final states are almost
the same and the perturber atoms do not induce different effects on both the states.
Because the main source of the width is not a scalar but a tensorial interaction,
however, the calculation of vy, is far more difficult than that of v,. The most
elaborate estimation[43] is performed by regarding it as a perturbation of the scalar
interaction, and their conversion ratio has a large ambiguity. The estimated width
at our He density amounts to yy,/27 = 0.5 ~ 5MHz.

Figure 4.12 demonstrates the scheme of the microwave transition. At the time
t =0 a p pulse comes from AD with a duration of 200 ~ 500ns[24, 25]. About 3% of
the p form p-He™, and initially 10% of them fall in the (37,35) level[34]. This and
other initial populations are determined from the former laser spectroscopy with
the digital counting method. For simplicity we assume constant arrival of the p
during that period. After the duration of the p pulse the population of each J**
level decreases slowly by radiative transition. There are also feedings by radiative
transition from the upper level (n,l) = (38,36) (see Figure 2.1), therefore the level
(38,36) and its parent level (39,37) which have initial populations are taken into
account.

At a time t = t; we irradiate a laser beam of a frequency f*, then the populations
in J™* and J* are depopulated into short-lived states by the efficiency e™ =
0.45. From the former result of the laser transition calculation (Figure 4.6) we
assumed isotropic depopulation (i.e. no difference in € for different .J, states). The
populations in J~F and J~~ are depopulated by the smaller efficiency e~ = 0.07,
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populations and annihilation [%0]

0.08 -
0.06 |-
0.04
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0 S00 1000 11500 2000
AD pulse t microwave '
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Figure 4.12: Example diagram of the microwave resonant transition between
J~T and J*t levels. The laser depopulates J** and J*~, then
the microwave mixes the populations of J** and J~*, and
p+y is regained. The microwave power is set to 10W, then
By ~ 4gauss and Qy /27 ~ 4.5MHz. The percents of the pop-
ulations are taken against the total number of the incident an-
tiprotons. The collisional width vy, /27 is temporally assumed
to be 5MHz.
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thus there occurs population asymmetry. The depopulated p give rise to an induced
annihilation spike. For one incident p the number of the induced annihilation will
be I(t;) = 7.1 x 1074,

Then we begin to send microwave field of the frequency vgp,. The microwave
transitions occur between J~~ and J*~ and p,, and p_, are equalized. Comparing
with the case of Figure 4.13, where no microwave field is supplied, we find that
p++ 1s increased by the microwave at a time t = ¢, after the transition. Again we

populations and annihilation [%0]
0.08

0.06

0.04

0.02

. | Time[ng]
0 500 1000 1500 2000
AD pulse
D-He formation tllaser tlzaser No microwave
f—f f=f,

Figure 4.13: Example diagram of the population of the each level, where no
microwave field is supplied.

irradiate the laser beam at ¢t = t5, and it is found that the induced annihilation
intensity I(ty) becomes larger than that of the no-microwave case. Then we are able
to know the occurrence of the microwave resonance by counting I(t5). We will find
some gain of the I(t5) when it takes place.

However, we must say that the signal of the microwave transition (or the gain of
I(t,)) is quite small and it is difficult to find it. To the successful experiment it is
better to know the behaviour of the signal which we will get. In the experiment we
can choose the power, frequency and duration of the microwave. It is natural that
to observe the microwave transition between the HFS sublevels higher microwave
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CHAPTER 4. SIMULATION OF THE LASER-MICROWAVE EXPERIMENT

power is preferable. The population asymmetry induced by the first laser decreases
with time (even faster than the populations) by the radiative transition rate sz,
thus the microwave duration 7" should be as short as possible. In short,

Yarl <1 (4.24)

is required. On the other hand
1
Qm/27 x T 2 3 (4.25)

is necessary for the sufficient microwave transition to occur. If we try to resolve the
SHF'S, however, higher power becomes a defect because of the power broadening.
The half-width of the spectrum is roughly given by I'/2 ~ yp + Qu, and in order
to resolve the SHFS,

Avpry
2

must be satisfied. Considering Avypy =~ 28MHz and 737 ~ 0.7MHz, initially we
estimate the suitable parameters as T = 300ns and Qy /27 ~ 1.5MHz (which corre-
sponds to the microwave power of about 1W).

r
> 5/27r ~ Yp/2m + /27 (4.26)

| (t2)[%]
* *
0.05F . Lo
o«
i ¢« oL
7 * JrDDJ:rJr +
0.048- o
+ o . o ‘D DDT * '
i ?DD+ ++ *
+«
0.046 - oo d
*
A ; . Yud2m
. . + 0.5[MHZ
o o 15[MHZ]
0.044 ¢ 5[MHZ
| N | N | N | N |
0.0001 0.001 0.01 0.1 1

Microwave Power [KW]

Figure 4.14: I(t,) plotted against the microwave power.

