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ABSTRACT

The lifetimes of the resonance 3p levels of Mg II are accurately measured
by using the beam-laser method. The accuracy for the measured lifetimes is better
than 1%. Frequency-doubling optics are incorporated in the present experiment to
generate UV radiation around 280 nm. The charge-integration technique is used
to avoid the pile-up errors, which occur with single-photon counting. An order-of-
magnitude estimate is made of the required laser power for saturation to be achieved.
The success of the experiment justifies this point. The theory of frequency doubling is
presented. Methods for estimating the statistical error associated with extracting the
lifetime from the measured decay curve are discussed. The contributions from various
possible sources of systematic error are estimated. The results of this experiment are
compared with previous experimental and theoretical works. Observations of the
fluorescence following two-step excitation and direct two-photon excitation are made

using Doppler tuning.
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Chapter 1 Introduction

1.1 Introduction

The accurate determination of atomic lifetimes is of much interest in
laser spectroscopy, plasma physics, and astrophysics. It is central to radiative trans-
fer calculations, which often turn out to be needed to construct the stellar interior

and atmosphere models and arc related directly to the observable stellar abundances

[Mi87).

The resonance doublet in Mg II, 25-2P, as shown in Fig. (1.1-1), is
prominent in many astrophysical spectra [Fi76]. It is therefore not surprising that
its oscillator strength has been the sukject of many experimental [Smi66, BBB70,
SL71, Lil80] and theoretical investigations [La75, Gan87, Hi88, Ti88]. A survey of
the literature shows that the various theoretical approaches yielded results with a
spread of 10%. Unfortunately, the precision of the various experiments so far has not

becn sufficient to demonstrate clearly which is the best method of calculation.

2
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279.08 nm
279.80 nm

23X 279.68 nm

280.27 nm
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Fig. 1.1-1 Level diagram of Mg IL



In ab initio Dirac-Fock (DF) calculations, the fine structure of the 3p
levels is treated in a fully relativistic manner, which is very important for high stages
of ionization. However, these calculation do not adequately describe correlation ef-
fects and show a large disagreement with the experimental results. Nonrelativistic
multiconfiguration Hartree-Fork calculations have been made, which include electron-
correlation corrections. However, the lifetime results obtained in this manner are not
truly ab initio, since only a single value for the line strength is obtained for both
3p levels, and the experimental wavelengths must be used to obtain level lifetimes.
In considering the core polarization (correlation) effects, it is necessary to justify the

choice of the core radius, which relies on a comparison with the observed energy levels

[Tc88).

There are several ways to measure the lifetimes of the excited states
of ions or neutral atoms, such as phase shift, Hanle effect, beam-foil, and so on. Of
these methods, beam-foil spectroscopy [BFS] is one of the most successful and versatile
techniques for atomic physics [Ma88]. It allows the study of atomic transitions and

energy levels as well as the determination of atomic lifetimes.

In BFS, fast ions from an accelerator are sent through a thin solid
target, usually a carbon foil, where they are jonized and excited. In principle, it can
produce almost any excited state of any element in any ionization stage. One of the
mayor advantages is that the fast moving beam provides an excellent time resolution
(typically 10105, but it can be better than 10~125 in favorable cases) for lifetime
measurement [Ga82]. Therefore, much work has been done in using and improving the

technique since it was introduced by Kay and Bashkin in the early 1960’s. The basic
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principle behind this technique is that the ions or neutral species, in excited states
after foil excitation, will decay into lower levels spontaneously. Direct observation
of the fluorescence at various distances downstream from the foil then yields the
decay curve. If only a single level is populated, then the decay curve follows a simple
exponential and can be easily fitted by a least-squares method. However, since the foil
excitation is non-selective, it is common that the resultant decay curve is the sum of
several exponentials due to the well-known cascading effect, i.e., the levels of interest
are repopulated by vet higher levels. Although the ANDC method has been used
to account for the cascade contribution, the procedure is still quite delicate[TC88],
setting a lower limit to the uncertainty of typically 5 — 10 %. Moreover, it is much
more difficult to tell the weights of the different lines in the fitting function when they

are close in wavelength, as in the present case.

As mentioned above, BFS needs to be improved to take account of
cascading. - nce the advent of the laser in the early 1960’s, it has been widely used
in studies of atomic spectroscopy. Instead of using a foil, a laser beam is used to excite
the ion beam. By tuning the wavelength of the dye laser (pumped by an excimer or
argon ion laser), a level of interest can be populated selectively. This avoids cascading
and yields a single exponential decay curve. This is called the beam-laser technique.
The laser excitation of fast beams has turned out to yield the most accurate lifetimes
known in atomic physics up to now [Ha86]. Many papers on lifetime measurements
with this method have been published with an accuracy of 1 %,or better [Ha86,

GPAST7, Ga82).

In beam-laser measurements we need to consider the type of laser to

be used, as well as the configuration of the two beams. In principle, the continuous

3



wave [CW] is preferred for the visible region, since larger signal rates can be obtained
with less scattered laser light. However, the much higher peak power of pulsed lasers
is required to extend the meas irements down to the ultraviolet wavelength, as in the
case of frequency-doubling for the study of the resonance doublet of Mg II. Turning
to the methods of crossing the ion and laser beams, the collinear geometry uses
the laser beam parallel or anti-parallel with the ion beam and this permits a higher
spectral resolution. This is important for studies of fine structure and in tests of
QED. However, for the measurement of lifetimes, the two beams normally intersect
at a large angle (15° — 90°) to provide the required time resolution. Furthermore, this
permits Doppler tuning across the laser resonance to observe two-photon excitation

in the present experiment.

As seen from Fig. (1.1-1), the resonance of Mg II falls in the ultraviolet
region, which is beyond the present spectral range of dye lasers (400nm — 600nm).
Fortunately, the frequency-doubling technique makes it feasible to study spectra in
the UV. With a high input laser power, a nonlinear optical crystal can give second
harmonic generation (SHG), i.e., doubling the frequency of the incident radiation.
Using a newly acquired KDP(K HgPOy) crystal and Rhodamine 590 dye, pulsed
tunable radiation around 280 nm has been generated with a typical mean power of
1-5 mW at a repetion rate of 200 Hz.This corresponds to a peak pulse intensity at

the ion beam of around 40 kW/em?.

Another aspect of the present experiment is that the output from the
photomultiplier used to detect the fluorescence radiation was recorded using gated

charge-integration, rather than the usual single-photon counting. In this way it was

4



possible to avoid the pile-up problems usually encountered with pulsed laser fluores-

cence.

Chapter 2 presents an estimation of the UV laser power needed for the
saturation of ion beams. It is based on a discussion of the various line broadening
mechanisms: natural linewidth, Doppler broadening, and power broadening due to
the intense laser field. Calculations for two extreme cases are made to give an order

of magnitude for the required laser power.

The principle of nonlinear optics is outlined in Chapter 3 in terms of a
simple anharmonic oscillator model, which gives a clear indication of what the nonlin-
ear susceptibility is about, and the semi-classical electromagnetic formulation, which
allows the discussion of the nonlinear interaction of the fundamental and generated
waves within the crystal, where phase matching ard focussing play an important role

for a high conversion efficiency of the second harmonic.

Chapter 4 describes the experimental setup used for the measurement of
lifetimes using the beam-laser technique. The problems encountered in the frequency-
doubling optics are also discussed. The principle of charge integration is briefly out-

lined.

Chapter 5 discusses the data collection system as well as the method
used for analyzing the data. The timing sequence is explained in detail. The least-
squares fitting method is used to extract the lifetime. An estimate is given for the

various sources of error. This leads to an accuracy of better than 1%.

Chapter 6 presents the experimental lifetime results for the 3p levels
of Mg II, with 3.873 £ 0.037 and 3.819 £ 0.035 ns for 2P1/2 and 2P3/2, respectively.

5



Observation of both two-step photon excitation and direct two-photon excitation is

discussed.



Chapter 2 An Estimation of Required Laser Power

2.1 Absorption and Emission

Atoms or ions may be excited to higher states by absorbing photons.
These excited species will decay back to the lower states, emitting radiation in all
directions. It is useful to employ the Einstein theory to treat these plienomena when
dealing with an ordinary light source where the intensity is quite low, so that the
spontaneous emission is dominant. It follows that the intensity of the light beam falls
off exponentially as it goes through the system of atoms or ions. For low intensities,
the atoms or ions absorb radiation at a rate proportional to the intensity. This is

true for all ordinary broad-band illumination.

There are three competing processes occurring simultaneously in the
excitation. Each of them is governed respectivel: by one of the three intrinsic coef-
ficients: spontaneous emission coefficient Agq, absorption coefficient Bjg, and stimu-
lated emission coefficient Bo;. These are related by the Einstein relations. In order to
excite a large number of ions, one has to increase the intensity of the excitation source.
As the intensity of the incident radiation is increased, the stimulated emission proba-
bility increases and eventually becomes dominant over spontaneous emission since it
is proportional to the product of the density of the incident radiation and the stimu-
lated coefficient B2j. Generally speaking, it is difficult to calculate how much power
is needed to excite as large a fraction of the ion beam as possible. However, we can

make some order of magnitude estimates.

A lower limit for the required power may be estimated from the as-

sumption that the transition probability for absorption should be at least equal to

7



the spontaneous transition probability,

p B12 = A2l (2.1-1)
where » is the radiation energy density per unit frequency range. Recalling that
[Lo83]

—=By1=A 2.1-2

T2c 21 2] ( )

and assuming that the statistical weights of the levels are equal, upon comparing

Eqns.(2.i-1) and (2.1-2), we obtain

huw®
=5 2.1 -3
p 7263 ( )
For A = 280nm,
— 121 x 107825 (2.1 — 4)
m

Thus, the intensity per unit frequency range is

W
[=pc=362%10"0" (2.1 = 5)
m

For a laser pulse with a width of 11.5 GHz (0.003 nm at 280 nm), the intensity is
Tpuise = I x 11.5GHz = 0.042k W/ cm? (2.1 - 5)

This estimate is certainly much too low since we actually require absorption to dom-
inate spontaneous emission if we are to excite a large fraction of the radiated ions.
However, when absorption becomes important, it is inevitable that stimulated emis-
sion will also become important. This simple low intensity picture is therefore difficult
to extend to the high intensity situation. We will therefore now examine the question

from the high intensity point of view.



2.2 Saturation and Rabi Oscillation

When the intensity of the incident electromagnetic radiation is raised
so high that absorption and stimulated emission are dominant over spontaneous emis-
sion, the system becomes saturated. At saturation, the populations in the upper and

lower levels are determined by the statistical weights, gy and g1, as follows

N2 _ g2 09
== === 2.2 -1
N g ( )

where N9, NV} are the number of ions in the upper and lower levels respectively. Once
saturation is reached, there is no point in increasing power further from the point of

view of the number of the excited ions.

There is a second way to approach this problem which is via the den-
sity matrix method. As will be indicated in the following sections, the phenomenon
of Rabi oscillation and power broadening follow naturally from this theory. A sec-
ond estimation of the laser power needed to excite the ion beam is based on these

considerations.

