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Atomic fluorescence

- Atomic fluorescence
- Energy yield of fluorescence xF
- Quantum efficiency of fluorescence ®F

E, . N_.
Z — __emt é 1 (D — emit
: E abs : N abs

- Fluorescence quenching: collision of excited atoms with
other atomized particles - transmission of E without
photon emission.

- Fluorescence scattering: on non-vaporised particles in an
atomizer and on the spectrometer optics.




Atomic fluorescence

Basic relationships

1
Y. = —hvA
1= 57 VA0

ny = Bo1p(v)ng

1
Vi = Y. hvA,By1p(v)n,

log Be

prof. Otruba 3

Influence of saturation
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Fluorescence excitation
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Schematic diagram of the spectrometer

Schematic diagram of laser-excited atomic fluorescence flame spectrometry system:
A, N2 laser; B, dye laser; C, dye laser control unit; D,vacuum pump; E, N2 laser power
supply; F, trigger source; G, beam expander; H, panel; |, diaphragm; J,
burner/nebulizer; K, light trap; L, light trap; M, diaphragm; N, light baffle and lens; O,
monochromator; P, photomultiplier detector; Q, recorder; R, boxcar integrator; S, photo
multiplier power supply.
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Calibration of wavelengths
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Concentration dependence

- Analytical growth curves

- nickel fluorescence | /s
excited at 300.249 nm //

and measured at g //
approximately 342 nm " //

- tin fluorescence excited 3 / /
at 300.914 nm and 4 //

measured at 317.5 nm.
/JILIMIrT OF‘ DETTECTl?N
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Element Ex/Fl, nm’ AF? LoDf, ng-mL™ LDR?
Ag 328.1 RF 4 4.2
Al 394.4/396.1 S-DLF 0.6 o
Ba 553.7 RF 8 5
Bi 306.8 RF 3 3.2
. Ca 422.7 RF 0.01 5
LAF overview cd 2288 RF 8 35
Co 357.5/347.4 AS-DLF 19 5
Detection limits and gr ggg;’; g}l—; : 2-5
. . u X
ggf:rrr:iigzgﬁ;a”ge of Fe 296.7/373.5 S-DLF 0.06 6
. Ga 403.3/417.2 S-DLF 0.9 5.4
acetylene-air flame In 410.4/451.1 S-DLF 0.2 6.2
Li 670.8 RF 0.5 4.3
Mg 285.2 RF 0.009 6
Mn 279.5 RF 0.4 54
Mo 390.3 RF 12 4.9
Na 589.0 RF 0.1 5.7
Ni 300.2/~342 S-DLF/S-SLF 0.5 6
Pb 283.3/405.8 S-DLF 1.3 6
Sr 460.7 RF 0.15 5
Sn 300.9/317.5 S-DLF 3 ]
Ti 365.4 RF 2 5.2
Tl 371.6 RF 4 4.9
\% 370.4/411.2 E-S-SLF 30 4.5
“Ex/F1 = excitation wavelength/fluorescence wavelength (if different than excitation
wavelength).
’RF = resonance fluorescence; S-DLF = Stokes direct line fluorescence; AS-
DLF = anti-Stokes direct line fluorescence; E-S-SLF = excited Stokes stepwise line
fluorescence; S-SLF = Stokes stepwise line fluorescence.
‘LoD = limit of detection.
‘LDR = linear dynamic range (order of magnitude).
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LAF - ICP
Element DL LAF-ICP (ppb) = DL OES-ICP (ppb)
Al 0,08 8
B l 2
Ba 0,05 0,5
Ga 0,1 30
Mo 0,2 2
Pb 0,1 30
Si 0,1 10
Sn 0,3 30
Tl 0,3 50
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LAF — Noble metals

Element Excitation Emission DL — AF DL - ICP
(nm) (nm) (ppb) (ppb)
Ru 287 366 2 30
- Pd 324 340 0,1 2
Ir 266 407 0,9 20
Pt 266 270 0,07 1
Au 267 243 0,8 1
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LAF - ETA
Element DL abs (pg) DL conc. (pg/ml)

Ag 0,03 1
Co 0,02 1
Cs 0,5 10
Cu 0,01 0,1
Ir 1 50
Fe 0,002 0,1
Na 0,1 5
Pb 0,0002 0,01
Tl 0,005 0,03
Zn 0,03 0,1




Three-level system

Assuming that the spectral width
of the absorption profile of the
levels is less than the spectral
width of the excitation radiation,
the following applies:

dn,/dt=-n;(R;2+R3)+n2R;3,+n3R;;
dn,/dt=n,R5-N5(Ry4+Ry3)+N3R;
dn,/dt=n;R3+N;R53-N3(R31+R3y)
where R; are the excitation and
deexcitation rates of the individual

levels including radiation and
collision processes.
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A 3
Rsz

>

Fluor.