Figure 4.14 shows the intensity of the second annihilation spike I(t2) with
some microwave powers. Calculations were performed with three values of vy,
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but with same microwave duration of 300ns and frequency vgpy. It shows that we
will get a large gain of the intensity with microwave power of higher than 1kW.
With this power we get the spectra of microwave transition signal as shown in
Figure4.15. Though the gain of the signal is large, we cannot determine the centre

High power spectra

| (t2)[%]
yM p/2T|.:
0.05}+ 5.0[MHZ]
M
0.041+
Vi
e

0.03 Vi

0.02}

0.01F+

1 l 1 l 1 l 1 l 1 l 1 l 1 l 1 l
%403 0201 0 01 02 03 04
Microwave frequency Wy ~Wier [GHZ]

Figure 4.15: The microwave transition signal spectrum at microwave power
of 1kW, or By ~ 40gauss. The signal is expressed by the number
of the induced annihilation I(ty) against the total incident p
number. Calculations are performed for three values of .
With this high power we cannot resolve the SHFS. The FWHM
of the spectra are 350MHz, 230MHz and 125MHz for each yp.

of the resonance with better precision than 1072, Nevertheless operations on this
microwave power will be helpful to know whether there are microwave transitions
at all.

To determine the resonance frequency precisely we must reduce the microwave
power. From Figure 4.14 we choose the microwave power of 1.5W. This power gives
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a fairly large gain in case of small yys,, because in such case population inversion (not
equalization) between the J*™+ and J~ occurs at T = 300ns (see Figure 4.16).
Figure 4.17 shows the final result of the spectra. With this power the SHFS is

populations and annihilation [%6]

0.08
0.06
0.04
0.02
; Time[ng)
0 500 1 " 1500 2000
AD pulse ¢ microwave ¢
P-Heformation 1Iaserw M= Faser
f-f, f=f,

Figure 4.16: Example diagram of the microwave transition, with microwave
power of 1.5W. Due to the average Rabi frequency of about
1.5MHz and small relaxation rate of yy,/27 = 0.5MHz popu-
lation inversion of the J** level and J ' occurs at the end of
T = 300ns microwave duration.

resolved at any collisional width. The gain of the second induced annihilation is
summarized in Table 4.1.

To end with this section, let us discuss the observation of the microwave tran-
sition HFy,. The equations (4.21) show that the HF}, transitions have a fifty times
smaller transition matrix elements, and require 2500 times higher field energy than
the HF 1 transitions. It means a field power P of at least 2.5kW. However, the power
broadening of the HF 1 transitions will begin to overwhelm the spectrum of the HF,
transition at P = 1kW, as shown in Figure 4.15. With P ~ 2.5kW, populations
of the four levels are equalized by the strong microwave, and there will be no room
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L ow power spectra

|(t2) [%]

Vaol21T=5.
0.05 /2T=5.0[MHZ]

- T

0.04
0.03
0.02

0.01

0||||||||||||||||

-30-20-10 0 10 20 30 40 50
Microwave frequency Vy,—Vyes

[MHZ]

0.05

0.04

0.03f

0.02

0.01

0

0.05

0.03

0.02

0.01

0,

Y o12T=1.5[MHZ]

M

-30-20-10 O 10 20 30 40 50

-’—25/—/\’\—/_/—A¥

I Vol21=0.5[MHZ]

-30-20-10 O 10 20 30 40 50

Figure 4.17: The microwave transition spectra at lower microwave power of
1.5W, or By ~ 1.6gauss, for some supposed values of the col-

lisional width yyp. The induced annihilation increases slightly

at the microwave frequency of vuyr, and vmr_.

The annihi-

lation signal I(ty) is normalized by the total incident p num-
ber, and the signal gains of the microwave transitions are about

2 ~ 5 x 1075,
each .
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Microwave power | Field strength | Collisional width | gain/incident 7 | gain/ signal at
P Bylgauss] Ymp/2m[MHz] off-resonance

0.5 49x10°° 0.11

1.5[W] 1.6 1.5 38%x 107 0.088

5.0 25 x10°° 0.056

0.5 6.8 x 10°° 0.16

1.0[kW] 40 1.5 6.8 x 107° 0.16

5.0 6.8 x 107° 0.16

Table 4.1: Summary of the microwave resonance gain simulation. Simula-
tions were performed with three values of the collisional width
and two microwave powers, one is for the HFS search and another

is for the SHF'S search.

for the HF}, transition to cause the population transfer. Therefore it will be quite
difficult to observe this transition.
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As calculated in the Chapter 4, the signal of the microwave transition is quite
small, and amounts to only 2.5 ~ 7 x 105 fraction of the incident 7. To observe this
small signal we must acquire a large number of p from AD. From the latest result
of the laser spectroscopy shown in Figure 3.1, we can roughly estimate how many
AD shots (and time) we need to distinguish the signal from noise.