Using the rotating-wave approximation and neglecting radiation damp-
ing, it can be shown that the solution to the simultaneous equations for the elements
of the atomic density matrix has an oscillatory behaviour in terms of the Rabi fre-
quency [Lo83],

{(wo —w)? + [VI2} (@

X
o
|
™~
e

where wy is the frequency of atomic transition,
w is the frequency of incident radiation

V| = EgX1o/h



Xi9= 17 wlemwgd?’r x-component of electric dipole moment

1 and ¥9 are the eigenvectors for the states 1 and 2 respectively

The population in the upper state will change according to the Rabi
frequency. Ilowever, the oscillations of the populations in the excited states wiil be
damped out because of the action of radiative damping. Finally, an equilibrium of
populations among the states can be reached. In other words, saturation can be
achieved.

2.3 Line Shape and Power Broadening due to An Intense Laser Pulse

In general, the absorption properties of ions depend on the line profile.
In addition to the natural width, Doppler broadening due to the thermal velocity
of ions and collision broadening also contribute to the absorption line shape. In
the present experiment, the ion density in the beam is so low that collisional effects
can be ignored. More specifically, the beam divergence after passing the resolving
magnet and thermal velocities originating from the ion source, combined in cross-

beam geometry, constitute the major sources of line broadening.

As indicated earlier, an atom in an intense laser field forms a strongly
coupled unit and is quite different from an atom exposed to a weak field, where
the interaction takes place between independent identities. It is worth noting this
difference. The strong interaction produces an energy level shift as well as the change
of the atomic lineshape. It is shown [Lo83] from the density-matrix method that a

susceptibility is produced as

‘) = Ne?|Dyol? wp — w + 1Y
’ 3eghv  (wp —w)? + 72 + §IVI*

10



where |Dj2]| is the dipole moment of ion
v is the volume
N is the number of ions within volume v
~ is the damping constant, i. e, half natural line width

| V| is the same as before, relating to the field strength

This is no longer a linear susceptibility because the field strength Ejp is
contained in the quantity |V|. The overall shape is similar to the natural line profile

except for the additional contribution %|V|2 in the denominator.

Therefore, the linewidth of the atomic transition is increased from 2y

to

1 1
27 + 5V (23 -2)

This additional contribution to the linewidth is known as power broadening or satu-
ration broadening.

2.4 An Estimation of Required Laser Power

Besides power broadening and Doppler broadening, the laser linewidth
itself is the third important factor in the excitation. It is determined by the cavity
where amplification occurs. In a Fabry-Perot type of cavity, the free spectral range
and finesse give the minimum width. Using a grating for wavelength-selection, the
width depends on the resolving power, which is the product of the total number of
grooves illuminated and the order used. One can illuminate a different number of
grating grooves and use different orders to obtain a constant width over the region of
interest. For the dye laser used here, the grazing-incidence geometry is used, so that

a very narrow linewidth can be achieved.

i1



For the sake of simplicity of calculation, we assume that the width of
laser radiation is constant over the spectral range of interest ( 200 nm -300 nm )at

around 0.003 nm. It can be represented in the frequency domain as follows

Avp=SA\= 5

SAN = 5A) (24— 1)

For radiation in the ultraviolet region, frequency uncertainties fall between

Avp =10GHz for 300nm;
(2.4 —2)
Avp =225GHz  for 200nm

We have a two-level system with the upper and lower levels denoted by
2 and 1 respectively. As shown in Eqn. (2.3-2), the atomic linewidth due to power

broadening can be expresscd as {Go88]

Awp =177 1/1 4+ (2Wg)2r2 (2.4 = 3)

where T is the lifetime of the upper level 2
9 _ 1Az g2 {1272
Wh =143 2 (T)
wy is the line center frequency
[ is the laser input intensity

g;’s are the statistical weights of the levels

Usually the second term under the square root is dominant; as such,

Eqn. (2.4-3) becomes

Awp = V/§WR
1/2 2\ 1/2
=2 (.I_’_%ﬂg?.) (Ef_c_) (2.4 — 4)

In terms of frequency,

3.1 x 1012 ,
Avp = ———— VIA2133g2/91 (2.4 - 5)

12



Table. 2.4—-1 Atomic linewidth due to power broadening (GHz)
A(nm) 800 600 500 400 350 300 270 250 220 200
I=1 4.0 2.6 1.9 1.4 1.1 092 079 0.70 0.58 0.50 a)
MW 64 42 32 23 18 15 12 L1 092 080 b)
7.3 3.5 3.9 3.2 2.6 2.2 1.9 1.6 1.4 )
3 90 5.8 4.4 3.2 2.6 2.1 1.8 1.6 1.3 1.1
9.3 7.1 5.1 4.1 3.3 2.8 2.5 2.1 1.8
8.8 7.2 5.7 4.9 4.4 3.6 3.1
10 127 83 6.3 4.5 3.7 2.9 2.5 2.2 1.8 1.6
132 100 7.2 5.8 4.6 4.0 3.5 2.9 2.5
10.2 8.1 6.9 6.2 5.1 4.4
5 284 185 141 100 82 65 56 5.0 4.1 3.5
13.1 104 89 7.9 6.5 5.7
18.0 155 137 114 9.8
100 40.2 26.1 198 142 116 9.2 7.9 7.0 5.8 5.0
186 14.7 126 11.2 9.2 8.0
256 21.8 195 16.1 139
(a For A=0.13x10% (r = Tns)
(b A=0.33x10%s (7 = 3ns)
(c A=l x10% (7 = 1ns)

13



Some typical values are worked out and shown on Table.(2.4-1). It
shows that the width varies from 1 to several tens of GHz for the spectral range of
800 nm to 270 nm and lifetimes over 1 to 7 ns with the radiation of intensity from 1

to 100 MW /m?2,

As mentioned earlier, the Doppler broadening is due to the velocity

spread of ions in the beam, which is around 0.5%. Taking the typical parameters,

v =1mm/ns =1x 108m/s (2.4 —6)
we have
Av =5 x 103m/s (24 =17)
The spread in frequency is
AV = %cos@ (24 = 8)

where 0 is the angle between the ion and laser beams.
For A = 300 nm, Av' = 11.8 GHz (2.4-9)

A= 200 nm, Av' = 17.7 GHz (2.4-10)

Now we are in a position to make a comparison among three sources of
line broadening which characterize the interaction picture. In summary, we have
Ar -—width  of laser line
c " due to power broadening

Ar’ . ue 12 the velocity spread.

From Eqns. (2.4-2) and (2.4-9, 10), the width of the laser line is of the

same order of magnitude as the Doppler effect, which simplifies the problem. What

14



is left to be done is tc compare the broadening due to laser power, Avp. First we

consider tl.e contribution due to the laser linewidth, Avy.

In general, we have to integrate over the frequency domain to account
for the contribution of the lineshape. For simplicity, we consider two extreme cases.
One is that Avp > Avy, and the other is Avp <« Avy. If the two are comparable,

the result should be somewhere in beiween.

Before we make any calculation, let us clarify our system and the as-
sumptions to be used.
— a two-level system is assumed
— the laser intensity is strong enough to excite the ion
beam to the saturation state within a period of time
much less than the radiative lifetime. We will take
this period, Teze, to be 4 X 1010,
— statistical weights for the upper and lower states,gm and
gn, are assumed equal
— for simplicity, all lineshapes are assumed to be rectangular

with

g(v) = — (2.4 — 11)

_— at saturation
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gm gn
if gm=0n } (2.4 -12)
1
Em 3 N
Bim |Amn Bmn
gn ¥ A Nn

Fig. 2.4-1 Schematic diagram of atwo level system

“where Ny is the total ion density

Np n are the numbers of ions per unit volume in the upper and lower levels

respectively.
Having made the above simplifications, we calculate the two cases.
a) Avp > Avp
In this case, Avy is important. Thus, we have
Teze N9 Bnm[pgr (v)] = Nm (2.4 - 13)
but I=pc,

therefore,

Nm 1
I = 24 - 14)
Ny TechmngL(V) (
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Using gmBmn = gnBnm and Eqn.(2.4-12),

I= c1 ! 1
2 Teze Bmngr(v)
11 1 8=h 1
=~-= 24-15
c2Teze A3 Amnm ( )
1 _ -
Recall ) =Avp= 334,
fo S 8T 1 L, (2.4 — 16)
- 2Tezc A9 Amn B
We now consider some specific examples.
Example 1, with A=300nm, Teze=4 X 1010
mn=0.2 x109 571
1 __ 9,-1
i) 11.8x10%s
I=11.6 MW/m? = 1.2 kW/cm?2 (2.4 - 17)
Example 2 with A = 200nm, reze = 3 x10~10 5
Amn =03 x 10971, s = 17.7x10° He
I = 78 MW /m2=7.8kW/cm? (2.4 — 22)

b) Avp > Avg,

The laser radiation is considered as monochromatic radiation.

TechO(Bnm gatomz’c)P = Nm (2-4 - 19)
but I = pc,
11 1 1
I=c-
2 Teze Bmn Gatomic
R S LU SRy (2.4 — 20)



From Eqn. (2.4-5),

I=(——2h x3.1x10'2)?

Texc
Example 3,
Teze = 4 X 10~10,
A = 300nm
Amn = 0.2 x 10%s7!

dm = gn

I=18MW /m%=0.18kW/cm? (2.

Example 4
Texec = 3 X 10_103
A = 200nm

Amn = 0.3 x 109571

I =53MW /m?=0.53kW/cm?

1 gm
/\3 Amn an

(S
>
|
[SV]
(3]
S

(2.4 - 23)

Now let us turn to the laser power for the present experiment. The

typical parameters are as follows

Pulse duration
Repetition rate
Mean power

Cross-section of laser beam

Therefore,

-3
Peak Power = 5 x 1077/0.14

~ 200 x 5 x 10~
18

5 %1093
200/s
5 mw

0.7%0.2 = 0.14cm?

= 35.7kW/cm? (2.4 — 24)



It can be seen from Eqn. (2.4-17, 18, 22, 23, 24) that we have enough power to
saturate the ion beam. As will be discussed in Chapter 6, a mean power of 2mW
UV at 280 nm is sufficient to give a useful signal without introducing an excessive

amount of scattered laser light.
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Chapter 3 Theory of Frequency Doubling

3.1 Introduction to Nonlinear Optical Generation

In order to produce coherent ultraviolet radiation, it is necessary to
make use of the second harmonic generation (SHG) of the dye laser output since
there exists no continuous tuning laser source available up to now in this region.
Shortly after the demonstration of the laser, Franken et al [Fr61] generated the sec-
ond harmonic of a Ruby laser in a quartz crystal. The success of this experiment
relied directly on the enormous increase of power spectral brightness provided by the
laser source compared to incoherent sources. Power densities greater than 109W/cm?
became available; these correspond to an electric field strength of 108V/cm. This field
strength is comparable to the field strength within the atom, and therefore it is not

surprising that materials respond in a nonlinear manner to the applied field.

