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Abstract

Radiative lifetimes ranging from 3 to 500 ns were measured on various states of Ag,
N, Se, Te and As, by recording the fluorescence light decay after excitation by a laser
pulse. Ag was supplied by a collimated atomic beam while Se, Te and As were
contained in quartz cells. Pulsed laser radiation, with a wavelength down to 185 nm,
was generated by different set-ups, using Nd-YAG pumped dye lasers combined with
non-linear crystals and Raman shifting. Short laser pulses were produced by a
nitrogen laser or a distributed feedback dye laser. Two-photon processes and
stepwise excitation were used to populate high-lying levels. Depletion spectroscopy,
quantum-beat spectroscopy and optical double resonance spectroscopy were also
performed.
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1. Introduction

Each atomic species has a unique set of energy levels and associated excited state
lifetimes. Atomic spectroscopy provides information of these proporties. The
experimental values might subsequently be compared with calculated ones and
thereby support or weaken a theoretical model. Spectroscopic data are also useful e.g.
in astrophysics, where transition probabilities, and related oscillator strengths, are
used to determine relative abundances of the elements in the sun and the stars. In
plasma physics radiative properties are used to determine temperatures and
concentrations of different elements.

The development of lasers has made a lot of experiments possible which were
difficult to perform with conventional light sources. The advantage of laser light is
that it gives a high energy density and a narrow bandwidth. Pulsed lasers increase the
peak energy density even further compared with continuous lasers. This is of crucial
importance when using non-linear optics to generate short-wavelength radiation. The
power of second-harmonic radiation generated in a non-linear crystal is proportional
to the square of the power of the fundamental beam. A BBO (j3 - BaB2O4) crystal
can, with the appropriate mixing of two waves, generate radiation with a wavelength
down to 197 nm. Even shorter wavelengths can be reached with a LBO (LiB^O5)
crystal or by Raman-shifting in a hydrogen cell. Generation of laser radiation with
short wavelength is of great interest for lifetime measurements, since it can be used
for excitation of elements which have their resonance lines in UV/VUV spectral
region.

Laser Induced Fluorescence (LIF) might be considered as a common name for many
different spectroscopic techniques which use a laser to populate a certain upper state
and observe the fluorescence light that is released upon the subsequent decay. With
broadband excitation, many states are populated simultaneously which results in a lot
of fluorescence from different decay channels. Excitation with a laser is more
advantageous since it permits to populate a single state, which simplifies the
fluorescence spectrum and reduces background radiation from other transitions than
the one investigated. The experimental set-up used for LIF is rather straight forward
with one or two lasers as light sources and detection of the fluorescence by a photo-
multiplier preceded by a monochromator or interference filters.

In the present work time-resolved spectroscopy experiments on N, As, Se, Te and Ag
atoms are presented, yielding new information on previously little studied elements.
We will begin with a brief description of the theory behind lifetime measurements
and some experimental considerations. Advantages and disadvantages of supplying
the investigated element in a cell or with an atomic beam are discussed. Different
excitation schemes and the concept of oscillator strength are explained. The next
chapter treats the production of VUV radiation by non-linear processes, in crystals or
by Raman scattering. Two following chapters explain the concepts of depletion
spectroscopy and quantum-beat spectroscopy. Finally, the experimental papers ;; _
outlined.



2. Lifetime measurements

2.1 Theory

Free atoms can only exist in certain states associated with discrete energy levels. The
lowest energy state is called the ground state. An atom can be excited to a higher
energy level by absorption of a photon, that is a light quantum, with an energy
corresponding to the energy difference between the two levels. But after a short time,
since nature prefers the lowest possible energy state, the atom will make a transition
to a less energetic state emitting its excess energy as a photon. The emitted light is
called fluorescence. The probability per time unit that an atom in an excited state k

makes such a spontaneous transition to a lower state j is the Einstein coefficient AL]. If

there are many possible lower levels as in Fig. 1 the total transition probability A: is

given by

A, =ZA.. (2.1.1)

Fig.I. Transition probabilities Alk.