First let us estimate the noise of the delayed annihilation. The delayed annihila-
tion spectrum in Figure 3.1 shows that there are large fluctuations on the output
voltage of the Cherenkov counter photomultiplier.”) The deviations of the output
from the exponential curve followed a distribution as shown in Figure 5.1. The
number of the accumulated AD shot was 56, and one AD shot contained only 10°
P at the moment due to the bad beam condition. So this noise histogram may be
comparable to one “real” AD shot of 107 p. For one real AD shot the noise of the
DATS is about one volt, and for N AD shot it will be about V/N volt.

To evaluate the signal, we should get a relation between the number of induced
p annihilation and the spike voltage appeared in the DATS in Figure 3.1. The
number of the total incident p was about 5.6 x 10%. Only 40% of the incident p
would stop in the helium target region, because the p beam from AD had a wide

*)They are mainly due to the “direct hit” of the charged particle to the photomultiplier (PMT).
The light collection efficiency of the Cherenkov counter depends on the particle incident point. If
it is close to the PMT the Cherenkov photons will go into the PMT directly (without reflections)
, and the light collection efficiency becomes quite large. Therefore everytime the incident particle
passes near the PMT, the output voltage increases excessively and a spurious spike appears. This
effect might be improved by arranging the counter geometry.
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Figure 5.1: Histogram of the noise of the first 2.5us part of the analog DATS
Figure 3.1 in 5ns bin. The total number of the incident p is
about 5.6 x 10, The solid curve shows the result of Gaussian fit.
The standard deviation of the noise voltage is 1.2V.

vertical width of 30mm?"[24] while the diameter of the beam entrance window was
only 15mm. The p-He™ population of the states (n,1) = (39, 35) is about 2 x 1073[34]
for one incident p. So the number of the p-He™ in (39, 35) level was about 4500.
Also we must consider the laser depopulation efficiency of 60% . Consequently
the number of the p annihilations induced by the laser was about 2700. The peak
voltage of the induced annihilation spike in Figure 3.1 was about 13V, so one p
annihilation has 4.8 x 1073V contribution to the DATS. Then we can estimate the
microwave transition signal. For one real AD shot the microwave transition induces
about 250 ~ 700 annihilation, which correspond to 1 ~ 3V signal. For N shots, it
will be about N volt.

Concludingly, to get a signal-to-noise ratio better than ten, we may need hundred
real AD shots for each microwave frequency. In 2000 we intend to spend 33 days and
4000 shots to the microwave experiment, thus maximum forty microwave frequencies
can be searched. To find the resonance we must scan the microwave frequency with
a smaller step than the spectrum width. So the HF'S search by high power field can

DThe horizontal width was 9mm and narrow enough compared to the window diameter.

DThe transition (39,35) — (38, 34) is different from the simulated transition (37,35) — (38,34)
in almost only one sense, that it is a favoured transition and far less laser power is required. So
the used laser energy of 2mJ was large enough to cause saturation. From Figure 4.8 we suppose
the saturated efficiency to be 60%.
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be done with, say, ten sample frequencies with a 30MHz frequency step within the
+150MHz tuning range. After that the SHF'S search will be possible with a finer
frequency step of 2 ~ 3MHz, within a scanning range of 60 ~ 80MHz around the
var- More precise determination of the SHF'S will be a future subject.

Thus the conclusion is that we can expect a positive outcome from the AD
experiment, provided that the beam has as high intensity and quality as designed.
The optimum laser intensity is 2.0mJ/cm?, and the microwave power can be as large
as possible when we search the HFS resonance. The duration of the microwave
should be as short as 300ns for example, and the optimum microwave power for
SHEFES search is determined from this to be 1.5W. From the assigned number of AD
shots we will find the hyperfine, and possibly superhyperfine, structures.
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A.1 The equation of the electromagnetic field of

the cavity

Figure A.1: Definition of the Cartesian and cylindrical coordinates. r =
y* + 2%, and ¢ = tan"!(z/y).