Ris Rs; N 5

Ry
Y A4 1
Pumping 1 — 3:

Ry = Ry3=0; Ry = 0By + Agy + Zs,
R13=0By3 Ry1 = Z51; Ryy = Agp + 2,
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Detection of lead in gas phase

Ihree-level system, level 2
metastable:

el e A

13

>

1-3: 6p2 3P, — 7s°P, (283,31 nm)
3-2: 7s3°P, — 6p?°P, (405,78 mn)
R,4=5.10%s"1 (A,,=1,8.10°s1)
Az = 6.108s"

R13 R31

Az, = 3.108s

In case of laser saturation power: !




2010 prof. Otruba 14

- P as = 2 kWem™

- AA= 0,02 nm
-T=9nS

- =0,16 sr
-fID=1:2,5

-F =50 Hz

‘t. =155

- MD = 30 atoms Pb

12

log n (at/ml)

Detection of lead in gas phase

200

400 °C
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LAF in graphite cuvette - Tl

* Aoy = 276,8 N,

- Ag =352,9 + 351,9 nm o ]
- Dye laser,
2. harmonic 1071
- Pumping - nitrogen laser
* P =150 nJ, T=5ns, 105 -
AN = 0,01 nm
- RSD: 0,5 pg Tl 9%; 50 pg
T1 6%, 500 pg Tl 4% 101~ |
10-1 10-10
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Atomic beams - absorption and

fluorescence

- A flow of atoms or
molecules expanding into
a high vacuum in the form
of a beam has a
temperature close to OK in
the direction perpendicular [p]
to the movement of the '
particles. The absorption
spectrum can be
measured (indirectly) by
fluorescence. Direct

measurement of LS frequency stabilised laser beam
abSOrption is difficult due g;iﬁm beam generator

to the low concentration of ¢ —lens

measured particles. V - discharge lamp

M — monochromator
D - detector
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Absorption and fluorescence spectrum of NO,,

- A — absorption
spectrum measured
In a cuvette

- B - fluorescence
spectrum measured
In the molecular
beam at 30 K

- C — fluorescence
spectrum measured
at 3 Kin the
presence of Ar as
buffer gas
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_l_ r .
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Fig. 4.14 Excitation spectra of diphenyl acetylene: (a) Normal vapour-phase spec-
trum; (b) Supersonic jet spectrum (cooling achieved by a modest four atmosphe-
res excess pressure in a helium carrier gas). Reprinted with permission from [8]
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Excitation of molecular fluorescence

Spectrum of perylen in ethanol
at 4,2 K. 1 — excitation Hg discharge
T lamp at = 365 nm.
2 — excitation at 443 nm
by laser AA= 0,0125 nm.
™\

!
I
/

- The disadvantage of
classical excitation ;
broadband radiation
sources is the ‘.‘
simultaneous excitation 1 ,
of a larger number of . \
higher energy levels, :
from which spontaneous ;!
radiation occurs at many i
transitions. i b

I
i
|

o !n the case of laser
iInduced fluorescence

(LIF), only one upper

level Iis usually excited. Ay K. wo s

Wavelength, nm

I
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Time resolved fluorescence

- The different lifetime of excited
states of different molecules
allows, by using time resolved
fluorescence, to increase the
selectivity of detection, eg in
liquid chromatography, but also
In many other applications,
especially in fluorescence
microscopy.

- Fig. illustrates the change in
fluorescence spectrum of a
fluorescence detector in HPLC.