If N is the number of atoms in an excited state the following expression is valid:

dr

Solving this equation we have

(2.1.2)

N (2.1.3)

where N: (0) is the number of atoms in the state i at time zero. T, = 1/At is called the

mean spontaneous lifetime of the state i. After the time T the number of atoms left in
the excited state are reduced to a factor l/e. The decay rate is



^2 = MV- (2 1 4 )
dt x

By assuming /V'J(()) = 1 the equation describes the probability density p(t) for a
spontaneous transition. Thus, the probability that an excited atom makes a
spontaneous transition in the time interval between t and t+dt is given by:

lHt)dt = —e":r'(lt (2.1.5)

The average time an atom remains in the excited state can then be written as

c~"rdt = r,. (2.1.6)
0 i

The variance of the time an atom spends in an excited state can be written as

(At)2 = f ( r - T , ) 2 p ( r ) r f r = r ~T |^ i'-"zult = x\ (2.1.7)

This means that the standard deviation of the time before decay is the same as the
expected lifetime x . The standard deviation is a measure on the uncertainty of how
long time the atom will stay excited and inserted in the Heisenberg uncertainty
relation,

AEAt>ti/2, (2.1.X)

it sets a limit on the accuracy of the energy of the level. This uncertainty will result in
an uncertainty in the frequency of the photon emitted when the atom makes a
transition to a lower level. The energy of a photon is given by

E = hv = ti(». (2.1.9)

Here V is the frequency and ca = 2nv is the angular frequency of the lightwave.
h = 2nh is Planck's constant. An uncertainty in the energy results in an uncertainty in
frequency:

Av = AE/h. (2.1.1(1)

Combination of Hqs. 2.1.X and 2.1.10 yields the natural line width of a radiation line

Ai;N = 2Au = l/2/rr. (2.1.11)

An excited level might be depopulated by other processes than spontaneous emission.
Non-radiative transitions might take place due to collisions between atoms or
molecules. The probability for such a transition is proportional to the density of



collision partners. N. their mean relative velocity, v. and the collision cross section

O'K'"• tor a collision which induces a transition from state i to k.

ilP;"'A t dt^vNo'f. (2.1.12)

The mean relative velocity follows a Maxwellian distribution and is given by

(2.1.13)

where k is Bolzmann's constant, T the temperature and m is the reduced muss of the

colliding elements. The reduced mass, m, equals m,/?;, / (m, + m2) where m[ and «/,

are the masses of the involved elements.

Induced emission and induced absorption might also influence the effective lifetime
of a level The probability for a transition from level i to k by these processes in a
time interval dt is given by

dP? = p(v,t)Bit(Nl-Nk)clt, (2.1.14)

where p is the spectral energy density at the frequency v associated with the

transition. Btkh the Einstein coefficient of induced emission and Ni and Nk are the

densities of atoms in level i and k .

The total transition probability which determines the effective lifetime of a level can
be written as a sum of the contributions from spontaneous and induced emission,
induced absorption and collision-induced relaxation:

(2.1.15)

2.2 Kxperimental considerations

A usual procedure to determine the true natural lifetime of a level is to measure the
effective lifetime for different densities of collision partners. If the sample is in a cell
the vapour pressure can be controlled by the temperature. Plotting the inverse
effective lifetime versus vapour pressure (Stern-Volmer plot) yields a straight line
corresponding to shorter lifetimes at higher pressures. By extrapolating to zero
pressure the natural lifetime can be determinated. The slope of the curve gives
iiiiormation of the collision cross section provided the mass of the collision partners is
known. Normally the influence from induced emission and absorption is regarded as
negligible since only the fluorescence emitted after the laser pulse is used when
evaluating the decay curves. However, when investigating a state which has a strong
transition to the ground state or a metastable state some reabsorption might take
place. This phenomenon, which is called multiple scattering, will prolong the
measured lifetime.



