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A b s t r a c t

Two chemical sensors based on the common principle of infrared spectroscopy- 

using thulium  doped zirconium fluoride glass and quantum  cascade lasers are 

described. Exploiting optically absorbing molecular vibrations, IR  optical sensors 

offer highly selective in situ sensing in compact packages.

The near infrared (NIR) fluorescence of the thulium  doped zirconium fluoride 

(ZBLAN:Tm3+) glass was characterised. A relative hum idity sensor was devel

oped using ZBLAN:Tm3+ fluorescence as a m odulatable infrared spectroscopic 

source. The optical components, NIR detector, and detector electronics were in

tegrated in an industrial prototype device. Relative hum idity measurements were 

carried out to characterise the sensor.

Two quantum  cascade lasers (QCLs) were used for sensing a number of an

alytes in the mid infrared (MIR,) spectral range in a common-base optical con

figuration. The first laser, a distributed feedback device em itting at 6/im, was 

integrated into a silver halide optical fibre and a hollow waveguide, for liquid wa

ter and gaseous propylene sensing, respectively. The second laser, a Fabry-Perot 

device em itting at 5.625/im, was used for acetone, acetic acid and formaldehyde 

sensing using open pa th  optical cells and a hollow waveguide. The second QCL 

was also used for the development of a pulse averaging and referencing system to 

eliminate sensor noise due to  laser am plitude fluctuations.



C h a p t e r  1

I n t r o d u c t i o n

1.1 B ackground

Optical spectroscopic sensing offers many advantages over alternative sensing 

methodologies. Compared to well-established statistical methods employed in 

industrial quality control, optical sensing offers to tal coverage of production line 

facilities allowing continuous in situ  (non-invasive) monitoring. In the case of 

chemical sensing, optical sensing allows rapid and relatively straightforward sam

ple analysis.

Through broadband absorption-based spectroscopic analysis, the entirety of 

a sample can be described provided all the components absorb at a particular 

frequency in the range em itted by the source. Particular optical absorptions can 

be selected for sensing to minimise cross-sensitivity with interfering components, 

thus allowing single frequency spectroscopy using coherent sources such as lasers. 

Optical absorptions due to molecular-specific vibrational and rotational electronic 

transitions in the mid infrared (MIR) spectral region are particularly well suited 

to this role.

In roles such as pollution monitoring and medical analysis, optical sensing can 

provide viable solutions for cases where rapid chemical analysis is vital. Sample 

pretreatm ent is rarely required, provided careful spectroscopic source selection 

and optical configuration design has been carried out. If a source, e.g. a laser, 

emits outside the atmospheric absorption windows, then  ambient water vapour 

and carbon dioxide can interfere with sensing and steps such as nitrogen purging 

or dessication must be carried out, Incorrect selection of absorption feature and 

optical pa th  length will limit the capability of the sensor. However, compared 

to other state-of-the-art methods such as gas chromatography-mass spectrom 

etry (GCMS) or high pressure liquid chromatography (HPLC), optical sensing

1



1.2. O ptical Sources J .R . D onohue

provides sensitive and selective analysis w ithout relying on sophisticated pre

treatm ent steps.

1.2 O ptical Sources

Recently, many novel IR sources have been investigated for use in spectroscopic 

applications. Near infrared (NIR) sources, for probing the overtone or combi

nation frequencies of fundam ental absorptions, are lim ited by optical intensity 

instability in the case of light em itting diodes (LEDs), or a lack of available 

wavelengths to fully cover the region (as with NIR lasers). The MIR may be 

accessed using cryogenic lead-salt lasers, difference frequency generators, optical 

param etric oscillators, and doped fiber lasers.

A novel m ethod to generate light over the NIR spectral range is via the flu

orescence of rare-earth ions. The stable trivalently ionic states of most of the 

rare-earth elements fluoresce from the visible range up to 2.85/im (in the case of 

holmium, for example). The fluorescent 3F4 —> 3H 6 transition  of thulium  (Tm 3+) 

centered at 1.83/im exhibits considerable spectral overlap w ith the com

bination absorption of water. This effect is exploited in this work.

The quantum  cascade laser (QCL), although only invented in 1994, has proven 

to be an invaluable addition to  the MIR spectroscopist’s armoury since it became 

com m ercially available at the beginning of the decade. Using electron transi

tions between closely spaced energy levels in the conduction band, thus avoiding 

bandgap recombinations between electrons and holes, and a cascading energy 

level scheme to achieve population inversion, high power M IR lasers have been 

developed. Through careful bandgap engineering and recent advances in semi

conductor m aterial processing technology, QCLs are now making an impact in 

many IR sensing applications.