- 1-antracen, 2-azulen, 3-1,12-
benzperylen, 4-chrysen, 5-
fluoranthen, 6-pyren

45 ns

| |
a a0 10 0 20 10

Elution time, minutes
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Confocal microscopy

- Differences of the confocal way
from the classical OM —

- only one point is illuminated and Emission filter
signals from surrounding points
(next, below and above) are limited
by an aperture - elimination

Pinhole

Dichroic mirror Beam expander

aperture
- lighting mode: epi (reflective) or fluo

- (fluorescent) Laser
- confocal condenser = lens (less

Microscope objective

reflection) :

- scanning: laser beam sweeping,
transverse shifting of the sample in X
front of the lens, eventually shifting
of the lens over the sample | N/ |

- confocal images are always in focus Background” %<— Focal plane
and represent optical sections of the /

sample(for A = 488 nm thickness = 7
0,4 um)

Detection volume




Confocal microfluorimetry

. —Photomultiplier

Detector | aser Scanning

Detector
Confocal Microscope

Pinhole

Apariirs= Optical
Out-of-Focus :
Flugaegfeme 4 Light Rays Configuration
rrier
s Exfation Exciaton
er
In-Focus Source
Light Rays i
Dichromatic —
Mirror Excitation

Light

y Rays Li I'It Source
inhole
Aperture

; Focal
_ Planes Figure 2

Objective

Specimen”
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Two-photon microscope

- A two-photon microscope is a new type of optical microscope.
It was first introduced in 1990 by American scientists led by
Watt W. Webb of Cornell University in Ithaca. Like the "classic"
confocal microscope, it allows to display thin optical sections
with a thicker sample, but its principle is different. Instead of
single photon excitation, it uses a special laser to excite two
photons that are absorbed almost simultaneously, with a pulse
width of the order of only 100 femtoseconds. The probability of
two-photon excitation is proportional to the square of the
iIntensity of the excitation field. It is the highest in the plane of
focus, so we do not need a confocal aperture to obtain the
optical sectioned images of the sample. Advantages of two-
photon microscopy compared to confocal microscopy include,
for example, greater depth of focus (up to 400 um), even for
samples whose surface layers strongly fluoresce, as well as an
Increased signal-to-noise ratio, hence more contrast imaging,
especially in deeper samples .
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Radiation scattering

- The scattering of excitation radiation in fluorescence
spectrometry is usually a fundamental factor limiting the
detection limit, namely:

- Rayleigh scattering is elastic scattering on particles smaller than
the wavelength of primary radiation

- Mie scattering is elastic scattering on particles larger than the
wavelength of primary radiation

- Incoherent (inelastic) scattering - scattered radiation has a different
wavelength than primary radiation
* Fluorescence of molecules
- Raman scattering
- Resonance fluorescence

- Scattering of radiation on measuring instrumentation




Rayleigh scattering

- This scattering occurs on
partlcles substantlally smaller

I.lldll l.ll(:‘ WdV[:‘I(:‘IIgLII UI III(..IU('E}l 1L
radiation.

- Lord Rayleigh explained that
scattering particles are not
necessary because even the
purest substances have slight
fluctuations in the refractive
iIndex, which can scatter light. He
also showed that the ratio of the
scattered light intensity IS to the
incident light 10 is inversely
proportional to the fourth power
of wavelength A:

Is __ konst
Io A%
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Virtual
level - AN
hv
hv —
Ground
level

er= 101090,
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Mie scattering

- When the particle size hv
approaches and eventually
exceeds the wavelength of light
A, the Rayleigh approach is no
longer applicable. For spherical hv
particles, can be used the theory
derived in 1908 by the German
physicist G. Mie

- Mie's theory assumes that every
particle that hits light behaves
like a resonant oscillator, taking
Into account that beam
Interaction causes scattering,
reflection, absorption, refraction,
and light interference.




milk - Rayleigh scattering

dust particles - Mie scattering
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Raman scattering

- Inelastic Raman scattering

occurs when the photons ™ AT
of the incident radiation o I R
interact with the vibrational |

or rotational states of Rl s ot f Eramy QU | P
atoms or molecules where e g et e
the scattered radiation has | o o4

a different wavelength than |semim. AE“zh"’{ b L A
the incident radiation : Il | S | s

scattering i scattering

E=hw+t()
where Q corresponds to the
energy difference of 5
quantum levels of a given er= 107> 04
Su bSta n Ce . absorption cross section
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Fluorescence of molecules

- Fluorescence of —

molecules can be a 73

very disturbing /

phenomenon because —

the fluorescence \ / ! \ hv*

spectrum can cover a

wide range of
wavelengths - up to
hundreds of nm. JUWUM

387

WAVELENGTH (nm)

FIG. 5. Excitation spectrum of CN in a nitrous oxide-acetylene flame:
Aq = 385.5 nm, 400 pm slit width, 385-389 nm wavelength range, BBQ dye.