Another source of error when measuring decay constants is slow quantum beats
induced by Zeeman splitting of the investigated level. This splitting is caused by the
earth's magnetic field. If the period of the beats is greater or equal to the measured
lifetime it will influence the evaluation. One way of solving this problem is by
applying a large external magnetic field which will cause the levels to split up even
more resulting in too fast beats to be detected.

Care has also to be taken to make sure that the detection system is linear with regard
to the fluorescence intensity. If, e.g., the photomultiplier is saturated, a too long
lifetime will be measured. Normally, possible saturation effects are detected by
measuring lifetimes with different neutral density filters in front of the detector.

When measuring lifetimes of the same order as the pulse length of the laser the tail of
the fluorescence curve is often very small. The accuracy can then be improved by
recording the pulse shape of the excitation pulse and making a convolution of this
pulse and an exponential. The convoluted curve is subsequently fitted to the recorded
fluorescence curve by a computer program [1]. This procedure is performed for many
exponentials to find which one gives the best fit with the recorded curve. The time
constant of this exponential gives the lifetime value. This procedure can only be used
when the atomic transition is not saturated. Neither can it be used for two-photon or
stepwise excitation or any other process where the intensity of the fluorescence is not
linear with the excitation pulse. Another limitation for how short lifetimes can be
measured is set by the response time of the detection system.

2.3 On cell- versus atomic-beam experiments

The sample under investigation can be produced in several ways. One possibility is a
collimated atomic beam, where an atomic sample is heated in an oven. Thermally
released atoms leave the oven and pass through a collimator before interacting with
the laser beam. If the laser beam is perpendicular to the atomic beam the Doppler
width of the investigated line will be reduced. The collision-induced effects in the
beam are also reduced. The atomic-beam technique is suitable for elements with very
low vapour pressure since it permits high temperatures.

Another possibility is introducing a small amount of the element in a quartz cell
under high vacuum. When heated the vapour pressure of the element rises to densities
where experiments can be performed. A disadvantage of a cell is that it can only be
used with elements having a sufficiently high vapour pressure at moderate
temperatures. This is due to that the cell melts if the temperature gets to high. Fur

example, a quartz cell can endure a maximum temperature of 1000 "C.

There might be undesired gases in the cell reducing the measured lifetime by collision
induced quenching. In order to minimise this risk the cells are baked out before being
sealed. This procedure means that the cells are put under vacuum pumping and heated
for several hours to temperatures well above what they will experience during the
measurements. This process forces the impurities in the walls of the cell to gas out.



The cells are sealed off at a pressure of typically 10 " - It)"*' mbar. To get an idea of
possible quenching from rest gas, one cell might deliberately be sealed off at
somewhat higher pressure than the others. If this bad cell measures the same lifetime
as the others this indicates that there is no influence from the rest gas.

Apparently it is easy to make erroneous lifetime measurements with cells but the
advantage is that one only has to worry about a good vacuum while fabricating the
cell, compared with the atomic-beam technique which demands high vacuum during
the entire experiment. When investigating poisonous elements like arsenic the atomic
beam technique is not recommended for obvious reasons.

2.4 Kxcitation methods

Apart from the most common one-photon transition there are other excitation
methods which are used to populate states which are difficult to access by one
electric-dipole transition. In the two-step excitation process a platform state is
populated by radiation from a powerful laser. A second, often weaker laser, is used to
induce transitions from the platform state to a higher level. In another scheme two
photons are absorbed in one transition. This process is made possible by the high
energy density of pulsed laser radiation. The transition probability for a two-photon
transition from an initial state i to a final state f may be written as:

P\ (2.4.1)
Ef - Ej - tio)

where c is a constant, P the laser power, o) the wavelength of the laser and (/|w|y) is
the dipole matrix element connecting the states i and j . The summation is made over
all states except the initial and the final. From the expression it is clear that two-
photon excitation can only take place between two states connected via two allowed
dipole transitions. The two-photon process makes it possible to access levels too
energetic to be reached by a one-photon transition. Levels with the same parity as the
ground state, which cannot be populated by a dipole transition, can be reached with a
two-photon process. Multi-photon processes absorbing more than two photons are
also possible.