Let us take cylindrical coordinates (r,¢,z) as Figure A.1. The Maxwell
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equations inside the cavity (not including its surface) are

divE = ¢,'p=0 (A.1)
o0H
tE = —po—— A2
Iro Mo ot ( )
divH = 0 (A.3)
OF oFE
rotH = j + eg— = €o— (A.4)

ot ot~

Using a familiar vector operator formula

rot rot = grad div — A

and substituting G}J,uo =c, we get AE = 60/!0%27 = c%a;ﬂ . The same goes for H,
SO
1 0’°E
Sy A5
1 0°H
AH — — = 0. A6
c? Ot? (4.6)
Now we assume a time dependence factor ¢! and change to complex phasor
expression.
E = R(ee™") (A7)
H = R(he™") (A.8)

Here e and h are 3-dimensional complex vector field functions of (r, ¢, z). Then the
equations from (A.1) to (A.6) are reduced to

dive =0 (A.9)
rote = —ipgwh (A.10)
divh = 0 (A.11)
roth = ieowe (A.12)
Ae+ k’e =0 (A.13)
Ah+k*h=0 (A.14)
w
== (A.15)

Next step is to divide the fields into three components.

6(7”, (;57 .Z‘) = er(ra ¢a x)aT(qﬁ) + e¢(7na QS; x)a¢(¢) + 62(7”7 ¢7 x)a'z (A16)
h(r,¢,z) = h.(r, ¢, x)a,(¢) + hy(r, ¢, x)ay(P) + hy(r, ¢, x)a, (A.17)

Here a,,a4 and a, mean a unit vector to each direction. Laplacian in cylindrical
coordinates is expressed as

2 2 2
A:8__|_18 10 0

e, 22 2 A.18
or?  ror * 72 02 + 0x?’ ( )
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so, we get from (A.13), (A.16) and (A.18) following equation on e,:
0%, 10e, 1 0%, 0%,
ot "ror T rZog | oz

From (A.19) it is easily found that variable x is separable. That means we can

separate the x dependent factor from e, as

+ ke, =0 (A.19)

er =T(r, )X (z) (A.20)
1d*X
———+k2=0 A.21
~ 2 Tk (A.21)
d*T 1dT 1d*T )
B T B T =0 A.22
dr2+rdr+r2d¢2+n ( )
k* — k2 = KA. (A.23)
Again (A.22) asserts that variable ¢ is separable. So,
ex = R(r)®(¢) X (2) (A.24)
d*X
k2X =0 A.25
R (4.25)
d?® )
F& + n (I) =0 (A.26)
d’R dR
== 4 r— + (K2’ —n®))R=0 (A.27)
dr? dr
k* — k2 = k2. (A.28)

These equations determine the field e,, with characteristic values of (k,, kr,n) de-
pending on the boundary conditions. Though the same equations hold true for h,,
generally they cannot coexist at the same frequency, because h, is subject to dif-
ferent boundary conditions from e, and requires different eigenvalues. So now we
assume h, = 0. This kind of field mode is classed as TM mode. If we assume e, = 0
instead, it is called TE mode.

A.2 Boundary constraint and resonance frequen-
cies
Here we assume that the cavity wall is a perfect conductor and has infinite electric

conductivity o. As concerns calculation of resonance frequencies it is not critical.
Later on the energy loss and @ factor will be given as a perturbational effect about

1/0.
/ Then from the boundary conditions of the field following are required:
ep=0,e,=0h, =0 (at 7 =a) (A.29)
ey =0, e,=0 h, =0 (at z=0) (A.30)
ep =0, e, =0 h, =0 (at z =d) (A.31)
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With (A.9), (A.30) and (A.31) we can deduce

% =0 (at z = 0) (A.32)
% —0 (atz=d). (A.33)

Also the fields should be single valued functions. (i.e. e(¢) = e(¢ + 27).) Under
such conditions, differential equation (A.26) has integer n as eigenvalues and the
solutions are

®(¢) = C; exp(ing) + Cy exp(—ing), n=0,1,2--- (A.34)

and the feasible solutions of the Bessel equation (A.27) are first*) kind Bessel func-
tions

R(r) = CoJ(krr) (A.35)
and the boundary condition (A.29) makes allowable kt discrete, as

an
ey = 2 m=1,2,3--- (A.36)
a

where P,,,,, means m-th zero of the function .J,,(x). The solutions of (A.25) are also
trigonometric functions, and with (A.32) and (A.33),

l
X (x) = Cy cos(k,), ko=, 1=0,1,2-- (A.37)
is required. Therefore the final result of resonance frequencies f(= ;= = k) is

given by

Jomi = %\/(PZ’”)Q + (%)2. (A.38)

For the specified dimensions ¢ = 14.15mm and d = 24.6mm (A.38) gives char-
acteristic resonant frequencies as Table A.1.