1.3 O bjectives

The objective of this thesis was to apply novel infrared optical sources to a variety 

of optical sensing applications. These included relative humidity (RH) sensing, 

monitoring the water content of solvents, and the detection of volatile organic 

compounds (VOCs) th a t are known to be present in exhaled hum an breath.

The m odulated NIR fluorescence of thulium-doped fluorozirconate glass (known 

as ZBLAN:Tm3+) was implemented into a sensor designed to detect relative hu

midity changes in nitrogen. The remit of this thesis was the further development

2



1.3. O bjectives J .R . D onohue

of proof-of-concept experiments, carried out prior to the au thor’s involvement, to 

develop a prototype device suitable for industrial deployment.

In order to accomplish this, the optical configuration was redesigned to im

prove the sensor’s characteristics. Changes in the detector and detection electron

ics were also investigated to optimise the sensor’s response to changing relative 

humidities. Finally, a new sensing platform  to accommodate the T m 3+-doped 

fluorescence source, excitation laser, and IR detector in one discrete device was 

designed.

Two quantum  cascade lasers, a distributed feedback laser operating at 6.0/mi 

(DFB-QCL) and a Fabry-Perot device at 5.635/^m (FP-QCL), were incorporated 

into a  range of MIR sensing configurations using a common base approach for 

optical configuration. The objective here was to prove the viability of QCLs as 

MIR sources for a wide range of spectroscopic applications. Liquid and gas phase 

sensing experiments were carried out using open path  cells, silver halide optical 

fibres, and hollow waveguides (silver and silver iodide-coated silica tubes with 

long optical pa th  lengths).

For both sets of spectroscopic sensors (NIR fluorescence and MIR QCLs), 

it was required to construct calibration experiments to fully characterise each 

sensor’s response to i t ’s respective analyte. In the case of the  NIR fluorescence RH 

sensor, N2 humidifying and mixing w ith dry N2 was sufficient, whereas the QCLs 

were designed to detect more volatile chemicals and required more specialised 

calibration standards.

A number of methods for reducing QCL intensity fluctuations were investi

gated. This was carried out to  reduce spectroscopic absorbance noise arising from 

the intensity fluctuations. M ethods applied included averaging and Gaussian and 

Lorentzian lineshape fitting. A program was instigated to determine if the QCL 

fluctuations could be referenced against pulse driver pulses th a t were found to 

exhibit similar am plitude fluctuations. QCL tem perature fluctuations were min

imised by maintaining a very short laser pulse duration (~20ns), thus reducing 

the current through the laser, as well as by implementing thermoelectric cooling 

using a Peltier cooler.

3



C h a p t e r  2  

T h e o r e t i c a l  B a c k g r o u n d

2 . 1  I n t r o d u c t i o n  t o  S p e c t r o s c o p y

T h e  b ir th  o f ab so rp tio n  sp ectroscopy  is a ttrib u te d  to  Joseph  von  Frau n h ofer, 

w ho discovered  d ark  lines in  sp e ctra  taken o f th e  sun. T h is  h ad  been p re v i

o u s ly  n oted  over a decade before b y  W ill ia m  W o lla sto n  w hen in vestigating  the  

new ly-d iscovered  u ltra  v io le t reg ion  u sin g  narrow  slits, b u t w as never follow ed up. 

F ra u n h o fe r n oted  th a t tw o of th e  d a rk  lines co in cid ed  w ith  th a t of a la m p  flam e, 

w h ich  was la ter d eterm in ed  to be due to  sod iu m . A lth o u g h  never d eterm in in g  

th e  a ctu a l source o f these lines, th is  was th e  first deta iled  accou n t o f w hat becam e  

kn ow n  as an  absorption spectrum [1].

Som e o f the  m ost n oted  p h ys ic ists  o f th e  tim e  p icked  u p  w here Frau n h o fer left 

off, ig n it in g  a flu rry  o f sp ectro sco p ic  research. L u m in a rie s  such  as B rew ster, F o u 

ca u lt, B u n se n  and K irc h o ff  devoted  them selves to  u n ra ve llin g  the  secrets h idden  

in  ligh t. T h e  la tte r tw o w orked la b o rio u s ly  at ca ta log u in g  an  enorm ous range of 

ch em ica ls and  co m po u n d s b y  h e a tin g  th e m  in  a flam e and  observ in g  the resu ltin g  

emission spectra, a tech n iq u e  d iscovered  b y  Jo h n  H ersch e l a n d  W .H . Fo x  T a lb o t. 

T h e y  d iscovered  th a t th e  sp e ctra l lines o f a g iven  elem ent rem ain ed  fixed  (spec

tr a lly  speaking) regardless o f w h atever co m p o u n d  it was in. T h e y  also expla ined  

F ra u n h o fe r ’s lines in  th e  so lar sp e ctru m  as elem ents w ith in  th e  s u n ’s atm osphere  

a b so rb in g  ligh t e m itted  b y  th e  sun itself. T h e y  h ad  la id  the  fou n dation s for 

ex p e rim e n ta l spectroscopy.