II



c A Ionization

Fig.2. a) Two-photon excitation, b)Two step excitation.

2.5 Oscillator Strengths

The oscillator strength is a concept which is often used in spectroscopical contexts. It
is used, e.g. to derive astronomical abundances of different elements. The physical
significance of the oscillator strength can be described as follows:
An atom in a certain level can normally make optical transitions to several other
levels if illuminated by a broadband "white" light source. The absorption oscillator
strength of a transition is the effective iiumber of classical electron harmonic
oscillators that would absorb radiation at a transition wavelength as strongly as does
the atom. Thus the oscillator strength is a value between zero and one, corresponding
to the probability for a certain transition and it is proportional to the square of the

absolute value of the dipole matrix '~ment [ip] r(pk(IV connecting the two levels of

interest, i and k. The oscillator strt.igth can be calculated from the spontaneous

transition probability Au . Consider a lower level k with ^ degenerated sublevels

and a higher level i with #, sublevels. Then Ad and the absorption oscillator strength

fh are related as |2|:

AL
2nt\c m.

(2.5.1)

where mr is the electron mass and iod is the angular frequency of the transition from

level i to k. /^can be derived from the natural lifetime of an excited level and the
branching ratios between the possible decay transitions using Hq. 2.1.1. This
procedure was used to calculate the oscillator strengths of the resonance lines of Te I
(214.3 nm) and Se I (!%.() inn) in paper 5.

i:



3. Generation of UV and VUV-radiation

3.1 Non-linear crystals

Pulsed dye lasers producing radiation with wavelength's down to 330 nm are
commercially available. However, many elements have resonance lines corresponding
to even shorter wavelengths. One way of producing radiation needed for investigation
of these levels is by frequency mixing using the non-linear properties of certain
crystals. The KDP Potassium Dihydrogen Phosphate crystal is a frequently used

crystal. It has a high non-linear coefficient ( d - 4.7 • 10" m I V) but starts absorbing
radiation at relativly long wavelengths and is hygroscopic. Lately two new crystals,

BBO (/J -BaB2O4) (3] and LBO (LiB^O,) [4] , have appeared on the market. Both
these crystals are good complements to KDP in the UV/VU V-region since they are
transparent at shorter wavelengths and have higher non-linear coefficients.

The non-linear phenomena can be explained by the following brief summary. A
more thorough description can be obtained in 15]. When an atom is subject to an
electric field E, the electron cloud will be displaced versus the positive core inducing
a polarisation. Primarily this polarisation is proportional to the electric field but for
certain materials it has components proportional to higher powers of the E field:

(3.1.1)

Here, x >s t n e susceptibility of different orders. Normally, the % values die away
quickly with increasing order so it is enough to consider the first two terms.

Light can be considered as a travelling electromagnetic wave. An atom will
experience the light as an alternating electric field Ecos(O)t), where 0) is the angular
frequency. This wave will induce an alternating polarisation of an atom. When the
electron cloud oscillates it will emit radiation of a frequency corresponding to the
frequency of this oscillation. Insertion of Ecos(ox) in Eq. 3.1.1 gives a component of
the polarisation proportional to

E2 cos : o)l = £ : ( l + c o s 2 w n / 2 . (3.1.2)

Thus, the atom will emit radiation with twice the frequency of the original beam. In a

similar way, two interacting light waves of two different frequencies, w, and d)2,

would result in polarisation components proportional to

E'lfil - ( El cosftV + £ : c o s w j ) 2 = — (£,"' + /:'; ) + — £," co.s2w,/-t- — E; cos 2ft»-,/+