Second harmonic generation is a process which occurs when there is
a polarization proportional to the square of the field. Harmonic generation in the
optical region is similar to the more familiar harmonic generation at radio frequen-
cies, with one important exception. In the radio-frequency range, the wavelength is
usually much larger than the harmonic generator, so that the interaction is localized
in a volume much smaller than the dimensions of a wavelength. In the optical re-
gion the situation is usually reversed and the ponlinear medium extends over many
wavelengths. This leads to the consideration of propagation effects since the elec-
tromagnetic wave interacts over an extended distance with the generated nonlinear

polarization. If this interaction is to be efficient, the phases of the propagating wave
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and the generated polarization must be coherent. This is referred to as phase match-
ing in nonlinear optics. For second harmonic generation, phase matching implies that
the phase velocities of the fundamental and second harmonic waves are equal in the
nonlinear material. Since optical materials are dispersive, it is not possible to achieve
equal phase velocities in isotropic materials. However, phase velocity matching can

be achieved in birefringent crystals by using birefringence to offset the dispersion.

In the following sections, we begin with a discussion of nonlinear polar-
ization in a classical model, which will give a very simple idea of what the nonli..car
response is about. The electromagnetic formulation will then be presented dealing
with the coupled wave equations for fundamental and generated waves. As a conse-
quence, conversion efficiency, phase matching schemes and focussing follow.

3.2 The Nonlinear Optical Susceptibility Tensor

When a medium is subjected to an electrical field the electrons in it
are polarized. For a weak electrical field, the polarization is linearly proportional to
the applied field

P =¢xWVE (3.2-1)

where x(l) is the linear optical susceptibility and ¢g is the permittivity of free space
with the value of 8.85 x 10™12F/m in SI units. The linear susceptibility is related to

the medium’s index of refraction n by x(l) =n2-1.

In a crystalline medium the linear susceptibility is a tensor that obeys
the symmetry properties of the crystal. Thus, for isotropic media there is only one
value of the index; for uniaxial crystals two values, ng the ordinary and ne the ex-

traordinary indices of refraction; and for biaxial crystals three values Ny Ng, Ny
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A linear polarization is an approximation to the complete constitutive

relation which can be written as an expansion in powers of the applied field

—

— — 2
P = e0()((1) + X(2) E+ x(3)f +..0)FE (3.2 -2)

where x(2) is the second order nonlinear susceptibility and 3 is the third order
nonlinear susceptibility , and so on. x(2) gives rise to second harmonic gencration

among other processes.

Like the linear susceptibility, the second-order susceptibility must dis-
play the symmetry properties of the crystal medium. An immediate consequence of
this fact is that the second order nonlinea: coefficients must vanish in a crystal with

a center of symmetry. Nonlinear optical effects are therefore restricted to acentric

materials.

The tensor properties of x(2) can be displayed by writing the nonlinear

polarization in the form

2 . .
Pi(t) = 602;X$j;)cEj(t)Ek(t) (3.2-3)
J
where x(?) is the nonlinear susceptibility tensor coupling the instantaneous ficlds.

It is customary to define the nonlinear susceptibility tensor in terms of
the Fourier components of the fields. We define the field component at frequency w

by the Fourier relation
U = 5 ED + C.C) 324

where C.C. is a complex conjugate. Substituting for the fields and polarizations in
Eqn (3.2-3) we find
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1
Pi(-w3) = €0 ) §X$ﬁ(—w3,w2,w1)Ej(w2)Ek(w1)
ik

xezpil(ky + k) — k3) - 7] (3.

[}
|
(1]
~—

where we have assumed w3 = wy + wy.

In addition to crystal symmetry restrictions, xffz satisfies two addi-

tional symmetry relations. The first is an intrinsic symmetry relation which can
be de:'ved for a lossless medium from general energy considerations. This relation
states that \5122,( —w3,wy,w] ) is invariant under any permutation of the three pairs of
indices (—w3.?); (w2,j); (w1, k) . The second symmetry relation is based on a conjec-
ture by Kleinman [K162] that in a lossless medium the permutation of the frequencies

(2)

is irrelevant and therefore Xijk is symmetric under any permutation of its indices.

It is customary to write the driving polarization for SHG in terms of a

nonlinear tensor d defined by
2
Fi(~w3) = €0 ) dgj;)c(-ws,wz,wl)Ej(w2)Ek(w1)
jk

xexpi[(ky + k) — k3) - 7 (3.2 - 6)

where w3 = 2w;. Comparision of Eqn.(3.2-5) with the above definition of d;jk shows
that

2 [

ngz(—w3vw2,w1) = 2dijk(—w37w2awl) (32 — l)

3.3 An Anharmonic Oscillator Model

The linear and nonlinear susceptibilities characterize the optical prop-

erties of a medium. Physically, they are related to the microscopic structure of the
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medium and can be properly evaluated only with a full quantum-mechanical calcula-
tion. Ilere a simple model, the anharmonic oscillator , is considered to illustrate the

origin of optical nonlinearity.

The model assumes that the electronic response to a driving electric
field can be simulated by that of an electron in an anharmonic potential well. The

equation of motion for the electron is then
i+Té+wiz+az®=F (3.3-1)

where z is the deviation from the potential minimum, az? is the anharmonic restoring

force, F is the driving field, and T' is the damping constant.

We consider here the response of the oscillator to an applied field with

Fourier components at frequences twj, fwy:
F= _‘_I_[E —iw, t tw, t E —iwyt twgt 33—
= LEy(emt 4 e ™t 4 By(e™e! 4 e ) (33-2)

The anharmonic term az? in Eqn.(3.3-1) is assumed to be small so that it can be

treated as a perturbation in the successive approximation of finding a solution:
z =21 4+22) 4206 4 . (3.3 -3)
The induced electric polarization is simply
P = Nqz (3.3 -4)

Putting Eqns.(3.3-3) and (3.3-2) back into (3.3-1) and linearizing the equation yields

the first order solution:

() = 2w, + x(‘)(wg) +C.C. (3.3-5)
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.'B(l)(u)i) — (q/m)Ei e-iw,'t (33 i 6)

(W2 —w? —iw, T)
The second-order solution is obtained from Eqn.(3.3-1) by using an approximation

of {3.3-5,6):

2@ = 2w, +w,) + 2wy — w,) + 2B (2w,) + 2D (2w,) + 2P (0) + C.C.

(3.3-7)
(2) - —2alg/m)"E\ Es
' (w, £ w,) (W2 — w? — iw, T)(w2 — w2 F iw,T)
1

X

—i(wydwy )t _Q
(“’3 - (v :hw2)2 —t(w, iwz)r)e (3.3-8)

1(2)(244){) _ _a(Q/m)zE?

—iw;l
= i 3.3-9
(@8 — w? — iw; D)2 (w2 — 4u? — iz ) ( )

(2)(o) = — a(L)2 L
=(0) = - a( )22

1 1
@8 — 2 — il | (@2 — R — iwal)

% ( (3.3 — 10)

By successive iteration, higher-order solutions can also be obtained . As seen in the
second-order case, new frequency components of the polarization at w; + wg, 2w ,
2wy, and 0 have appeared through quadratic interaction of the field with the oscillator
via the anharmonic term. The oscillating polarization components will radiate and
generate new waves at w| * wy, 2w) , 2wy. Thus, sum- and difference-frequency
generation and second harmonic generation are readily explained. All of the above
processes take place simultaneously in the nonlinear medium. One question that
naturally occurs is how one process is singled out to proceed efficiently relative to the
competing processes. In fact, phase matching selects the process of interest to the

exclusion of the other possible processes.
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3.4 Coupled Wave Equations in a Nonlinear Medium

We are now in a position to derive a set of coupled wave equations for

the electromagnetic fields generated by the nonlinear driving polarization.

Our starting point is, of course, Maxwell’s equations. In SI units,
gp q

A% “=—a—£ (3.4 — la)
Vxﬁ:é?+j (3.4 — 1b)
with the constitutive relations
D= COE + P
J=0oE (3.4 = 2)
B=pH

Taking the curl of Eqn. (3.4-1a) and assuming a nonmagnetic medium we have

Vx(VxE):—g—t(VxB)
b7 ) -
= —ﬂoa(vf H)
8 8D <
= —#0§(-5't‘+t1)

rewriting the left-hand side and noting that V - E =0 we find
Vx(VxE)=vV.E)-VE= _pog(%ﬂ)

or
27 QE__ 0°‘E  3°P 3.4 — 3

This wave equation describes the electric field in the medium, generated

by the driving polarization P. The equation is general and applies to all processes that
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can be described in terms of a polarization. Of course, nonlinear optical interactions

are included.

The fields in Eqn.(3.4-3) are the instantaneous fields. As described
above, it is customary to define the nonlinear susceptibility not in terms of instanta-

neous fields but by their Fourier components defined by

E(# 1) = Z[E(F,w) expi(k - ¥ — wt) + C.C.] (3.4 —4)

o —

and

B(7,t) = Z[P(F,w)expi(k - ¥ — wt) + C.C.] (3.4 —5)

N

We now assume propagation in the z-direction ( not related to any
crystai axis ) to reduce Eqn.(3.4-3) to a one-dimensional equation. Substituting
Eqn.(3.4-4,5) for the electric field and polarization into Eqn.(3.4-3), we find upon

differentiation that

102E . OE 100 dE  iwpoo .,  poto O2E | OF
592 TG, T T T, LTy o Wk
2 . 2
p0°P . 0P iw?pe
=9 o W TS

P (3.4 —6)

In the slowly-varying-amplititude approximation,

w2p >>wQ£ > 62—P
at ot?

and

k= Lo (3.4 -1)



With these approximations the -.ave equation reduces to

o .,
OE Wkt p  Whop (3.4 = 8)
0z 2 2

Dividing by ik and noting that k = n%, we find that

OF | g = o

= ~—P (3.4 - 9)

where a = pgoc/2n is the electric-field loss coefficient. The equation relates the

envelopes of the electric field and driving poiarization.

Having obtained the Eqn.(3.4-9), we are now in a position to apply it
to the second harmonric generation. In writing the nonlinear polarization in Eqn.(3.4-
4,5) we include the frequency and spatial properties of the field. For second harmonic

generation with w3 = 2w and w) = wy = w the polarization reduces to
P(2w) = eqde s s E(w) E(w)ezpli(2ky — ko) - 7] (3.4 — 10)

and

Pw) = 260deffE(2w)E*(w)ezP[i&E?w - 2Zu‘/‘ -7 (3.4 - 11)

where d, ¢ 5 is the effective nonlinear coefficient for the intera.tion dependent on crys-

tal symmetric and propagation direction relative to the crystal axis in the medium.