BBQ - [4,4" "-bis-(2-butyloctyloxy)-p-quaterphenyl]
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Background correction

- Correction of scattered radiation, resp. reduction of
scattered radiation allows reducing the detection limit by
up to several orders of magnitude. Fluorescence
measurement at a different transition than the excitation is
optimal. Other options are :

- Usage of Zeeman effect - splitting of absorption line in magnetic
field

- Scanning using a tunable laser - measuring the scattering around a
fluorescent line

- Periodic scanning of the excitation laser emission line in
combination with frequency selective detection (eg lock-in)

- Utilization of time resolved fluorescence
- Multichannel detection
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Background correction by Zeeman effect

- In a variable magnetic field, the
absorption profile of the spectral line el Emission
changes, which we excite for
fluorescence measurements. In case
of perfect line splitting, only the .
scattered radiation is measured inthe <
presence of a magnetic field. If perfect
cleavage of the absorption profile does
not occur (almost always in practice),
then the fluorescence signal fluctuates e
in the rhythm of changes in the
magnetic field and this frequency can
be well separated from the constant
scattered radiation signal.

- The molecular spectra of some
molecules, eg O,, NO, CIO,, NO,, are = 2
also modulated in the magnetic field, N A
so that the Zeeman effect cannot be |
used to correct their fluorescence. Polorization: L 1 L | Sotkareans

ot

\  Absorption
\

& Continuous

Polarization: o] background

{b) Emission

Absorption

—
v(N)
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Single atoms detection

X(t) & ’

v
—

Ry, (Usy) 0 ¢

\ 4

atoms/sec
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Single atoms detection
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The most common random processes:

- Gaussian process (continuous variable)
- Brown's movement,
- diffusion,
- speed of molecules,
- heat transfer,
- noise in electr. circuits,
- pressure fluctuation,
- electric light intensity

- Poisson process (discrete variable)
- radioactive decay,
- Insurance events,
- defects, scrap,
- traffic jams,
- fluctuations in density of atomic (molecules),
- shot noise,
- photodetection,
- standard quantum noise
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Correlation of random variables

- The mean «y» of the product of two independent quantities

IS equal to the product of their mean values x> <y> — «xy»-
x<y>=0

- The degree of dependence or correlation C(x;y) is defined
by the relation:

C(X}y) = «<Xy»-O0<y)»
Correlation of fluctuations C(Ax;Ay):
AX =X -0, Ay =y - <y

the fluctuations of the relevant variables and because
Ax> =0; <Ay =0

therefore C(AX;Ay) = <AX.Ay> - <AX><Ay> = «<Xy>»-<x>¢<y> and so
C(Ax;Ay) = C(xy)




Poisson process

Poisson process {(An)?) = (n)
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Discrete random process

prObabIIIty Of the impUISe iS proportional tO tlme deterministic process - one where each subsequent state

necessarily follows from the previous one

stochastic process -

p(n) = (n)” /n! those where further development can be predicted only

with a certain probability

Chaotic process ((An)?) > (n) (pulse clustering)

N 1 S I B N

Deterministic process {(An)?) = 0 (pulse anti-clustering {((An)?) < (n))

N N I I A

— time




poéet molekul
v VZorku

10 _ “ M

Sroky pas

Gary molekul

frekvence svétla
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Spektroskopie jednotlivych molekul

- Je-li ve vzorku 10° molekul,

dostavame siroky pas, Casto
nazyvany nehomogenne
rozSireny pas.

- Snizime-li pocet molekul na
10°, pas zlstava Siroky a

obJeVUJe se jemna statisticka
struktura.

- Je-li 10 molekul ve vzorku,

napocitame ve spektru 10
dobre rozlisenych spektralnich
car.

- Laser zaostrfime na

mikrometrovy prameér pfi
koncentraci vzorku 10-7 moll/I.
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Experimentalni pozadavky

- Bude svétlo vyzarené jednou molekulou dost silné na to, abychom ho dokazali
zaregistrovat?