£',/:• [cos(W] +o): H + cosUo, - o ) , ) / ]

(3.1.3)



Thus, apart from the components at 2ft), and 2ft), there will also be components with

a frequency equal to the sum and the difference of o>, and ft):. The situation gets more
complicated considering that the E-fields are vectors and that certain crystals are not
necessarily polarised in the same direction as the driving electric field. If this is taken
into account the first two terms of Eq. 3.1.1 can then be restated in a three-
dimensional space (x,y,z) as

P. = (3.1.4)

The first order susceptibility xlj' ' s a matrix and the second order %£' is a tensor.

For a certain choice of co-ordinate axes, the x,, matrix can be diagonalized

simplifying the first part of Eq. 3.1.4 to

fp (EX~\ O 0

O £v - 1 O

O O £ - 1 v * » /

(3.1.5)

Here x[ is substituted by er\. The axes of this co-ordinate system are called the

principal dielectric axes of the crystal and £, are the relative principal dielectric-

constants. The refractive index «. for a wave with polarisation in the direction i is

then given by

n~ - e . (3.1.6)

If a term in the second summation in Eq. 3.1.4 is non-zero every atom will act as a

generator of wavelets with a frequency ft), = o), ± <u2. But these wavelets will only

survive if a phase-matching condition on the wave vectors is fulfilled

= k , ± k , . (3.1.7)

This condition can be seen as momentum conservation in a three-photon process. The
maximum conversion yield is achieved with a maximum overlap region between the
two interacting beams, that is when they are propagating in the same direction. Then

the wave vectors have the same direction and since \k\ = n«)/ c , Eq. 3.1.7 may be

restated as:

ns0), = n.(0f ± H (3.1.X)

14



where n is the refractive index. This phase-matching condition can be met for
birefringent crystals, i.e. anisotropic crystals, where the refractive index is dependent
on the direction or propagation and the polarisation of the E-field.

BBO is a uniaxial birefringent crystal, i.e. one of the principal dielectric constants
differs from the other two. The corresponding principal axis is called the optical axis.
For a crystal of this type an incoming light wave might be divided in one ordinary
wave with the polarisation perpendicular to the optical axis of the crystal and one
extraordinary wave with a polarisation component parallel to the optical axis. The

refractive index for the ordinary wave is nlt while the refractive index of the

extraordinary wave can be calculated with

where 9 is the angle between the direction of propagation and the optical axis, and «,

is the refractive index for an extraordinary beam with 8=0. The situation gets more
complicated by the fact that the refractive index is a function of wavelength. For BBO
there is a semi-empirical expression for this dependence |6]

n2 =2.7359+ 7
( M ) 1 8 7 8 0.01354A2 (3.1.10a)

A2-0.01X22

;;2 =2.3753+ ( U ) 1 2 2 4 ().()1516A2 (X in |im) (3.1.10b)
A2-0.01667 P

By combining Eqs. 3.l.X, 3.1.9 and 3.1.10 the phase matching angle can be
calculated.

As an example, consider second-harmonic generation of an ordinary beam at 420 nm
resulting in an extraordinary beam at 210 nm. Eqs. 3.1.10a and 3.1.10b give

/f,,(420)=1.6HX9 , nn(210) = 1.8604 and /;,,(210) = 1.6795. To accomplish collinear
phase-matching Eq. 3.l.S demands that the refractive index for the fundamental and
second harmonic beam should be identical. Eq. 3.1.9 gives the relation

1 cos -X s n r 0

1 6XS9- 1.S604- 1.6795-

From this equation 8 can be calculated to 76 degrees.

The amount of second-harmonic radiation which will be generated in the crystal is

proportional to the effective non-linear coefficient d,rr, which is the scalar product of

the induced polarisation in the crystal and the direction of polarisation of the second-
harmonic radiation. Using Eq. 3.1.4 the effective non-linear coefficient can be
written as



(3.1.12)

Here i\ (a») denotes the polarisation composant of the fundamental beam parallel with

the axis i .