Substituting the driving polarization P(2w) and P{(w) into Eqn.(3.4-9)

we find
dziw) + oy B(w) = inE(2w) E* (w)ei4k? (3.4 - 12)
d—E-i-?i"-)- + ag, E(2w) = isE(w) E(w)e "4k (3.4 — 13)

where AE = EQw — %k, and k = wdeff/nc.
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The above equations can be solved by integration. However, assuming

some conditions will do no harm to the general implications of the solution . Usually,

the conversion efficiency is quite low; therefore, the fundamental wave is constant

with distance. Thus, in a lossless medium, a = 0, we set dE(w) = 0 and integrate

Eqn.(3.4-13)

E(z=l L
/0 C=D 1B (2w) = /_’, ik E*{(w)ezp(—idkz) dz

2

which gives

exp(iAkl[2) — exp(—iAkl)

E(2w)]mq = inE?(w)

1Ak
s Akl
sin(5;2)
= kE%(w)! ( A_kz)
2
In terms of intensity
I= "‘:" |E|?
Thus,
() _ F2P(sin(—f—’-))2
I(w) (%)
where

2w2|deff|2121(w)
ndcdeq

272 = k?| B(w)[?1? =

(3.4 — 14)
(3.4 — 15)
(3.4 — 16)
(3.4 = 17)
(3.4 — 18)

This example shows that phase matching, Ak, enters into the nonlinear

conversion process through the phase synchronism factor sin(%u) /(—A—f—') which is

unity at Akl = 0. Also, the second harmonic conversion efficiency is proportional to

|d|2 and [?, as expected, and varies as the fundamental intensity.

29



3.5 Phase Matching

According to Eqn.(3.4-17) a prerequisite for efficient second-harmonic

generation is that Ak = o, that is,

kow = 2k, (3.5 -1)

If Ak # o, the second-harmonic wave generated at z; and propagated to z3 is not in
phase with the second harmonic wave generated at z,. This results in the interference
described by the factor

: k
sin( Q——zl )

(48
2
in Eqn.(3.4-17). Two adjacent peaks of this spatial interference pattern are separated

by the so-called “coherence length,”

2 27
Ak~ ko — 2ku

lc=

(3.5 -2)

The coherence length l¢ is thus a measure of the maximum crystal length that is useful
in producing the second-harmonic power. Under ordinary circumstances it may be
no larger than 10—2¢m. This is because the index of refraction n,, normally increases
with w, so Ak is given by

Ak = kpy — 2ky = 2—:"-(1@% — 1) (3.5 - 3)

Thus the coherence length is
A

2(ngw — Nw)

(3.5 - 4)

Ic=

It is seen from here that the indices of refraction at the fundamental and
second-harmonic frequencies must be equal in order to obtain a maximum interaction
length,

Now = nNw (3-5 - 5)
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The technique that is used widely to satisfy the phase-matching requirement takes
advantage of the natural birefringence of anisotropic crystals. In normally dispersive
materials the index of the ordinary wave or the extraordinary wave along a given
direction increases with frequency. This makes it impossible to satisfy (3.5-3) when
both the w and 2w beams are of the same type, that is, when both are extraordinary
or ordinary. We can, however, under certain circumstances, satisfy (8.5-5) by using
two waves of different type - one ordinary and one extraordinary. To illustrate this
point, consider the dependence of the index of refraction of the extraordinary wave
in a uniaxial crystal on the angle 8 between the propagation direction and the crystal
optic (z) axis. In terms of normal surfaces for ordinary and extraordinary rays, as

shown in Fig. (3.5-1) for a negative uniaxial crystal (ne < no).

It can be shown that the index of refraction for an extraordinary wave

is given by[Ya75]
1 sin20 cos?f
n3(6) ~ n? n3

(3.5 — 6)

If nt, < nf, there exists an angle 8 at which n§,(8) = nd; so if the fundamental
beam (at w) is launched along 6 as an ordinary ray, the second-harmonic beam
will be generated along the same direction as an extraordinary ray. The angle 0 is
determined by the intersection between the sphere ( shown as a circle in the figure )
corresponding to the index surface of the ordinary beam at w with the index ellipsoid
(3.5-6) of the extraordinary ray that gives ng,,(6) . The angle 0, for negative uniaxial

crystals is, satisfying nS,(0m) = n2,

2 t 2
cos“Om | sin®Om 1
) T ) - (ma)? (35-6)
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2 (opuic) axis

Fig. 3.5-1 Normal (index) surfaces for the ordinary and extraordinary rays in

a negative (ne < ng) uniaxial crystal. If n2 < ng, the condition

n2v(0) = ng is satisfied at @ = Op,.

and, solving for O,

_ (ng)"% ~(ng,)?
(ng,) =2 — (ng,)~2

This is refered to as the Type I phase matching. The K DP(K HyPOy) used in the

sin® Om (3.5-8)

present experiment falls into this category.

Another point worth describing is the effective nonlinear coefficient
dess. It is necessary to select appropriately the orientation of polarization of the
fundamental waves relative to the crystal axes to obtain the maximum conversion
efficiency for the generated second harmonic. For simplicity of discussion we take the

se of KDP. KDP belongs to the point group 42m and is a negative birefringent
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crystal. For type I phase matching in KDP (ng > ne), two waves are polarized
ordinary and the generated polarization is extraordinary. Thus the effective nonlinear
coefficient is

deff = —djgsinfsin2p (3.5-9)

where we assume a wave propagating at an angle 8 to the optic axis and ¢ to the
crystal z axis in a crystal with small birefringence. Obviously to maximize deff,
should be 45° to the z or y axes. Since 8 is restricted by the phase matching condition

it cannot be maximized. It gives a guide to the way the crystal should be cut.

Two further aspects of phase matching should be considered. They are

double refraction and the acceptance angle in the nonlinear interaction.

In an anisotropic crystal the polarization induced by an electric field
and the field itself are not necessarily parallel. Thus, as the ordinary wave propagates
in a crystal its power flow direction differs by the double refraction angle p from its

phase velocity direction, as shown in Fig. (3.5-2).

The effect is referred to as Poynting vector walk-off as it leads to a
walk-off of the beam energy at an angle p. The doubling refraction angle is given by

1

n 1 _
(n§u)?  (ng,)?

4]
~t = -
prtanp = —={

}sin 20 (3.5 —~10)

For typical birefringent crystals in the power flow leads to a separation of the extraor-

dinary waves after a distance

Iy = \/j“’ (3.5 —11)

called the aperture length. Here w is the focussed laser beam electric field radius, For

example, for KDP p ~ 1° and at w = 0.3mm we find Iz = 6cm. This is comparable
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tri }

S (Direction of
Propagation )

B

~ EXH
H
Fig. 3.5-2 The relative orientation of E, D. H,5 and the Poynting vector, E x H,
in an anisotropic crystal. The vectors ﬁ,E,E, and E x H lie in one
plane.
with the 5cm of half crystal length in the present experiment . Thus, the generated
wave walk-offs appreciably half way through the crystal. This leads to a substantial

reduction in SHG efficiency.

The acceptance angle of the nonlinear crystal can be calculated by
. , . s 2( Akly i Akly
expanding the argument of the phase synchronism factor sin (55)/(5F) in a Taylor

series. For SHG

Ak, .

where

Ak = kyy — 2k = %[ngu(o) ~n?)
Y
for negative birefringent Type I phase matching. Since at 0 = 0y, Ak =0 we find

4w On,,
Ak = —
Ay 9(6)
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where n$,,(8) is given by Eqn.(3.5-6). Carrying out the above differentiation we find

e 2 __ 0 2
Ak = 2 g, (o B2l = 08a)® o 4 (3.5 13)
W

(n§u)?(ndw)?
Evaluating at 8 = 8,, we have n%_(9) = n, so that

2T 1
Ak = =[O -

(nsu)®  (n)

2]sin 20m 60 (3.5 — 14)

For a crystal with small birefringence this expression simplifies to

Ak = %’i(ngw — n&,,) sin 20m 60 (3.5 - 15)
W

Finally, to find the acceptance angle we note that the sin2(A—2’°£)/(-’-3-§L) function

reaches its first zero for -A% = 7, being approximately the half width. Using this

criterion, half the angular acceptance inside the nonlinear crystal is

Aw

[(ng, — nS,)sin20p,

66 =

For a 5 cm crystal of KDP at A, = 600nm, An = 0.05, sin20,, = 1 we find
80 = 0.24m rad.. The external acceptance angle is 603t = 160 = 0.36m rad.. This
demonstrates that the angle is rather critical when adjusting the optics. It is therefore
necessary to isolate the crystal mount from vibration.

3.6 Focussing

So far, we have assumed that the interacting waves are plane waves.
In reality, the laser beam comes out of a cavity which determines the profile of the
wave front of the laser beam, usually a Gaussian beam. As seen before, the SHG
generation is proportional to the output power of the fundamental wave. Therefore,

it is necessary to focus the laser beam onto the crystal to get high conversion efficiency.
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The action of focussing causes, in turn, the divergence of the beam after going away
from the waist where the wavefront can be taken as plane wave to a first order
approximation. Moreover, the double refraction of the uniaxial crystal causes the
Poynting vector describing the energy flow (or the ray) to walk off the direction of
propagation (given by the wave normal having the same phase velocity), thus reducing
the second harmonic efficiency. In the following, we treat focussing for the case of
SHG with a Gaussian beam interaction in the near field both with and without double

refraction, since the near field approximation applies to most experimental situations.

The fundamental mode or Gaussian mode electric field is described by

E(z,y,z) = E fQlem [—i(kz — @)]ezp{—r?| ! + i]} (3.6 -1)
where
@ = tan—l(-i-) (3.6 —2)
2R
is the phase factor for a TEMgy Mode and
22p = b=uwik (3.6 — 3)

describes the confocal parameter b as twice the Rayleigh range, zg. Here R is the

beam radius of curvature and k = 27/\ is the propagation factor in the medium.

In general the beam radius and wave front curvature as a function of

the distance z along the beam propagation are given by
z
w?(z) = Wil + (——)2] (3.6 —4)
ZR

and
R(z) = {1+ (iz@)?] (3.6 - 5)
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where w is the electric field radius at the beam waist at z = 0. The far-field (z > zg)

beam diffraction angle for the fundamental mode is

A
§ = 6 —
W (36 - 6)

In the near-field limit 2 < zg the expression for the T EMgy Gaussian
beam reduces to
2

E(z,y) = Eoezp(-gg) (3.6 —7)

where r2 = z2 + y2. In the limit w(z) — wp, ¢ — 0, and R(z) — oo so that the

fundamental mode is a plane wave with a Gaussian amplitude profile.

The power in the beam is

P =222 [|B(a,y)? dady
nceo/ / IE(r)I2 rdrdy

2
nee Twh
= —2Eol*(—R)
2
= Io(59) (3.6 - )
where Ij is the peak intensity and wwg /2 is the effective area of the Gaussian beam.

To find the power generated by SGH in the near-field limit we consider
the low conversion-efficiency limit. Integrating Eqn.(3.4-13) as before and simplifying

the notation
Akl

E(r) = nEf(r)LS‘E‘g;?;) (3.6 - 9)

We now introduce the radial field variation by letting Eq(r) = Ej exp(—r? /w%), where

wi is the electric field radius of the fundamental field. Thus

2 27‘2
Eg(r) = ICEII (—7) (3.6 - 10)
“1
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where we have assumed Akl/2 = 0 and set sin(Akl/2)/Akl/2 = 1. Note that the

electric field radius of the generated SHG field is wy/v/2. Thus the fundamental and

SHG fields have equal confocal parameters.