We can derivate the resonance frequencies for TE mode in almost the same way.
There are two remarkable distinctions. One is that p,,, in the formula should be
replaced by pl,. which is m-th root of an equation %(m) = 0. Another is that
modes such as [ = 0 is not allowed because they mean no field at all. A frequency
table for TE modes is also shown in Table A.2.

It is found that in the frequency range of our interest around 12.9GHz only

TMi19 mode exists. So after now we will focus only on this mode.

*)The second kind of Bessel functions (or Neumann functions) go infinite at r = 0, so they are
not allowed physically (or in other words have null amplitudes in finite total energy).
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Table A.1: Resonance frequencies of TM,,,,; modes for a cylindrical cavity,

calculated for specified dimensions of ¢ = 14.15mm and d =
24.6mm.
TM
n|m|l|f/|GHz]
0/ 110 8.10 TE, i
0] 1|1 10.1 nilmll f/ [GHz]
0] 112 14.6 0|11 14.3
0210 18.6 11111 8.69
11110 12.9 1112 13.7
1711 14.3 1121 18.0
11210 23.6 2111 12.0
21110 17.3 2112 15.9
2121 23.4

Table A.2: Resonance frequencies for TE,,,,; modes

A.3 Electric and magnetic field of TM;;p) mode and
field energy

The aim of this section is to calculate electromagnetic field of TM;;o mode and
draw information on the field energy. From the former argument we can deduce the
field expression about e,.

ex(r, ¢, 2) = egJ1(kr) cos(p — o),

P
= Yo i (A.39)
c a

ex

Clearly that means = = 0, and since h, = 0, there is no source term for e, and e.
Thus e, = e4, = 0. The field equations are greatly simplified as

) 1 10e Oe
h = rot(ega,) = a,(——2) — ay(—=
HoWi1o ( ) HoW1io ( (7” 8¢>) ¢( or )>
1 Ji(kr) . ) oJi(kr
= — €o 1(kr) sin(¢ — ¢p)a, — €o 1(k) cos(¢ — ¢o)ay.
HoW1i10 T HoW11o or
(A.40)
We can use admittance of vacuum Yy = , /% and then
e = eogJ1(kr) cos(¢p — bo) (A.41)
he = —iYpeq Jllikr) sin(é — ¢o) (A.42)
r
hy = —iYoeoJ; (kr) cos(¢p — ¢o) (A.43)

64



APPENDIX A. MICROWAVE FIELD INSIDE THE CAVITY

are the resonated fields in the cavity. If we return to normal expression instead of
phasor expression, they will be

E, = EyJi(kr)cos(¢ — ¢o) cos(wiio(t — to)) (A.44)
H, = YoE,~ 1(]") (6 — o) sin(wno(t — o)) (A.45)
Hy = Y})EOJI(kr) cos(¢p — o) sin(wy1o(t — to))- (A.46)

A ANNANA
AN AAN AN
A A A

ﬂﬂﬂﬂﬂﬂ

call Figure A.2: The magnetic field of
CieeseeolllllE s TM;i10 mode for our cavity. The
ClllliIiIIEssssssiiii arrows indicate the field vector at
SoooTTIIITooTIIIIiiiol each point. The electric field is ori-
[ R o ented to = direction, perpendicular
//////// to this section. The constant ¢y is
N chosen to 3 to couple with the trav-
22222777 elling wave in the waveguide. The
coupling factor is not taken into ac-
count.

Since Bessel function J,(kr) has a polynomial expansion of

X (— 1) (kr/2)mtm
Z /2)

2 m' CET (A.47)
the fields around the centre of the cavity are approximately given by
By = %EO]”" cos(¢ — ¢o) cos(wiro(t — to)) (A.48)
H = %YOEO sin(6 — o) sin(wrro(t — o)) (A.49)
H, = %YOEO cos( — o) sin(wnio(t — o)) (A.50)
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and so H = %YE)EO sin(wi10(t—1o)). ) Now we are able to calculate total field energy
inside the cavity.