If the principal axis of a BBO crystal is chosen as axis of our co-ordinate system with

the optical axis along the z-axis the dominating elements of xlfk a r e 17]:

,/ = ya> = - y ' 2 ) = - y ( 2 ) = - 7 ( 2 ) =19-10"w/V
1 A vyv A vij: A- «> A xyx '

< / , = v l 2 ; = y l 2 ) = y 1 - ' = y ( 2 < = y ( 2 > = yl2> = \. 3 5 • 1 ( ) " m I V .
1 2 A ;\i A :w A w : A y:v A x.c A xzx '

(3.1.13a)

(3.1.13b)

Let the fundamental beam have the direction k in the crystal with the optical axis in
direction z as in Fig. 3. Then the ordinary beam (E-field perpendicular to optical axis
and k ) will have polarisation components like

eord =(sin<p,-cos<p,0).

(3.1.14a)

The polarisation components of the extraordinary beam (E field perpendicular to

Tand the E field of the ordinary beam) will be

crx - (-cosÖcos(p,-cosÖsin<p,sinö). (3.1.14b)

Fig..?. Definition of angles in co-ordinate system.

Using Fq. 3.1.12-14 the efficient non-linear coefficient can be calculated to

deff = d: sin 9 - f/, cos B sin 3<p. (3.1.15)

The value of (p depends on how the crystal is cut and might in this example be
assumed to 0 degrees in order to maximize the second term. With a phase-matching



angle 6 of 76 degrees, the effective non-linear coefficient can then be calculated to

3.3-Hi" rn/V.

Performing these calculations for different wavelength's shows that the conversion
yield drops off quickly as the generated wavelength approaches 205 nm. Wavelengths
down to 197 nm can be reached with another set-up where one ordinary beam interact
with one extraordinary beam generating an extra-ordinary beam. A third possibility is
mixing the fundamental of a YAG-laser at 1064 nm with radiation from a dye laser.
Then the wavelength limit is set by that the BBO crystal absorbs radiation below 1X9
nm. For shorter wavelengths the LBO crystal could be used since it is transparent
down to 160 nm. The LBO crystal has different principal dielectric coefficient's
along all three principal axes which makes the calculation of the phase-matching
angle more complicated. A thorough treatment can be found in 18).

3.2 Stimulated Raman Scattering

Another way to generate short-wavelength radiation is by Raman shifting. The
principles of the phenomena are sketched following the outline in [9J:

When a molecule is subjected to an electric field it is polarised according to

P = aE. (3.2.1)

a is called the polarizability and it varies with the frequency, vyihr, of the vibrations of

the molecule. Using the angular frequency, o)vlhr = 2nvvihr, the polarizability can be

written

a =«„ + a, s\n((Orihrt). (3.2.2)

A lightwave will act upon the atom as an alternating electric field £„ cos(atf )•

Combining Eqs. 3.2.1 and 3.2.2 we obtain

I' = «„£",, sin(«O + —a,£,,[cos(<y - w A K - c o s ( w + «„,„. )t\. (3.2.3)

This alternating polarisation will radiate light of three different frequencies. The first
term, which is the strongest, corresponds to scattered light with the same frequency as

the incoming wave. The second term has the frequency shifted downwards by 10VI/|,
and is called the Stokes component. The third term, the anti-Stokes component, has
increased its frequency by ww/i;. The occurence of such a frequency shift is called the
Raman effect after its discoverer C. V. Raman. In a quantum-mechanical treatment
the Raman phenomenon is seen as a two-step process where the molecule makes a
transition to another vibrational state via a virtual level (Fig. 4). From this model it is
also clear that the anti-Stokes wave is much weaker than the Stokes wave since its
initial level is an excited vibrational slate with a relativly small population.