- Svetlo musime zachytit co nejucinnéji — nejlépe tak, ze vzorek umistime do
ohniska parabolického zrcadla nebo objektivu mikroskopu.

- pouzit co nejcitlivéjSi detektor svétla, nejlépe fotonasobic a Cita€ fotonu. | tak ale
zaregistrujeme prinejlepsim nékolik procent vyzareného svétla. A vzhledem k
tomu, ze na vystupu z detektoru bychom potrebovali detegovat aspon stovky
impulzu za sekundu, abychom svétlo molekuly odliSili od pozadi, musi byt
molekula schopna vyzarit za stejnou dobu desetitisice (10*) fotond, aniz by pfi
merici laserove svetlo také ucinné pohlcovat. Z toho vseho se nam pomalu rysuji
vlastnosti, jaké bude muset molekula mit: vysoky absorpéni prufez, vysoky
kvantovy vytézek fluorescence, vysokou stabilitu a zanedbatelné obsazovani
tripletniho stavu. To jsou pomerne pfisné pozadavky, které doposud splfiuje
nékolik malo aromatickych uhlovodiku. NejCastéji se pro spektroskopii pouzivaji
pentacen a terrylen.

- Zkusme tedy shrnout experimentalni podminky: potrebujeme meérit zfedeny roztok
(o koncentraci nejvyse 10~7 mol/l) vhodné vybranych molekul pfi nizké teploté
(nejlépe pod 2 K). Signal musime sbirat optikou s vysokou numerickou aperturou
a detegovat velmi citlivym detektorem. A potrebujeme merit excitacni spektra, tzn.
budeme sledovat, jakou frekvenci ma svetlo, které molekula pohlti, tim, ze
budeme registrovat svetlo, které molekula po pohlceni vyzari.
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Reprodukovatelnost spekter

- Vezméme organickou latku
terrylen a rozpustme ji
v normalnim alkanu (napf.
dodekan) na koncentraci 107
mol/l. Na obr. vidime spektrum
takoveho vzorku, které na prvni
pohled vypada spis jako
chaoticky sum. Ve skuteCnosti
jde o dvé ruzna spektra mérena
hned po sobé€, ktera se témér
dokonale prekryvajl Podivame-li
se na obrazek, pripomene nam
to prostredni spektrum ano, jde
0 jemnou statistickou strukturd.
Molekuly v krystalu zamrzly | ,

fluorescenca [rel. jedn)

chaoticky a vysledkem je znacne © 2 ’ 6
rozdilny pocet molekul na frekrence [GHz]
jednotlivych frekvencich.

10
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Spektrum jedne molekuly

- Preladme tedy
frekvenci svetla laseru
na okraj Sirokého pasu
— tam muzeme
jednotlive Cary rozlisit.
Pak celemu spektru
dominuje jedna uzka
Intenzivni ¢ara, ktera | . . . | |
pochazi od jedné e PR
molekuly.

e G jERCINE
] ST

struldura terrylanu

fluor=scaencea [ral. jecin.]
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Orientace molekul v krystalu

dvé spektra celé série Car jednotlivych molekul,
pfitom kazda z nich je jinak intenzivni

ne vSechny molekuly se nalézaji pfimo v bodé
nejvétsiho zaostfeni laserového paprsku

DalSi pfiCinou je, Ze zareni laseru je polarizovane.
Polarizované svétlo nejlépe pohlcuji molekuly jejichz
dipolové momenty pfechodu jsou orientovany
rovhobézné s rovinou polarizace laserového svétla.
Naopak molekuly, které jsou orientovany kolmo k
této roviné, nepohlcuji svétlo vabec.

Pri méfeni spekter byl pouzit analyzator. Ten nam
umoznuje zjistit, jak je polarizované svétlo, které
molekuly vyzaruji. Opét nejlépe zaregistrujeme
molekuly, jejichz vyzarené svétlo je polarizované
rovnobézné s rovinou analyzatoru, kdezto ty, jejichz
rovina polarizace je kolma k analyzatoru,
nezaregistrujeme vibec.

Spektra se lisi tim, Ze jedno je zméfeno s
analyzatorem rovnobéznym s rovinou polarizace
laseru, druhé s analyzatorem kolmo k polarizaci
laseru. Jak se tedy méni intenzity jednotlivych ¢ar?