The power generated at the SHG is

_ TlC€0 /27\’ v o] 9
Py =20 [ [T |Ea(r)? rdrdy
Substituting from Eqn.(3.6-10) and carrying out the integration we find

. 2
ncc Tw
P?__.___ 2031416212( 41)

For a Gaussian mode the power is given by Eqn.(3.6-8) so that
Py = P|Ey|26%12/2

or

PPl 1

P -y ww?

In terms of intensity witk Ty = Pj/(rw?/2) andly = Py /(7w}[2) with wy =

we find

I _ Il2kn2l2 _

2 12
I nceg r

(3.6 — 16)
(3.6 - 12)
(3.6 — 13)
(3,6 — 14)
(1/V2)wr,
(3.6 — 15)

which agrees with the previous conversion efficiency derived for the plane wave case

given by Eqn.(3.4-17).

We now consider focussing in the near-field but in the presence of double

refraction. We again assume perfect phase matching in the low conversion limit and

write

{
Ba(e,,2) = ix [ EX(z,y) dz
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To account for Poynting vector walk-off at an angle p we let the walk-off occur in the

z — z plane, as shown in Fig.3.6-1 [Bo68], so that observed field coordinates must be

related to the generating field by

y=y
(3.6 - 17)
z=1 +p(l-2)

L os oot

CRYSTAL

Fig. 3.6-1 Diagram of the Gaussian beam being focussed in a crystal.

Thus Eqn.(3.6-16) becomes

. 2 ! !
Ey(z,y,2) = uc/) Efl(z — p(I - 2')),y) dz (3.6 —18)
The fundamental driving field has the form
y'2 2%
El(“—",y’)Elexl’(_?)e‘rP(_;ﬁ) (3.6 — 19)
1 1
Substituting we have
(3,6 —20)

) 2 l 2
Ey(z,y,1) = mEfexp(—-—g)/ exp[——5(z — p(l - 21)12 dz
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Introducing a set of normalized coordinates

wi
'
=2 ~2
r=Vvat- (3.6 — 21)
t= \/51)i
w]
and define the integral
1 gt 9
F(u,t) = - ‘/0 exp(—(u +t)°)dr (3.6 — 22)

In terms of these parameters Eqn.(3.6-20) becomes
Eo(z,y,1) = inE%ezp(—%;)lF(u, t) (3.6 ~23)

1
The integral F(u,t) describes the skewed second harmonic field resulting from double
refraction. In the absence of double refraction p = 0, F(u,t) = e:z:p(—%’%) and the
generated field reduces to the previous case. For non-zero p, F(u,t) leads to generated
SH power skewed in the direction of p. Fig.(3.6-2) illustrates the generated SHG

power as 2 function of u with t as a parameter [HWTT].

A useful parameter for describing the effects of double refraction is the

aperture length of Eqn(3.5-11),

la V”;“" (3.6 — 24)

The parameter t can be normalized to lq by

t = \/2?71- (3.6 — 25)
a

and thus is a measure of the effects of beam walk-off.
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lFig. 3.6-2 The function of F2(u,t,q) as a function of u for ¢ = 0 and several

values of t.

To calculate the total SHG power we substitute Equ.(3.6-23) into the

expression for power

nce
= / / |Ea(z,y, )| dzdy (3.6 — 26)

Carrying out the y integral using [§°e™¢ 22? 4z = : /7 [2a we find

Py = f:ﬁ-"-c-‘P-Efﬁi"—‘z? /°° F2(u,t)du (3.6 — 27)
2 2 —00
2 1‘212\/—/ 2
F*(u,t)
2,2
- ua(t) (3.6 — 28)

where

- \/—g /_ °:° F2(u,t)du (3.6 — 29)

Fig.(3.6-2) plots G(t) as a function of t. In the absence of walk-off F(u,0) =

ex,"(—?":z/ W%)"-’”P('"u2) and G(t) = 1 so that the conversion efficiency again reduces
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to that found for the plane wave case. For p # 0, G(t) leads to a reduction in the
second harmonic efficiency. G(t) is approxmiately 0.5 for ¢t = 4. Thus in the presence

of walk-off the beam should be focussed such that

wy 2> --l—pl (3.6 — 30)

257

10,00
1,00
G}
0.10 X
°'°'o.| 1.0 10.0 100.0

10 /27 22,

Fig. 3.6-3 The function of G(t) [HW77].
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Chapter 4 The Experimental Setup

This chapter outlines the experimental aspects of accelerator-based life-
time measurement with emphasis on the new features of frequency-doubling and
charge integration techniques.

4.1 A Brief Outline of the Experimental Setup

The beam-laser technique has evolved from the well-known beam-foil
spectroscopy (BFS) technique in which the ion beam from an accelerator bombards
a very thin solid foil, usually a carbon foil, in the target chamber and is excited to
different stages of ionization. The excited species will decay by fluorescence as the
ions move along the beam. The fast moving ion beam not only gives rise to an easy
way of detecting the fluorescence in terms of the distance from the excited region, but

also to a good time resolution compared to other lifetime measurement techniques.

One problem encountered in BFS is cascading into the level of interest
from higher levels, which leads to the detection of several exponential components
in the decay curves. This makes it difficult to derive an accurate lifetime from the
measured decay curve. In order to overcome this disadvantage, a laser beam may be
used to excite the level of interest selectively, thus yielding a single exponential decay

curve. A generalized situation is shown in Fig.(4.1-1).

The ion beam velocity, typically about 1mm/ns, provides the time
resolution required to measure lifetimes greater than one or two nanoseconds. The

low density of the ion beam and target chamber residual gas avoids the problems of
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Fig. 4.1-1 Excitation and transition scheme of the laser experiment.

radiation trapping and collisional de-excitation. After leaving the interaction region

the number of ions in the excited state (level 2) decays exponentially with time
Na(t) = Na(0)ezp(t/) (41-1)

where N2(0) is the initial number in the level 2 after excitatior. This corresponds
to a single exponential decay in the intensity of the monitored transition (2-1) with
increasing distance from the interaction region and can then be analyzed by a simple
two-parameter least-squares fit to obtain the mean life 7. This apparently ideal
experimental situation may be complicated by the presence of a background signal

due to collisions of ions in the beam with the residual gas molecules.

To obtain a reasonable signal-to-noise ratio one must have a sufficiently
large ion beam current and adequately populate the upper state, as well as minimizing
the scattered laser light and ion beam background. The choice of whether to use a
continuous wave (CW) or pulsed laser depends on the levels that one wants to study.

The high-power pulsed excimer-pumped dye laser used for this research provides the

44



high power required for the implementation of eptical frequency-doubling, which can
extend the available wavelengths to the ultraviolet region, while a CW laser is not
competent in this respect. Although CW lasers provide a higher signal-to-noise ratio,
their application is limited to some reutral species with resonance lines in the visible

region.

The intensity decay curves were accumulated by summing several ( usu-
ally 10-20) successive “sweeps”, each sweep being composed of from twenty to thirty
datum points corresponding to detection positions separated by 0.5-1.0 mm. This
multi-scaling technique reduces the effect of systematic errors (such as a slow drift of
laser frequency or power ) since each sweep lasts a short time (about 5-10 minutes)
compared to whe overall collection time for the whole decay curve. Alternate sweeps
along the ion beam were made in opposite directions, the sweeps made moving down
from the excitation region being summed and analyzed independently of those made

moving upstream towards it.

A schematic illustration of the experimental setup is shown in Fig.(4.1-
2). It is composed of three main parts: the accelerator system, the laser frequency-
doubling system, and the detection system. In the following sections, we will examine

each subsystem individually.

The present experiment made use of the 350keV linear accelerator
equipped with a Danfysik 911A hollow cathode ion source. It is important to main-
tain the oven of this ion source at a constant temperature to obtain an adequate and

stable ion beam. The temperature is controlled by the proximity of the oven to the
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filament. It was necessary to push the oven in very slowly until the desired beam

current was reached. Krypton was used as carrier gas.

Good alignment of th~ ion source with the extraction electrode of the
accelerator column was requii  ° btain an adequate beam current. This was
not easy as the alignment was sensitive to how the ion source was reassembled after
replacement of the filament and cleaning of the components. Although this aligninent
could be visually checked without runaing an ion beam by using a telescope focussed

on the source aperture, this could only be done once the filament was hot.

The target chamber is the center of the experiment. Firstly, it facilitates
the interaction of the two beams taking place properiy. Secondly, it allows an observer
to devect easily the information about the interaction. The main features are shown

in Fig.(4.1-3).

The beam line within the target chamber was defined by the 8mm
diameter aperture of the Faraday cup and 5mm diameter aperture at the entrance to
the chamber. The inside wall of the chamber was painted black. With the entrance
and exit windows mounted on a long baffled, blackened tube, it is possibie to isolate

the sources of scattered light from the detection system.

Scattered light produces one of the direct sources of error of the ex-
periment. Here this scattered light originates from two major sources. One is the
scattered light produced by the laser beam when it impinges on the window and other
surfaces inside the chamber, as well as on the residual gas molecules. The other is

the ion beam excitation due to background gas, which results in a relatively wide
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Fig. 4.1-3 Target chamber and detector.

range of wavelengths. Three reflecting mirrors were used to maintain the appropriate
polarization of the laser beam relative to the Brewster windows, since the frequency-
doubling laser beam is horizontally polarized after the crystal, as described in the

previous chapter.

The ion beam background is caused by excitation of all levels of the

ions by molecules of the residual gas in the target chamber and vice versa. A low
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pressure in the target chamber is vital to minimize the background scattered light as
well as the residual excitation of the ion beam. The pressure of the target chamber

was usually pumped down to ~ 1 x 10~ 6T orr .

It is worth considering the way in which the laser »~am crossed the
ion beam, since it allows one to achieve Doppler tuning. The two beams crossed at
45° which is an acequate compromise between the maximum Doppler shift and the
well-defined interaction region which is necessary for the starting point of detection
to be close to the excitation region. In the present experiment this Doppler tuning
allowed a two-step excitation, 3s-3p and 3p-3d, because of their closely coincident
wavelengths, as will be discussed in detail in Chapter 6.

4.2 Laser-frequency-doubling Optics

A recent addition to the excitation source is a KDP crystal, which
doubles the input radiation from the Rhodamire 6G dye laser pumped by a Lumonics
EPD-330 excimer laser. This permits generation of pulsed tunable radiation around
280nm having a typical mean power of 1 — 5 mW at a repetition rate of 200 Hz,
corresponding to a peak intensity at the ion beam of 4OkW/cm2 . In the present
work the incident radiation was focused orto the center of the KDP crystal by using
a lens, L1, with 10cm of focal length. A Corning (CST — 54,# 9863) glass filter was
used to remove the fundamental radiation from the laser beam emerging from the

crystal.

It is worth noting that the present phase matching requires that the
input radiation is vertically polarized. However, the SHG has horizontal polarization

relative to the crystal mount since the SHG is the extraordinary beam. As illustrated
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in the last chapter, walk-off of the SHG results in a non-uniform be:in spot. In order
to achieve a uniform spot at the ion beam, a projection lens plus an aperture were

used with the aid of three reflecting mirrors.