17



What has been described so tar is called spontaneous Raman scattering in contrast to
stimulated Raman scattering, which occurs when the incoming laser intensity
becomes very large. Then the excited vibrational state gets more populated and the
power of the Stokes wave increases. The molecule is then interacting, not only with
the laser radiation, but also with the Stokes wave. The generation of the anti Stokes
wave can be looked upon as a four-wave mixing process where the laser radiation

{Ele""L') and the Stokes wave (Ese""s') induces a polarization component in the

molecule proportional to E, ELE'se"2Wi~"}'>' [5]. This polarization generates the anti-

Stokes wyve with the frequency 2w, -cos =u>[ +<ouhr. As in the non-linear crystals

there is a phase-matching condition determining the direction of the anti-Stokes wave:

.4 v ~ (3.2.4)

This means that the anti-Stokes radiation will be emitted in a narrow cone centered
around the direction of the laser wave. Higher Stokes components can then be
obtained by an iterative process described by Fig. 4.
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Fif>. 4. Stimulated Raman Scattering in Hydrogen.

It' hydrogen is used as the Raman medium a frequency shift corresponding to

4155cm'1 is induced for each order.



4. Depletion spectroscope

Depletion spectroscopy is a two-step excitation process with one strong pump laser
exciting atoms to a platform level and a second weaker probe laser tuning over a
wavelength region. Fluorescence light in a decay channel from the platform level is
detected. When the second-step laser is tuned to a transition it will deplete the
platform level and thereby decrease the detected fluorescence. When using pulsed
lasers the detector should be time gated in order only to detect the fluorescence from
the decay and discriminate against straylight from the exciting pulse and the
background. This can be accomplished with a Boxcar integrator. An ordinary
absorption or emission spectrum often contains a confusing number of spectral lines.
With depletion spectroscopy it is easier to identify the transitions involved since the
originating level is fixed.

Probe

Detection

Pump

F:ii>. 5. Depiction spectroscopy.

In depletion spectroscopy one measures the size of a fluorescence signal when tuning
a laser. If this laser is pulsed a problem arises since the shot-to-shot fluctuations of the
intensity of the laser pulse might be 50 %, that is, much larger than most depletion
signals. The intrinsic fluctuations of the laser are aggravated if non-linear processes
are used. For example, the intensity of the second harmonic generated in a non-linear
crystal is proportional to the square of the intensity of the fundamental beam. In order
to compensate for pulse-to-pulse fluctuations the fluorescence signal is normalized by
the pulse intensity of the pump laser, which is monitored by letting a reflex hit a
photodiode. The second-step laser is saturating the transition and has therefore little
influence on the fluorescence intensitv.



The sensitivity might be further improved if the non-linearities in the excitation and
in the detection are considered, using a procedure introduced by Tieman and Wolf
11()|. In this procedure the probe laser is fixed at a non-resonant wavelength and a
number of laser shots are fired. At each pulse the detected values of the intensity of
the pump laser (X) and the fluorescence (Y) are recorded. The pairs inserted in a X-Y
plot form a cigar-shaped cloud of spots to which a straight line (y=aX+b) is fitted.
Subsequently, when the experiment is carried out, the fluorescence is normalized, not
by division with the intensity of the iaser pulse (X), but with an adjusted value aX+b.
Both the calculation of a and b, and the normalization procedure is preferably done by
a computer, which is fed with intensity values from A/D-converters. It is also possible
to tit a polynom of higher order to the X-Y plot if that is more favourable.



5. Quantum beats

If the bandwidth of the exciting laser pulse is broader than the frequency separation of
two sublevels in the excited state, then both these sublevels will be coherently
excited. The fluorescence emitted from these levels will show a modulated
exponential decay with an angular frequency associated with the energy difference
between the two sublevels (O = 2n&E/h. This technique allows measurements of
energy separations less than the Doppler width with a broadband light source.