1 a 2w d
Ey = —60/ dr/ rdqﬁ/ dx Eﬁ
2 Jo 0 0

dE? a
= EOWQ 0 cos?(wiro(t — to))/ J2(kr)r dr
0
eomdE? 1 [R? 1 fi=ha
= =L cos®(wiio(t —to))— | = JZ(R) + = (R* — 1) JX(R)
2 k 2 2 0
1
= ZEQTHI,QdEgJ{Q(Pll) cosz(wno(t - to)) (A51)

1 a 2m d
2 0 0 0

- EWSE(% sin?(wi0(t — to)) /0 ' { (J 1](!7))2 - Jf(kr)} r dr

emdE2 | 1 [R? 1 fika
= 0 5 0 s1n2(w110(t - to))ﬁ |:7J{2(R) + <§R2 - ].) J12(R):|O
1
= ZEQT('G?dE'gJ{z(Pll) SiIl2 (wno(t - to)) (A52)
Loy 2 _ 1 o5 2
Etotal = ZWCL dJl (Pll)EOEO = ZWCL dJl (Pll)yJO()/OEO) (A53)
So the amplitude of the magnetic field around the center is given by
1 Etotal
Hy = -YoF, = . A.54
0T \/WMOCL?CU{Z(PM) ( )

A.4 Calculation of energy loss and () value

From this section we take the finite conductivity of the cavity wall and loss effect
into account. The only field nearby the cavity side wall is Hy.

Hy = 2H,J|(P11) cos ¢ sin(wt) (A.55)

From the boundary condition of magnetic field, we get the current going around the
wall.

J(¢,x) = —Hy = —2H,J{(P11) cos ¢ sin(wt) (A.56)

DFrom (A.45) and (A.46) we can calculate the half maximum radius of the magnetic field. It is
rw%forHTandrrv%foer,.
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Here J, is a surface current density element, already integrated along r direction.
The classical electrodynamics tells us that with finite electric conductivity o
there exists small electric field F, = %JI in the conductor surface, within the depth

of

2
b=y —. (A.57)
wHo
The frequency 12.9GHz gives 6§ ~ 3.8um?b. The surface current is not confined on
the very surface but ranges from r = a to » ~ a+ 6, thus conductor surface element

has resistivity element
1 1
R, =— = —wub A58
—5 = pWh (A.58)

and gives rise to Joule heat RmJ§§).
Therefore the (time-averaged) total heat loss from the side wall is

d 2
Ploss :/ dx/ adpRy,J?
0 0

1 d 2T
= 5/ dm/ ad¢ RpdH3 T (P1y) cos® ¢
0 0

= ZadﬁRmHgJ{Z(PH)
= wpbadr HE J(P1y)
o
= ﬂ—wEtotal. (A59)
Mo @
Usually we assume p = g, so
WEtotal a
= _ - A.60
Q P]OSS 6 ( )

determines the quality of the cavity®). With high Q, the cavity has a small loss, high
excitability, and fine wavelength selectivity. In the calculation above we ignored the
loss from front and back walls. If they are closed by conductor as the side wall the
same way of loss calculation is applicable and the resultant ) is modified to

a d

nga—l—d'

In the actual case they are made of meshed structures and supposed to allow more

(A.61)

energy leak than closed structures. So result of these formulae must be interpreted
only as an upper limit of (). Surveyed value of the unloaded @) of our cavity was
2700, which is in the same order of theoretical value of 2400 ~ 3800.

YThe conductivity o of the stainless steel L304 is 1.4 x 10°Q~'m at room temperature.

8§ There is also an imaginary part in the surface resistance, and that causes a i frequency shift.
It is not so significant.

T What determine @ are the geometry and the field pattern of the mode, thus not so sensitive
to the frequency
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A.5 Excitation of the cavity from outside

Though a perfectly isolated cavity may be ideal in terms of mathematics, it is
of no practical use. Cavities we use have external excitation source somewhere.
For our case it is regarded as a magnetic dipole at the window to the waveguide,
oscillating parallel to the y axis. Suppose a magnetic dipole of a form M (z,y, z)e™*
exists around (r ~ a,¢ ~ 5, T ~ g) If w ~ w19 the microwave field in the cavity is
expressed in view of (A.41)~(A.43) as

e 606110(T, ¢, I), €110 = ale(knoT) SIH(QS) (A62)
Ji(kq1or .
h = hohy1o(r,0,2), hig= aTllg—n;z) cos(p) — ayJi(ki1or) sin(e).
110
(A.63)

Here they are normalized as [ e},,dV = [ h},dV = I = fwa’dJ?(P1;). What we
must know is a relation between hy and M. Since B = puo(H + M) the maxwell
equation (A.10) is modified to

rote = —ipgwh — ipow M (A.64)
roth = ieywe. (A.65)

From formulae of vector analysis, we get

/(rote) . hnodV — /(I‘Othllo) -edV = /le(e X hllo)dv

- f{ (e x hi1p) - ndS = f{ (n x €) - hi1pdS (A.66)

and considering n x e = n x R,J = R, h at the surface, we get

/(—z,uowh — Z,UJ()WM) . hnodV — /(knoello) -edV

M - hqodV
—ipowhy — wowf% — k110€0
Rm § h%lods F)loss Kow
‘ I oo Etotal Q ° ( )
From (A.65) we get simply ieqwey = ki10ho. Now we can solve it as
B — (.UZ fM . hll()dV
0— i
wiyy — w?(1 — 5) 1
— w110 fM - hq10dV (A 69)
W — wno(l + %Z) I ’

This formula describes the characteristic response of the cavity.
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rrrrrrrrrrrrrrrrrrrrrrrr

s e b il 25850
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Appendix B &
: A ,i
s. Theory of a two-state transition g
: :
S o oe ettt sttt etteTetotttatss!