Cary Cislo 1 a 3 jsou v dolnim spektru méné nez
polovic¢ni, ¢ara 2 zmizela uplné a ¢ara 4 zUstala
stejna. Co nam to fika o orientaci molekul? Molekula
2 musi byt rovnhobézna s rovinou polarizace laseru,
molekula 4 s ni svira uhel pfiblizné 45 stupnid,

a molekuly 1 a 3 uhly mezi 0 a 45 stupni..

V kazdém pfipadé nam obr. ukazuje jednu

z moznosti této metody — dokazeme pomérné
presné méfit orientaci jednotlivych molekul ve
vzorku!

tlucrescence [rel. jedn. |

0 1 E!IDD EOIOO SDIOO 4D|00 EDIDD
frekvence [GHz]
Polarizacni spektra jednotlivych molekul. Intenzita
jednotlivych €ar se meni pfi zméné orientace roviny
analyzatoru ze smeéru rovnobézného s rovinou
polarizace laserového svétla (horni spektrum) do
smeéru kolmého (dolni spektrum). Terrylen v dodekanu,
teplota 1,6 K.
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Emisni profil fluorescence

- Na obr. je detailné zmérena Cara
jedné molekuly. Ma lorentzovsky 8007 Dataiinf profil &ry
profil, jak to predpovida kvantova jedne molekuly
teorie, a je to take jeden z
argumentu proc jde prave o jednu
molekulu a ne o vice. Cara na obr.
ma Sifrku 52 MHz. Tady se znovu
obratime ke kvantove teorii, jejiZ
princip neurcitosti nam fika, ze Sirka
cary je nepfimo umerna dobé Zivota
vybuzeného stavu molekuly. Doba b
y: : : £
zivota vybuzeného stavu se da +
primo zmeérit a pro terrylen vychazi
3,8 ns, a mela by byt pro vsechny
m0|§!(t,1|y Stevjna'vz tOhO pak Snadno 200 400 400 500 gon an
spocitame, ze vSechny molekuly by
mély mit stejné spektralni ¢ary - ereree i =
o Sirce 42 MHz.

goo -

400 =

fluorescence [impuls/01 5]

Deatilné zméreny tvar €ary jedné molekuly,
naznaceny kfizky. PIna €ara prfedstavuje prolozeni
zméreného spektra lorentzovskou funkci




Sitky ¢ar

Histogram ukazuje, s jakou
pravdepodobnosti se ve
spektrech vyskytly Cary s
danou Sirkou, ze proti
ocekavani byla vetsina car
sirSich nez 42 MHz.
Behem méreni spektra se
krystal nepatrne meni, je v
neustalém pohybu | kdyz
merime pri teplotach 1,6 K.
Neustalé nepatrné zmeny
struktury krystalu ovlivnuji
energetické hladiny
molekul.

pravdépodobnost vyskytu

&

histogram Sifek Gar
120 raznych molekul

20 40 Gl ol 100 120 140
Eifka cary [MHz]

Histogram rozdéleni sirek car 120 molekul
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Preladovani frekvence molekuly

- Zmeny okoli mereneé N
mOIGKUIy OVI'VﬁUJi f iagrjoirn;ues:ey}{trsilm'
samozrejme jeji energeticke pozic
hladiny a tedy i frekvenci
vyzareneho svetla. Pokud
tyto zmeny nastavaji
podstatné rychleji, nez
dokazeme zmerit Caru,
merime vlastné jakousi
obalku ruzné pozménénych
car. Histogramy nam pak | | | |
mohou rici hodneé o dynamice 900 1000 1100 1200
krystalu, ale i skel nebo frefevence MMz
polymeru za nizkych teplot.

fluorescence [rel. jedn.]

Spektralni skok ¢ary jedné molekuly pozorovany
béhem méreni spektra. Cara na nové pozici
je opét prolozena lorentzovskou funkci
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SNOM (scanning near-field optical

microscope)

- Studium rozli€nych vzorkd béznou
optickou mikroskopii narazi na
neuprosnou mez rozliSeni (plynouci
z vinove povahy svetla) — ohybovy
(difrakcni) limit, jenz omezuje
nejmensi vzdalenost dvou bodu,
které jesté mohou byt odliSeny, na
zhruba polovinu vinove delky
pouzitého svétla.