The bandwidth of the laser can be regarded as an uncertainty in the energy of the
photons A£ = /iAu, which must be greater than the energy separation of the two
sublevels to excite them simultaneously. The bandwidth of a pulsed laser cannot be
less than the Fourier spectral bandwidth, Au = 1 / Ar, which for a 10 ns YAG-pulse is
100 MHz. Thus, level splittings corresponding to frequencies lower than 100 MHz
can be investigated.

The principles of quantum-beat spectroscopy can be found in many textbooks, for
example [9], Here a brief outline is given.

Assume two close lying levels being excited by a laser pulse at time zero. The
wavefunction of the state, i//, can then be described as a linear superposition of the

two eigenstates 0, and <p2.

(5.1)

Here the coefficients aL represent the probability that the atom is in the level k. The

time-dependent wavefunction for the excited states, as they gradually decay back to
the ground state, is given by:

^ ' - ' / 2 f . (5.2)

The intensity of the fluorescence is determined by the transition matrix element:

Ht) = c\(<l>fU)\ell-F\y/(t))\~. (5.3)

Here vt is the polarisation vector of the fluorescence and Oy is the wavefunction of

the state to which the atom is decaying. Combining Eqs 5.2 and 5.3 yields

/ ( / ) = CV ' (A + Btos(ont), (5.4)

where A, B and ( ' arc constants depending on the dipole matrix elements and

0), =(/•;, -/: ' , ) / / ; . (5.5)



Thus the decay curve will be a cosine function superpositioned on the decay
exponential. By Fourier transformation to,, and the corresponding energy difference
are determined.

Quantum beats from Zeeman sublevels can also be explained by a semi-classical
picture (Fig. 6). If the exciting light is linearly polarised then the E-field will make
the electron cloud of the atom oscillate in the same direction. It will behave like an
oscillating electric dipole with a certain damping due to the decay down to ground
state. An electric dipole radiates sidewards but nothing in the direction of the
oscillation. Therefore a detector in the direction of the E-field will not detect any
radiation. But if, as is the case in Zeeman spectrocopy, there is a constant magnetic-
field perpendicular to the direction of the polarisation of the exciting light, the
magnetic dipole moment of the atom will make it precess around the B-field. The
radiation lobe will be turned in towards the detector twice every revolution.

Since quantum beats are originating from two neighbouring levels within one atom it
can only be used to measure energy differences in an individual atom, such as
hyperfine structures or Zeeman splitting. It does not work for measurement of
absolute wavelengths or energy differences such as isotopic shifts between different
atoms.

/•'/,(,'. (). Semi-classical picture of quantum beats.



6. Kxperimental studies

In Paper 1 the radiative lifetimes of the 1 p Pyr ,,, states of Ag 1 were measured- An

atomic beam was used and the exciting radiation at 1X5 nm was produced by
frequency tripling of dye laser radiation with a KDP and a BBO crystal followed by

Raman shifting in a hydrogen cell. The hyperfine splitting of the 1 p : P , r state was

measured with the quantum beat method.

In the second paper the lifetime of three states of N I was measured. Two states were
populated by a two-photon process from which higher states were reached by a
subsequent single photon excitation. Depletion spectroscopy was also demonstrated.

The third paper also treats nitrogen. The lifetime of two short-lived states were
measured by using a distributed feedback dye laser for the second step excitation.
This laser provides exceptionally short laser pulses down to 200 ps.

Paper 4 describes a cell experiment on Se I. The lifetime of the 4p3 5.v ?S2 level was
measured using radiation at 207 nm. The Lande factor was measured with both the
quantum-beat method and optical double-resonance spectroscopy.

Papers 5 and 6 also describe cell experiments, where the lifetime of resonance states
of tellurium, selenium and arsenic was measured. The radiation needed for the
excitation ranging from 194 nm to 214 nm was generated by different non-linear
mixing processes using KDP and BBO crystals. Sufficiently short pulses were
produced by letting a nitrogen laser pump the oscillator of a dye laser.
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