The crystal is sealed in an Inrad’s Model 562-126 ccli, which is purged
with nitrogen and hermetically sealed. This cell is seated on a precision gimbal
mount specially designed to provide the range of motion and sensitivity required by
the Model 562-126. The KDP crystal has a 30 mm interaction length. The aperture,

5.5 x 12.0mm, of the cell allows use of the full angular range without vignetting.

Angular tuning of the gimbal in the non-critical direciion is accom-
plished with a thumbscrew-activated tangent arm. The range is +5°. Angular tuning
in the critical direction is performed by a micrometer-driven tangent arm turntable.
The range is £15° with 13 millideg. per micrometer division scnsitivity and a 1.3
millideg. vernier. The tuning curve for KDP is shown in Fig.(4.2-1). The most

important feature of the present cell is the mechanical stability.

Once having changed the wavelength, it is necessary to adjust the crys-
tal as well as the following optics to maintain a good beam spot at the ion beam. It
was found in the present configuration that the crystal must be optimized to have
the larger SHG output when scanning the spectra while the beam spot did not move
away too much.

4.3 Detection System and Charge Integration

The fluorescence light was collected through the detection optics system

moving along the ion beam, firstly away from and then back towards the excitation
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Fig. 4.2-1 Angular tuning curve of KDP with Type I phase matching

region. The schematic diagram is also shown on Fig.(4.1-3), showing the optical axis
oriented perpenticisiir “o the plane containing ion and laser beams. Radiation from
the ion beam is coll.mated by a plano-convex lens before leaving the target chamber
via a larger rectangular window. It then passes through an interference filter and is
focussed by 2 second lens onto a slit oriented parallel to the laser beam and placed
before the ;% stomultiplier tube. The two lenses have equal focal lengths and thus this
system defines a 1mm/ cos o observation width along the ion beamn. The window and

the two lenses are of optical quality synthetic fused silica having a useful operation

range from about 240nm to 2.0um.
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Another preblem eicounter:d in moving the detection optics is the
alignment of ion beam and the optics. The movement of the detection system to
obtain a decay curve does have some drawbacks. The first is the p .ibility of mis-
alignment between the internal and the external drive screws. That is, zlil.ough both
are driven by the same stepping motor through an appropri»te arrangement of gears
and thus will travel the same distance, they may not travel in exactly the same direc-
tion. Second, even if these two are parallel, they may not be parallel to the direction
of the ion beam. Finally, the ion beam diverges slightly, on the order of tenths of &
degree, as it travels down the target chamber. All of these imply that the inevitable
variation over the observation region will result in some systematic change in mea-
sured intensity with changing position along the ion bean, even if the fluorescence

intensity is constant.

The alignment procedure and the test of the alignment were discussed in
detail in the previous work of this laboratory [Go88]. It shows no systematic variation

at about the 0.2% level using residual gas excitation of N beam over 70mm.

The fluorescence photons impinging on the photocathode of the photo-
multiplier generate photoelectrons, which are amplified through the secondary emis-
sion of electrons of the dynodes of the photomultiplier to form a charge pulse at the
output. The height of the pulse is proportional to the number of photons incident on
the cathode. Usually, the single photon-counting technique is used, which assumes
that no more than one photon comes to the photocathode from a single laser pulse,

which is very much shorter than the time resolution of the photomultiplier.

Statistically, there exists a probability of collection of more than one

photon from a single laser pulse, leading to the so called pile-up: one riding on another
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successively. When this is the case, however, the circuit still responds with a single
pulse. In order to avoid this pile-up, the gated charge-integration technique was used

in the present experiment.

Since the photomultiplier is essentially a charge producing device, the
amount of charge produced is proportional to the number of photons incident on the
photocathode. A pre-amplifier is a device that integrates .1l the charge carried by
the incoming pulse on a capacitor Cy, whose capacitance is well defined, as shown in

Fig.(4.3-1).

]

/

Vo

Fig. 4.3-1 Schematic diagram of a charge sensitive amplifier

By working out the voltages from the diagram, it can been seen that the output

voltage, 19, is always proportional to [Le87]

Vp = 'Z% (4.3—1)
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where Q is the charge on the capacitor Cy. Therefore, several photon: -an be detected
per laser pulse as long as the detector is not saturated. Furthermore, this approach
gives a wider dynamic range and permits recording of the fluorescence decay curves
over a wider range of intensity than had been possible previously. Thus, in th;e present
experiment, it was possible to record signals over the range from 10 photons per laser
pulse down to 0.03 photons/pulse, which was the background level resulting from a
combination of residual gas excitation by the 5uA ion beam and scattered laser light.
With single-photon counting, the maximum signal rate that could be used before
uncertainty in the pile-up correction made a significant contribution to the overall

error estimates, was around 0.3 photons/pulse.
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Chapter 5 Data Collection and Analysis

5.1 Data Collection

The signal from the photomultiplier tube was routed to a preamplifier
to integrate the total charge, where it was shaped and then sent to a gated analog-to-
digital converter (ADC' . digitized each signal as a number , which was summed
in our TN-11 data acquisition system. The summation was typically over 2000 laser
pulses for each data point in a decay curve. The number of photons corresponding
to each digitized charge was determined, either by measuring the signal for siagle
pbcton events from low intensity thermal light sources or from the single photon

height distribution obtained from the ACC.

Each data set was accumulated using the multi-scaling technique in
which several successive sweeps were summed. Each decay curve contained a total of
29 data points. The accumulation time for each datum point was 10 seconds, half of
which was spent on measuring the background signals with the ion beam turned off.
This process made data collection more efficient since, if any problem arose, only one
sweep rather than the whole data set was lost. In additicw, multi-scaling also reduced
the effect of any systematic time variations in the signal. Usually, the decay curves
were taken by moving down stream from the interaction region by (i.8 mm steps.
Laser pawer dropping is one of th: systematic sources of error. The power dropped
dramatically upon refilling the laser. However, it would stabilize after operation
for a period of an hour. It was found important to collect the data only after the
power had stabilized. The data were also collected when the detector reversed to

move toward the interaction region after completing a downstream decay curve. This
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double-checked the possible misalignment of the ion beam with the direction of travel
of the optical system, as well as the backlash of the driving mechanism of the carriage.
Moreover, it also monitored any laser power drop and was an indication of the overaii
linearity of the detection system according to the symmetry of the two curv;‘:s.

5.2 Timing sequence

Since the laser operated in a pulse mode, it was possible to use a gating
technique to reduce the noise: detector dark counts, ion beam background and scat-
tered laser light. The gating pulse was synchronized with the laser pulse and acted
on the ADC. The length of the gating pulse was made large enough to allow for time
jitter in the start of the laser pulse (£10ns), decay curves extending over at least
three lifetimes and the longest rise-time of the electronic components. In all cases the

gating pulse was short enough so that the detector dark count rate was negligible.

The gating pulses were used for the different purposes in the designated
time sequence, as shown in Fig (5.2-1). The time sequence was generated in the
computer. First, when the beam was on (bezz: -hutter is open), a triggering pulse
was routed to fire the laser, and a simultanesusly generated switch pulse activated
the counter (fast scaler) in the computer to make suie that it was ready to read the
incoming pulse of the output of ADC and to store the count in an appropriate channel.
After 1.2us, a gating pulse of 1.7ps width activated the ADC to start processing the
total signal A. Since the laser repetition rate used was 200 Hz, the time interval
between two adjacent A gates was 5 ms. This interval was used to record the bezm
background using the B gate, which had the same width as gate A and occurred

approximately 1 ms after the immediately previous A gate. Thus, the total signal
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and beam background were recorded alternately in one half of the time used for a
particular datum point. When this half of the time was over, the heam was blocked
by using a mechanical shutter. The laser scattered light, A’, and the dark count, B/,
arising from residual gas excitation or the noise of the detector and the électronic
components, were recorded alternately in the same manner as for the previous two.
In summary, at each point of the decay curve the signal was accumulated for a fixed

time (i.e. a fixed number of laser pulses ) for each of the following conditions:
(A) Laser beam on, ion beam on (Total Signal)
(B) Laser beam off, ion beam on (Beam Background)
(A') Laser beam on, ion beam off (Laser Background),

(B') Laser beam off, ion beam off (Dark Counts).

5.3 Normalization

The ion beam current was recorded simultaneously during the same
fixed time as A and B to account for fluctuations. It was also digitized to be used as
a normalization to the final counts. Even so, the maximum permitted magnitude of
the fluctuations was chosen to be no more than 5% to avoid extra error. Otherwise,

the ion beam was optimized for stability before carrying on to the next sweep.

In addition, the ungated beam background(UBB) was measured when
necessary to check residual gas effects and beam background. This also provided an
additional benefit for the test of the alignment between the detection system and ion

beam.
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5.4 Fitting the Single-Exponential Decay Curve

Having obtained the single-exponential decay curve, we need to derive
the lifetime accurately from it. Before doing this, it is necessary to substract out the
background signal and normalize the result. For the ith data point, we have the decay
signal:

S; ={(A- B) - (A' - B')] (5.4~ 1)

Z|=

where N; is the normalization for the ith data point and N is the mean value of the

normalization signal.
The variance of S is estimated assuming that
1. There is no error in the normalization;

2. A, B, A', and B' follow Moisson statistics and their random variations

are not correlated.

Therefore,

var(S;) =(A+ B+ A + B') x (—]1\-\[[—.)2 (5.4 - 2)

The pure decay signal decays exponentially with increasing distance from the excita-

tion region so that
S; = Ae®(Fi=%1)
a= ;1—,_- = decay length (5.4 -3)
A = amplititude at zj.

The coefficients A and a and associated uncertainties §4 and éa are determined using

a standard least-squares fit [Be69) to the linear equation.

Y; =1nS; = (In A) - a(z; — z1) (5.4 —4)
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The fit is weighted according to the inverse of the variance of the Y;:

var(S;)
S2

var(Y;) = var(ln §;) = (5.4 -95)

Although the starting point of a decay curve is chosen to begin as close
as possible to the interaction region in order to obtain a high count, points from this
region are truncated to test for any systematic variation of the lifetimes when fitting
the curve. The fitting program also provides the scatter-plots as an indication of any
systematic deviation of the fitting function from the actual data. The fit itself gives

only the statistical error in the lifetime,

ét; by
-3 .t (5.4 — 6)
A ;

whi  reflects the random sources of error such as the Poisson distribution of the

counts as well as the fluctuations in the laser power and ion beam.

For each run, the fitting program produces its best estimate for the
lifetime (7;) and the error é7; asseciated with it. Ideally, on average, the reduced chi-
squared is equal to 1. If it is larger than 1 and the data points distribute randomly on
both sides of the fitting curve, then it is most likely that the error for each datum point
is underestimated. The relative weighting for each point is right but the absolute
weight is wrong. In order to take account of this, the uncertainty in each datum
point is multiplied by the square root of the average reduced chi-squared. This has
the effect of bringing the reduced chi-squared value down to 1 and also of multiplying

the uncertainty in the lifetime by the square root of the original reduced chi-squared.