B.1 Two-state Schrodinger equation and Rabi os-
cillation.

First we start the argument of E1 transition dynamics with the case of two
stable states. Suppose here are two wave functions ¢;(r) and ¢o(r) which represent
eigenstates of an atom or a molecule.

7'20@(7") = Ei¢i(r), E; < Ey (B.1)
Here r denotes the positions of the constituent particles. The functions ¢;(r) and

¢o(r) are orthogonal to each other. With these functions any state of the system at
time t is expressed by the superposition as

Byt _; Bt
Y(r,t) = ci(t)di(r)e”™  + ex(t)da(r)e™ n . (B.2)
Then we introduce polarized electric field E, = Ey(t) cos(wt). The amplitude
factor Ey(t) changes with time adiabatically. The interaction Hamiltonian is given

by

eiwt + 67iwt
2

Here the electric dipole operator ,L:L'( )= Z e;7; appears. Using the time-dependent

Schrodinger equation zhdw(t) (’H +H Y(t), we get

H' = —4i,(r)Eo(t) cos(wt) = — i, (1) Eq(t) (B.3)

in 200y, (et 4 in 22D g )5
= (Y H (r)e i + eoft )H'¢2( Je~ i F (B.4)
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Then we operate f dr¢y (T)ei%t. Because [i is a polar vector operator and is an
odd function of r, [ dr¢;(r)i,$1(r) should be zero. So we get

. dCl (t)
h
T

—3 (E27E1)t
h

:cz(t)/drﬁl‘(r)ﬁ'@(r)e (B.5)

Now we define i, =| [ drei(r)i.¢a(r) | and wiy = 22521 and rewrite the equation.

) dCl(t) eiwt + e—iwt
h =cy(t)u B(t) ———
t i c2 (V) m E(2) >

e izt (B.6)

Making a rotational wave approximation and introducing Q(t) = “m—f(t) and Aw =
w — wig, We get

deq(t , Q(t) ;.
clzi ) _ —ZCQ(t)%e t (B.7)
The equation for dc;ft) is obtained in a similar manner.
deo(t . Q) _,
% - —zcl(t)%e t (B.8)

These are the equation of the transition in the case of population conserved system.
The term €2 is called Rabi frequency. The solution of this equation shows oscilla-
tive behaviour. If the field strength is constant far over the period of Q7! it is
analytically solved and oscillates with a frequency v/Q? + Aw?.

These are the basic process of E1 transition. Almost in the same way we can
obtain the equation for M1 transition. The electric field Ej is replaced by the
magnetic field My, and the electric dipole operator i is replaced by the magnetic
dipole operator ji;. Now the diagonal matrix element does not disappear because
iy is a pseudo vector operator. Nevertheless we can neglect it when the rotational
wave approximation holds true, and the results are the same as what we already
have.

B.2 Density matrix formulation

While the wave function formulation describes an atom, the density matrix p =
Y nm PrPam®y, represents the statistic property of the whole system. When there
is ohly one atom, or when all the atoms oscillate with perfect correlation and have
the same wavefunction ¢ (r,t), the density matrix is given by p = ¥9*, so

p11 = cj(t)er(t) (B.9)
p2a = c3(t)ca(t) (B.10)
pra = c1(t)ch(t)e™ 2t (B.11)

(t)ci(t) )

I
Q
N
~
%)
=%
~~
~
®
L
&
=
S
o~
Il
=
=%
)
~~
0
—_
\)

P21
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The terms p;; and pyy can be understood as the populations of the states. The
nondiagonal terms express correlations of the atoms, because this term disappears
when it is summed over many uncorrelated atoms with arbitrary phases. Modified
forms of them are more convenient.