R ig o ro u s  m a th e m a tic a l a n a lys is  o f spectroscop ic p h en om en a  was carried  out 

in  o rder to  e x p la in  th e  p la c in g  o f sp e ctra l lines. Som e e m p ir ic a l fo rm u lation s were 

d erived , th e  m ost p revalent of w h ich  w as p u t forw ard  b y  Jo h a n n  B a lm e r. W ith  

it, he was su ccessfu lly  able to  determ in e  th e  sp ectra l lines o f a to m ic  hydrogen,

(2 .1 )

4
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w here A is th e  w avelength o f lig h t, n is an integer greater th a n  2, and  R  is a 

con stan t, la ter ca lled  th e  R y d b e rg  con stan t. T h is  how ever revealed litt le  abou t  

the a ctu a l m echan ism  o f spectroscopy.

It fe ll to  N ie ls  B o h r  to a ccu ra te ly  describe  the in n er w ork in gs o f spectroscopy. 

C o m b in in g  classica l an d  q u a n tu m  p h ysics b y  q u an tis in g  an g u lar m om en tu m  and  

usin g  classica l expressions for th e  forces actin g  on an electron , he was able to  

derive  fixed energy states for electrons [2], R easo n in g  th a t ab so rp tio n  and  em is

sion are the  resu lts o f e lectrons m ov in g  from  one fixed  energy state to another, 

he succeeded in  develop in g  a ro b u st m o d e l th a t not o n ly  p roved  q u an tu m  th eory  

was m ore  th a n  an  a b stract d iversion  and  fa c ilita te d  a new  m od e l o f the atom , 

b u t solved  the cen tu ries-o ld  p uzzle  o f spectroscopy.

2 . 1 . 1  A n a l y s i s  o f  I n f r a r e d  S p e c t r o s c o p y

T h e  in fra re d  sp ectra l reg ion  w as d iscovered  b y  W ill ia m  H ersch el in  1800 w hile  

in vestig atin g  th e  h eatin g  p ro p erties  o f d ifferent co lours o f  th e  v is ib le  sp e ctru m  [3]. 

A  co n tro l th erm om eter he h ad  p laced  outside  th e  red  reg ion  registered heating  

greater th a n  in  any of th e  co lo u r regions. S ince then, th e  in fra red  reg ion has been  

loose ly  d iv id e d  in to  th ree  m a in  regions, defined b y  w avelength: the near in frared  

(780nm -3jum ), m id  in fra re d  (3-15/mn), and far in fra re d  (15-1000/im ).

A lth o u g h  the B o h r  m o d e l o f  th e  atom  h a d  revo lu tion ised  physics, due to it 

b e in g  based on the  m ost p rim it iv e  elem ent (hydrogen) a  n u m b er of refinem ents 

to  th e  m o d e l h a d  to  be  in tro d u ce d  to  e x p la in  rem ain in g  phenom ena. In th e  case 

of in fra re d  spectroscopy, th is  in vo lved  th e  developm ent o f a m od e l to  adequ ate ly  

describe m o lecu lar v ib ra tio n s . Selected  aspects o f th e  q u a n tu m  m echan ica l m odel 

are d iscussed  w ith  th e ir  re la t io n  to  in fra re d  ab so rp tio n  spectroscopy. A  m ore  

deta iled  ana lysis can  be fou n d  in  [4],

(a) V i b r a t i o n a l  M o d e s

If th e  s im p le  h a rm o n ic  o sc illa to r m o d e l o f v ib ra t io n  is app lied  to the m o tio n  o f a 

d ia to m ic  m olecule, q u a n tu m  m echan ics defines the  v ib ra t io n a l energy as

Ev = hu (n + ^  (2.2)

w here n is the  v ib ra t io n a l q u a n tu m  n u m b er i.e. o n ly  v ib ra tio n s  o f a fixed fre

q u en cy  or h a rm o n ic  o f th a t frequ en cy  w ould  be allow ed. C lass ica lly , a h a rm o n ic  

o sc illa to r is defined b y

F  = —k x  — m  ( 0 }  (2 .3)

5
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—kx (2.6)

k j  xtdx (2.7)

-  kx2 
2

(2 .8)

w here th e  force F  is d irected  tow ards the e q u ilib r iu m  p o s it io n  o f m ass m  and  k 
is the  force constant. T h e  frequ ency o f o sc illa tio n  is th e n  g iven  by

v°.c = (2.4)
2i7y V m

T h e  restorin g  force can  be  expressed in  term s o f the  p o te n tia l energy o f the  system  

V  b y

F  =  - f  (2'6)
and  therefore the  classica l p o te n tia l energy for a h a rm o n ic  o sc illa to r is derived  

from  (2.3)