Weighting each individual measurement of the lifetime in terms of its

modified uncertainty, 67/, the mean lifetime (7) is obtained,

T Tiwi
T wi
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The standard error of this mean is given by

= (12 54—
=Sy (349

where w; = (1/57’{)2.
The standard deviation of the lifetime can be obtained by

N Tlwi(r = 7)11/2
(N=1)Tw

6Tsd = (5.-1 - 9)

which is an indication of the width of the distribution of the lifetimes for each indi-
vidual fit about the mean. It is worth noting that the lifetime estimate allowing for

statistical factors only is based on Eqns.(5.4-T) and (5.4-8) instead of (5.4-9).

Examples of results obtained from a single data set are shown in Table.
(5.4-1), where tie different fitting methods are compared. The last column on this
table shows truncations. Fits A and B have the first 29 points truncated so that only
the second half (up stream) of the decay curve is analyzed. On the contrary, fits E
and F are for the analysis of the first half (down stream). In between are the entire
data set fittings with 3 points truncated at each end of the decay curve. Ideally, the
decay curve could be well-fitted with a single exponential. This is a two-parameter
fit. It is useful to include an additionatl constant in the fit, as scen in the second last
column on the table, as a test of possible systematic effects on the decay curve. For
the present (éase, all the results overlap within their deviations ( multiplied by the
square root of their reduced chi-squared as discussed above). In this data set, the
constant is positive. Other data sets give negative constants. There is no evidence

of systematic error here. Therefore, the consistency of the signs of the constant for
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Table. 5.4-1 Comparision of different fitting methods

A Energy Run #  Lifetime Standard Reduced Added  Truncated
280.3 nm keV # Fit 7 (ns) Deviation "YQ col.st. Front; Rear

330 3 A 38191  0.0271  3.429 none 29:3

330 3 B 37944 0.0608 3.570 +ve 29; 3

330 3 C 37503 0.042¢  2.888 Lve 3: 3

330 3 D 38142 0.0193  2.885 ncne 3; 3

330 3 E 38092 0.0276  2.070 none 3; 29

330 3 F 37077 0.0591  2.008 +ve 3; 29

the same data set demonstrates also that the fitting methods give consistent results
in terms of the statistical uncertainties.

5.5 Systematic Sources of Error

Each experimental environment is also subject to systematic error. Per-
haps it is one of the most difficult things for the experimentalist to deterrnine. For
the beam-laser experiment, several sources of systematic erros frora different sections
of the system will be examined according to their significance with regard to the

accurate determination of the final lifetime.

As mentioned earlier, good time resolution of the beam-laser technique
is attributed to the fast moving ion beam. Therefore, the well-defined ion velocity is

crucial to the accurate determination of lifetime. This is obvious from

a= < (5.5-1)
vT
Ao _ By Ar (5.5 - 2)
Q v T
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It is seen that the uncertainty of velocity, Av/v, can render a large error to the lifetime

even if a good fit (Aa/a) is obtained.

The velocity is calibrated to £0.5% using the Doppler effect as well as
the two-step excitation which will be discussed in Chapter 6. It turns out that the

uncertainty in the velocity is one of the most significant sources of systematic error.

The second error concerns the laser power drop. It tends to shorten the
lifetime for decays measured moving away from the excitation region. This effect can
be treated as follows. Suppose that the true lifetime is 75 and hence the ideal decay
curve (Curve I) should be

——t
Iy = Ae™ (5.5-13)

being ploted as curve I in Fig.(5.5-1). Since the power drop is small and we assume
thiac it decreases slowly with time, the resultant (or measured) decay signal may then
be expected to be as

Iy = A(1 - Bt)e™ (5.5 — 4)

as shown being Curve II in Fig.(5.5-1), where 3 is a small quantity.

In order to estimate the maximum deviation of lifetime obtained by
fitting into (5.5-1)(Curve II) from the true value 7y (Curve I), another decay curve
(Curve III) is chosen in such a way that it has same value at the starting point (¢ = t;,
point B) as the other two but a shorter lifetime 7y which cause it to intersect with

curve II at the end of the curve (t = t),
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Fig 5.5-1 Effect of the laser power drop on the decay curve

and
Iyt =t5) = I3(t = tr) (5.5 ~6)

In fact, this is the closest fit to the measured decay (Curve II). (The difierence between

Curves II and III is exaggerated in Fig.(5.5-1) for clarity.)

Substituting Eqns.(5.5-4) and (5.5~5) into (5.5-6), we have

SR
(1—Bt)e =e (5.5 —1)
Since A is a small quantity, we then have
54 1 (5.5 — 8)
TO 70
or,
, —
Bl S (5.5-9)
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In the experiment, the power decreased by 1% for a curve; thercfore,
Bty =1% ty = ldns (5.5 - 10)

or,

8 =0.07% (5.5 — 11)

Putting this back into Eqn.(5.5-9) and taking rj & 7p = 4ns yields

, ——
E_T_TQ = ~0.29% (5.5 — 12)
0

Therefore, most conservatively, the maximum uncertainty of the life-
time due to a 1% power drop is —0.29% for sweeps recorded moving away from the
sxcitation region. Similarly, the maximum uncertainty for sweeps recorded moving

towards the excitation region due to a 1% power drop is +0.20%.

Another source of error comes from the system dead time, i.e. the finite
time required by the system to process one event. Usually, it depends on the duration
of the pulse as well as each element in the system. For the sake of simplicity, suppose
that the system has a dead time AT for all events and is insensitive during this period.
The system registers k£ counts in a time T for the true count rate m. Therefore, the
total dead time is kAT during this period, and a total of mkAT counts could be lost.

The true number of counts is
mT =k + mkAT (5.5 - 13)

Solving for m in terms of k, we have

- MT
= 1= (k/T)AT
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or, the observed count rate n = k/T,
(5.5 - 17)
Eqns.(5.5-16) or (5.5-17) relates the true count rate m to the observed rate n=k/T.

Usually, mAT is a small quantity and hence Eqn.(5.5-T) can be ex-

pressed as

n~m(l — mAT) (5.5 - 19)

It is seen from here that the fraction of count lost is proportional to the count rate
itself to a first order approximation. Therefore, it is negligible when the count rate is

small. This is important for the correction of the decay curve.

In the following, the above discussion will apply to the discussion of a

decay curve to obtain the maximum uncertainty of lifetime due to the dead time.
Suppose that an ideal decay curve (no dead time) can be expressed as
:_!
Iy = Ae™0 (5.5 —20)
as shown in Fig.(5.5-2) as Curve I4.

Because of the dead time, the decay curve (measured) will be
=t =t
Is = Ae™ (1 — Ae™ AT) (5.5 -21)

being Curve 5 in Fig. (5.5-2). Since the dead time correction is non-linear, the curve
has a larger correction in the beginning than at the end. We could have a good fit to

I such that

=t
Is = Ae™s (1 — AAT) (5.

(W1}
o
|
o
o
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Fig.5.5-2 Effect of the dead time on the decay curve

with
Ig(t = tg) = I5(t = ty)

However, if we constructed a curve in such a way that

4l

Iy = A(1 — AAT)e

with

(5.5 — 23)
(5.5 — 24)
(5.5 - 25)
(5.5 — 26)

it would give us an easy way to estimate the error analytically. Then, the difference

of the lifetimes between I7 and I is larger than that between I5 (or Ig) and 4.

Therefore, finding the difference of the lifetimes between I; and Iy will give the

maximum possible error when fitting Is.
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Combining Eqn.(5.5-24. 25, 26) with Eqns(6.5-20, 21) yields

b — AAT
o-n A8l (5.5 — 27)
70 ty
Take 1) ~ 79 = 4ns, tf = ldns, AAT = 17000 x 600 = 1% (maximum dead time in

the experiment), we have

,—
ET_IQ=0.29% (5.
0

w
(& 1]
|
]
(@]
S

Thus, the maximum increase of the lifetime due to dead time is by 0.29%.

Table. 5.5—1 Systematic sources of error

Velocity +0.5%
Laser power d-op +0.29%
Dead time +0.29%
Misalignmen —-0.06%
Quantum beat —-0.001%
Residual gas de-excitation —-0.03%

Net increase : +0.196%

Systematic error (added in quadrature): +0.65%

There are other sources of systematic error: such as misalignment,
residual gas de-excitation, etc. They have been worked out previously [Go88] and
summarized in Table. (5.5-1). The net increase is used to correct the mean lifetime

obtained by Eqn.(5.4-7). The overall systematic uncertainty is given by the square
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root of the sum of each in quadrature. Finally, combining this result with the statis-
tical uncertainty from Eqn.(5.4-8) produces 0.96% =~ 1%, as the overall accuracy of

the final result.
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Chapter 6 Lifetime Measurements for the 3p Levels of Mg 11

and an Observation of Two-Step Photon Excitation

This chapter discusses the lifetime measurement results for the V3p levels
of Mg II. A comparison of the present work with other previously obtained results
is made both for theoretical calculations and experimental values. The second part
of this chapter presents an observation of the fluorescence following two-step photon
excitation using Doppler tuning, as well as of direct two-photon excitation.

6.1 Lifetime of the 3p levels of Mg II

Using the method and techniques detailed in the preceding chapters,
decay curves were recorded at a variety of beam currents and two different velocities.
For the Mg* ion, 5 — 10uA could be obtained with the accelerator operating at
250 keV - 330 keV. Most of runs were done at about 7TuA ion beam current with an
ion energy of 330 keV. A typical decay curve is shown in Fig.(6-1). It demonstrates
how pile-up affects the observed signal and is corrected by the charged integration
technique. Each data set was composed of the sum of 5 sweeps under the same
experimental conditions. This data set was then analyzed to find one value for the

lifetime.

The average power of the frequency-doubled radiation produced could
be adjusted from 1 to 5 mW, either through changing the focal length of the lens
in front of the KDP crystal or by varying the input excimer-dyc laser power. In the
experiment, 2 mW average power was found sufficient to saturate the 7u A ion beam.

The repetition rate of the laser was 200 Hz. The beam was projected at the target

70



LOG (D

IOOOOT
z ! A
g
1000 4
Beam background
100 J. ,,,,, hd .o gr e
Laser background
10 - . N i . o I — 1
0 8 position 16 mm 24
LOGCD
lm(
g B
S
1000 4 . .
100 +
10 N R s 1 - 1 . \
0 8 position 16 mm 24

Fig. 6.1-1 A sample decay curve. A) with charge-integration and B) with photon

counting.
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chamber with an approximately uniform spot size. 3mm x 2mm. In terms of the

above conditions. the peak pulse intensity at the excitation region was approximately
JR— D) . . .

10 — 40K W/em*. The laser power was also monitored at the exit window of the

target chamber.

The entrance slit of the detection system was lmm wide. The normal-
ization for a data point in a decay curve was 2000 laser pulses, corresponding to ten
seconds. Recording both down and up stream decay curves took approximately 10
minutes for each sweep. For a data set of 5 sweeps, around 30 minutes were needed.
The target chamber was pumped down to 1 X 10~8 Torr prior to recording the data

and maintained at 1 — 1.5 x 10~% Torr during the course nf data collection.

Mg also has two much less abundant isctopes: 25\g and?6Mg. Opti-
mizing the operation of the ion source, around 0.5 A ion beams were obtained for
them using 250 keV. The decay curves for them also were recor.’l and analyzed,
which gave the results of 3.75 £ 0.15 and 3.81 £ 0.10ns for 25\[g and 26\fg, respec-
tively. The larger uncertainty was due to the relatively smaller ion beam and hence

a lower signal-to-noise ratio.