Pia = proe "t = ¢y (t)ch(t)e ™" (B.13)
pa1 = co(t)ch(t)e™! (B.14)

The time evolution equations of them can be obtained using the results of the former
section.

d . Q 3 W . % Q 13 —w 1 .~ .~
Wi _swienEet te@icn Dot = Lo ig + i)
(B.15)
d . Q t 72&) . % Q t ZUJ ]- . o~ . o~
% = —c§(t)zcl(t)£e b4 CQ(t)zcl(t)ﬁe b= 2Qt)(ipa — ipia)
t 2 2 2
(B.16)
dp; Qt) . ) Qt) . .
5;2 = —icy(t) ; )e“"t ct)e ™ +ici(t) —g )e""t ci(t)e™ —iAwpry
. v S22 - Qt . -
= —ies0s0) D+ ici(er () 2D — i Awg,
1 . -
= ZiQ(t)(pn — p22) — 1Awpiy
(B.17)
dpai 1 . -
W = _Ziﬂ(t)(pll - pgg) + zAwp21 (B18)
Then we define p, = (p12 + p21) and py = i(p1a — p21)-
dpi1 1
— = =-Q(t B.19
o Low, (B.19)
dpaa 1
— = ——Qt B.20
22— _Lowp, (B.20)
dps
e —Awp, (B.21)
4oy _ _o A B.22
P (t)(p11 = p22) + Awp, (B.22)

These equations of the density matrix are applicable to a single isolated atom. The
density matrix of the whole system is an average of that for each atom, but follows
a little more complex equations.

B.3 Population losses and relaxation

Then we introduce annihilation (or other) decay processes to the system. The
populations p;; and pss should decay exponentially according to decay rates ; and
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72 respectively. The amplitudes we wrote as ¢1(t) and ¢y(t) come to include damping
factors e~ 2 and 6_%%, so the nondiagonal term p;5 also has to decrease with a rate
Y19 = %(71 + 79). It is natural because the correlation among all the atoms must
diminish as the total population of the atom gets small.

We must somehow include effects of collisions with other atoms. The simplest
explanation goes as follows. Suppose some atom approaches to the atom which is
in a cycle of the transition. Due to the interatomic interaction (such as van der
Waals interaction) there occurs a small instantaneous shift dw(t) in the transition
frequency®, or, Aw. Thus the equation (B.17) for a certain atom is modified as

dpis
dt

After the laser irradiation we get a formal solution of

= 9(0) (o1 — o) = (i( A + B (t)) + 102) (B.23)

t

p12(t) = p1a(to) exp(—iAw(t — to) — y12(t — to) — z/ Sw(t")dt") (B.24)

to

To get the density matrix of the whole system we can use a statistical method.

t
pzZ(tOtal)(t) = pi’z(to)6—iAW(t—t0)—712(t—to) <eXp(—'L/ 6w(tl)dtl)>

to

=..-(1 —i/(éw(t’»dt'— %/t /t(éw(t')éw(t"))dt’dt”+...)

to

=---(1—'yp(t—t0)+---)
=+ exp(—p(t o) (B.25)

Here we assumed (6w(t')ow(t")) = 27,6(t' —t"), and a new damping rate v, was
introduced. Thus we obtain equations of the total density matrix. Now we omit the
subscript (iotal)-

% = 1) — poa) — (120 + 7+ )i (B.26)
The final result is
; P11 ! 0 0 %19(75) P11
A I e I T v I B2
o ) o e —w )\ o

where yp = 7, + %(fyl + 72) is the total transverse relaxation rate.

*)This kind of collision which only disturbs the oscillation without energy transfer is called an
optical collision. When the perturber comes close to the atom some transition of the atomic state
may occur. This is called an inelastic collision, but is not so significant.
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Addendum

1 Multiple induced annihilation by laser pulse
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Figure 1:

Figl shows the time profiles of the density matrices in three 2mJ-power laser
pulse situation. Convolutions for laser bandwidth have not been performed yet.
The gray peaks indicates the laser powers (in arbitrary unit). The FWHM of
the laser pulses is 3ns. With longer interval we get larger depletion.

Fig2 shows the depletion efficiencies against laser power. Laser bandwidth
of 800MHz was included. The optimum laser power per one pulse seems to be
1mJ.



Pulse-Pulse distance= 4ns
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2 Magnetic field distribution

The microwave field of TM110 mode is not uniform in the y-z plane. Assum-
ing that the stopping pbar has a Gaussian radial distribution of 5mm FWHM
around the centre axis, the distribution of the magnetic field for one stopping
pbar will be like this.

To be accurate, all the microwave calculation in the thesis should be con-
voluted by this distribution, and will have wider spectrum widths and lower
S/N.
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Figure 3:

3 Initial Population

The initial population of the (37,35) used in the calculation was ~ 3 x 1073,
while the recent value calclated by Hori in his Dr.thesis is ~ 1.5 X 107 3. So the
annihilation signal may be half of the previous calculation.