- Toto omezeni je mozné obejit u
mikroskopu pracujiciho v blizkém
optickém poli (scanning near-field

optical microscope — SNOM), ktery
je variantou jinych skenujicich (Ci
spravnéji fFadkujicich) mikroskopu
(STM — skenujici tunelovaci
mikroskop, AFM — mikroskop
atomarnich sil aj.).

\VAVAVAVAY;

ii

a) b) c)
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Fluorescencni SNOM

J. Michaelis s kolegy z Univerzity v Kostnici
(Nature 405,325-327, 2000) sestavili prvni
zarizeni tohoto typu. Vyuzili své zkuSenosti se
spektroskopii jednotlivych molekul a jako
vhodny svetelny zdroj zvolili molekulu terylenu.
K jeho uchyceni pouzili mikrokrystal p-
terpenylu obsahujici nepatrnou pfimeés
terylenu (jednu molekulu na 10 milionu
molekul krystalu). Z mikronovych krystalku byl
vybran jeden s vhodnou fluorescenci pravé
jedné molekuly terylenu a opatrné pfilepen na
konec zaSpiCaténého optického viakna. Vlakno
pak bylo pfipevnéno jako hrot do skenujiciho
mikroskopu pracujiciho za teploty1,4 K.
Terylen byl excitovan laserovym paprskem
ucinné budici fluorescenci molekuly terylenu,
jako pokusny vzorek poslouzily 25 nm velké
hlinikové ostrivky uspofadané v pravidelné
mriizce na sklenéné desticce. Jedna molekula
osveétlovala postupné vzorek a prochazejici
svétlo bylo detegovano lavinovou fotodiodou.
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laser budici

fluorescenci molekuly

optické viakno

- dotoktor

-----------
- -
- -y

L
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L -
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mikrokrystal

jedina
fluoreskujici molekula
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Fotonasobice - rusivé viivy

- Teplota — termoemise z fotokatody — chlazeni na -20°C az
-40°C u multialkalickych katod, na -160°C u typu AgO-Cs

- Magnetické pole — deformace drahy elektronu v PM —
stineni slitiny typu pemalloy

- Elektrické pole — deformace drahy elektronu v PM —
Faradayovo stineni

- Radioaktivita — zareni konstrukCnich materialu, predevsim
skla (napf. draslik), vybér neaktivnich materialt pro

vyrobu
- Kosmické zareni — sprsky Castic z atmosfery. Stinéni,
vylouCeni chybovych signalu korelaci s referenénim PM.

- Helium — difuze pres sklo. Vylouceni He z atmofery (GC),
vymena PM.
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Sum
* Je udavan obvykle jako stredni kvadraticka
hodnota fluktuace signalu (I, U, R, Q,...):
_ 1 (7
Ir = T [[s(t) — Is]%d
0

a je zavisly na sifce pasma meérenych frekvenci Af:

Ip ~ Of
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NEP (noise equivalent power)

J d flnova

frekven

3
o
o
o O
¢
C
3
N O

vy vykon detektoru pro
Z.

('J<
-5
©
Q-
o
>

- NEP* (specificky NEP) je definovan jako
ekvivalentni Sumovy vykon vztazeny na

jednotkovou plochu A fotodetektoru:

vppe — NEP
VA
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Frekvencni spektrum sumu

Oblast B: Bily sum \
(white noise): i

;0 Ur(®) dt = 0 —




Cita¢ foton(

- Signal se nejprve zesili, komparatorem se
oddéli pulsy s dostateCnou amplitudou od
sumu. Impulsy je pak mozno pocitat
béznym CitaCem nebo zaznamenavat

analogové meéreni, ale dosahuje vetsiho

odstupu Sumu a stability.

- Fotokatoda a dynody vlivem tepelnych
kmitd mFizky emituji elektrony i kdyz zrovna
nedopada zadné zareni. Vznika tak
vystrelovy Sum. Odpovidajici stfedni
hodnota anodového proudu se pak nazyva
temny proud nebo proud za tmy. Pokud je
nezadouci elektron emitovan na nekteré z
dalSich dynod, nedojde k pInému zesileni a
vysledny impuls ma znatelné mensi
amplitudu nez impuls vyvolany fotonem.
Pokud vyuzivame rezim ¢itani fotonu,
nastavime komparator tak, aby na tyto

mensi impulsy nereagoval.

L
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