The decay curves were analyzed and the uncertainties estimated using
the techniques described in the previous chapter. The results from individual runs
are shown in Tables. 6.1-1 and 6.1-2 for 2P3/2 and 2P1/2 respectively, taking account
of the reduced chi-squared values (as discussed in Section 5.4) to obtain the mean
lifetimes and their uncertainties. The results shown in Table (6.1-3) were obtained by
considering the sources of both statistical and systematic errors. In addition, the table

contains previous experimental and theoretical values. It can be seen that the present
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results agree with previous measurements within their much larger uncertainties. One
important thing is that the present work gives a separate value for each level of the
doublet, which was not the case for most previous measurements. This reflects the
much higher spectroscopic resolution permitted by the use of lasers. On.e recent
calculation done by Theodosiou and Curtis[T C88] shows good agreement with ours.
They attributed their results to the careful inclusion of a core polarization potential for
which parameters needed to be obtained either from the Hartree-Slater approximation
or from an iterative process justified bv the experimental binding energyv. It seems
that their work is better for describing the interaction between the active electron

and the core as the number of electrons within the core increased.

Table. 6.1-1 Summary of lifetime measurements for 2P3/2

A Energy Run #  Velocity Lifetime Standard Reduced Truncated
279.6 nm keV mm/nos T (ns) Deviation y2- Front; Rear
330 T 1.629 3.7759  0.0463  1.208 3;3
330 6 1.629 3.7525  0.0306  2.8%4 3; 3
250 3 1.418 3.8739  0.0261  3.147 3;3
250 2 1.418 3.8693  0.0374  1.931 3;3

Weighted mean of lifetimes: 7 = 3.826 ns

Standard error of this mean: &ér = +0.025
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Table. 6.1-2 Summary of lifetime measurements for 'ZPl/-z

A Energv  Run #  Velocity Lifetime Standard Reduced Truncated
280.3 nm keV mm/ns T (ns) Deviation \° Front: Rear
330 4 1.629 3.9946  0.0472 1.188 4; 3
330 3 1.629 3.7503  0.0424  2.888 33
330 2 1.629 3.8705  0.0451 2.537 3.3
330 1 1.629 3.8338  0.0572  2.467 3.3
250 3 1.418 39113  0.0271  2.143 4 4
Weighted mean of lifetimes: 7 = 3.851 ns
Standard error of this mean: é7 = £0.027

6.2 An Observation of the Fluorescence of Two-Step Excitation

The close coincidence of two wavelengths for the transitions of the 3s-

3p and 3p-3d allowed us to make two interesting observations. The first was the

tvo-step excitation, i.e. excitation of the 2D3/2 level via the first step excitation of

the 2Pl/2 level. One way to do this using a single laser was to make use of Doppler

tuning. With the two beams crossing at 45°, a red shift of a laser line 279.67 nm

gave the resonance of 2P1/2 level at 280.27 nm; and a blue shift gave the resonance

for the 2D3/2 at 279.08 nm upon reflecting the beam back by a mirror set up outside

the Brewster window. Essentially, this was based on appropriately adjusting the ion

velocity. The accelerating voltage was found at 102 keV to give the resonance. One

final point is that the path of the reflecting beam needed be deviating slightlv from

that for the first one, since the ions would travel away as the reflected beam
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Table. 6.1-3 Lifetimes of the 3p levels of Mg IT

Source Lifetime (ns)

P 2Py
Beam-laser 3.873 £ 0.037 3.819 £0.035
( present work)

Previous Experiments:

Hanle Effect {Sim66] 3.67 £0.18
Phase Shift [SL71] 3.7£0.5
Beam Foil [BBB70] 45+0.8
Beam Foil [AP76] A2+ 04
Beam Foil [Lu73] 4.0 = yu.f
Beam Foil [Lil30] 4.1+£0.4

Theoretical Estimates

Dirac Fock [Zi85] 3.75 3.72
Z-Expansion [LaT73] 3.57

MCHF [Fi76) 3.86

Semi-Empirical [Gr78] 3.37

Semi-Empirical {Gan37] 3.75

HF + CI [Hi83] 3.78

HF + CI [Ti88] 3.86

HS + CP [TC3§] 3.872 3.842

75



was coming back. In order to encounter the excited ions again, it was necessary to
direct the reflected beam down stream in such a distance that the round trip time
could be compensated. In this experiment, it was around 3 ns. Fig.(6.2-1) shows
the fluorescence of 3s-3p transition increasing as the two-step photon excitation was

achieved when scanning both the velocity of the ions and the wavelength of the laser.

The increase of the fluorescence was due to the short lifetime of the 3d
level so that it would repopulate the level of 2Pl/2- The decay of this fluorescence
for the 2P1/2 was also recorded. However, fitting this curve was not as easy as one

might expect. This can be understood from the rate equation.

N, < 1
Alz
N, 2
Azs
N3 . 3

Fig. 6.2-2 Diagram of a three level system.

For the three levels involved,

dN

—d-t—l = -AppM

N (6.2 —1)
_B—tg = ~AgNy + A2V
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with the initial conditions,

(6.2 = 2)
Ny = Ny t=20
the general solution for the two levels is
Ny = Njge~ 2t (6.2 — 3)
A1aN1 —d9at A12NV10 A2t
No = (Nag + —1210 _jp=ddeat | 12D =i 6.2 — 4
(A12 — A23) A3 — A12 ( )

where A9 = 1/7'(203/2) and A9z = I/T(2P1/2)' It can be seen that the second term in
Eqn.(6.2-4) is negative since Ajg is greater than Ag3. Because the detector can not

distinguish the two coincident wavelengths, the total observed fluorescence signal is

I = D(N1Ayg + NaAgs)

2423 _ 1 ;
B -1z A1z — A

12

where D is an overall response constant of the detection system.

If dﬁ:} = 0.5, the coefficient of the first term in Eqn.(6.2-6) is equal to
zero. This means that only the fluorescence from the primary level is observed with

an effective population:

A2V

Ag(Nyg + ————
Ayg — A3

(6.2~1)

Because of the near coincidence of the wavelengths and the high peak
laser intensity, the direct two-photon excitation could also be achieved. Using the
same beam-crossing geometry as for the two-step excitation (but without reflecting
the beam) and taking the Doppler effect into account, 2 laser wavelength of 279.63
nm was found to pump the 2D5/2 level. This wavelength corresponded to the half of

the energy between 2D5 /2 and 25, /2 and gave an intermediate virtual level which was
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16cm~! below the level of 233/.2. The detected fluorescence via the 2P3/2 level showed
that the two-photon excitation had occured. Since the two-photon absorption is a
second order effect, the transition probability is much less than that of the first order
electric dipole radiation. ( It should be mentioned that the present experim.ent used
only one beam, unlike Doppler-free two-photon absorption spectroscopy where every

atomn absorbs photons of the same energy from two counter-propagating beams.)
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Chapter 7 Conclusion
7.1 Conclusion

Using the beam laser technique, the lifetimes of the resonance 3p levels
of Mg II have been accurately determined. The overall accuracy from the sources of
systematic and statistical error is shown to be better than 1%. This high precision
measurement provides a reliable result which can be compared with different theo-
retical calculations. One point is that the present work has resolved . 1e doublet and
given one value for each of the levels, unlike most of the previous expcrimental and

theoretical works, which gave only one lifetime for the unresolved doublet.

The success of the present experiment is attributed to the addition of
the frequency-doubling optics, in addition to the high time resolution provided by the
beam-laser technique. The pulsed excimer-pumped dye laser has made it possible to
use the frequency-doubling technique to extend the wavelength to the U.V. region.
The working range could be extended to lower wavelength to study many lines of

other elements if a new type of dye and crystal were used.

An order-of-magnitude estimate has been made of the required laser
power for saturation to be achieved. The success of this experiment has verified this
estimate. Moreover, the observation of the two-step excitation also justifies this point.
since, otherwise, there would not be enough population in the first excited level to
produce the observed large increase of the fluorescence. The accomplishment of the
two-photon excitation is also an indication of the laser intensity because the second

order effect needs a much stronger field strength.
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The spread of beam velocity remains the most significant sourc ' of
error. In order to obtain a higher accuracy, the accelerator would need to be upgraded.
However, even in its present state, there is still room for the study of many other

elements at the current level of precision.

As is usually the case in a scientific inverstigation, the experiment has
posed new problems in addition to providing some useful results. So far, only the
resonance levels of vingly ionized ions have been studied using the beam-laser tech-
nique since the presei't hollow cathcde type of ion source can only produce such
ions. Although two-step photon excitation has been achieved, this does not give a
sufficiently high signal-to-noise ratio for an accurate lifetime measurement. It would
extend the range of the beam-laser technique if a new type of ion source were to pro-
duce more highly ionized ions (provided, of course, that the nonlinear optics extended

the wavelength sufficiently far to shorter wavelengths).

In conclusion, the beam-laser technique is an effective way of measuring
accurate lifetimes of the resonance levels for a singly ionized atom. Many other ions
of importance in astrophysics can be studied this way. Measurements fer one such

ion, Fe Il, are already under way in this laboratory.
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Appendix Mg II Decay Data

g9g 12 3.00 30 .02 6000. .0010 .010 .20 .40 .000 50C. 0 2 1
MG8S .20 2796 2 10X 2M200U 3 25 0
MG89 .20 2796 2 10.000 '.418& 3.800 0.0
0 17354 217 7 15017 216 14 13204 209 21 11983 228 28 10207 182
35 2924 230 42 8095 134 4S5 7278 202 58 5196 162 &3 5387 212
70 4943 214 77 4263 216 84 3913 230 91 3426 202 98 2990 195
105 2738 189 112 2384 198 119 2104 202 126 1750 223 133 1642 165
140 1468 229 147 1322 180 154 1250 184 16 1048 227 1868 856 179
168 946 176 161 1010 178 154 1173 178 147 1213 164 140 1421 203
133 1590 205 126 1910 238 119 1912 175 112 2407 230 105 2689 169
g8 3073 173 91 %450 173 84 3904 204 77 4276 225 70 4744 216
63 5497 208 56 6297 220 49 7009 231 42 8073 179 35 9093 199
28 10404 198 21 11786 216 14 13204 186 7 14807 185 0 16417 182
MGE89 .20 2796 3 10X 2K200U 3 29 0
MG89 .20 2796 3 10.00Q 1.418 3.800 0.0
0 16590 196 8 14629 186 16 12427 192 24 11085 194 32 9561 196
40 8188 208 48 6950 207 56 6119 208 64 5513 222 72 4445 207
80 4060 205 88 3446 225 96 3088 192 104 2750 208 112 2252 230
120 2060 175 128 1741 215 136 1520 184 144 1374 193 152 1182 191
160 1073 217 168 896 186 176 808 214 184 655 172 192 651 199
200 669 193 208 585 228 216 495 181 224 423 213 224 472 215
216 491 180 208 561 171 200 583 199 192 738 198 184 712 194
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