_dV_ 
dx
V  :

y  :

How ever, th is  leads to  th e  co n clu sio n  th a t th e  p o te n tia l energy increases indef

in ite ly  w ith  in creasing  d isp lacem ent, a n d  b y  im p lic a t io n  so to  does the  restoring  

force. E x p e rie n ce  co n tra d ic ts  th is: at large d istances, th e  in te ra to m ic  force d w in 

dles to  p ra c t ic a lly  zero (the m olecu le  dissociates), and, as such, th e  p o te n tia l 

energy is con stan t (E q u a tio n  2.5). T h e  p ic tu re  o f the  b eh av io u r o f  a d ia to m ic  

m olecu le  is n o t com plete; th e  s im p le  h a rm o n ic  o sc illa to r m o d e l is n o t enough to  

fu lly  e x p la in  th e  re a lity  o f th e  s itu atio n .

It is requ ired  to  in tro d u ce  anharmonicity constants an d  a h igher order de

sc rip t io n  o f th e  p o te n tia l cu rve  to  b etter describe th e  b eh av io u r o f th e  system . 

Th ere fo re , th e  v ib ra t io n a l energy levels in  a  d ia to m ic  m olecu le  now  becom e

En = h v ( n + ^ j  + hvx  ( n  +  ^ )  +  hvV ( n  +  +  • • • (2 -9)

w here v is th e  o sc illa t io n  frequency, and  x  an d  y are th e  h igh er order determ i

n ants d escrib in g  th e  second  an d  th ir d  order a n h a rm o n ic ity  constants. In  term s  

of w avenum bers (cm - 1 ) and  defin ing  z70 =  i/0/ c , th e  e q u ation  can  be  expressed as

En = hcp0 (n  + ^  +  hd/Q (n + ^  X + hcu0 ( n + ^ j  y + . . .  (2.10)

or b y  d iv id in g  across b y  he, as

G(n) = z70  in  +  ^  +  z70x  (n  +  ^  +  VqV (n  +  ^  +  . . .  (2.11)

w h ich  describes th e  v ib ra t io n a l energy o f an  a n h a rm o n ic  oscillator.
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2.1. In tro d u c tio n  to Spectroscopy J .R . D onohue

Fo r a  sim ple  h a rm o n ic  o sc illa tin g  m olecu le , th e  o n ly  v ib ra t io n a l tran sitio n s  

allow ed are those th a t o b ey  the v ib ra t io n a l se lection  ru le

A n  = n' — n" =  ± 1 (2.12)

w here n' an d  n" are th e  v ib ra t io n a l q u a n tu m  n u m b ers o f th e  in it ia l and  fin a l states  

of the  v ib ra t io n a l tra n sitio n . In an  a n h a rm o n ica lly  o sc illa tin g  m olecule , th is ru le  

no longer app lies an d  e lectrons can  m ove to  any  v ib ra t io n a l level, p ro v id e d  th ey  

have sufficient energy to  do so. A s  the  in te r-v ib ra tio n a l energy spacings are gener

a lly  larger th a n  th e  th e rm a l energy kT (k B o ltz m a n n  C o n sta n t, T  tem peratu re), 

th e  m a jo r ity  o f e lectrons reside in  th e  state  defined b y  n =  0 .

(b ) R o t a t io n a l  M o d e s

If we con sider tw o m asses m i an d  m 2 ro ta tin g  ab o u t an  ax is passin g  th ro u g h  

th e ir co m m o n  centre o f m ass, an d  assum e th e  sep aratio n  o f  the  m asses rem ains  

con stan t (also kn ow n  as a  rigid rotator), th e  m om en t o f in e rt ia  I  is th en  given  

c lass ica lly  as

I  =  m \r 2 +  m 2r 22 (2.13)

w here r\ and  r 2 are th e  respective  d istances m x and m 2 are from  th e ir  com m on  

centre o f m ass. If

r 1 =  — THl— r  (2.14)
m x +  m 2

and

w here

th en  (2.13) becom es

r 2  =  — — ^— r (2-15)
m i +  m 2

r  =  r i  +  r 2 (2.16)

1 = m im 2 r 2 (2.17)
m i +  m 2

K  rZTm2 = red u ced  m ass o f th e  system , th en  (2.17) becom es

I  = /xr2 (2.18)

C la s s ic a lly  th e  energy o f th is  ro ta t io n  is g iven b y

*  =  Ijf  -  57 (2' 19)

w here L is th e  a n g u la r m om en tu m .
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2.1. In troduc tion  to Spectroscopy J .R . D onohue

A s  q u a n tu m  th e o ry  d ictates th a t a n g u la r m om en tu m  is quantised , th is  im plies  

th a t so too  m ust th e  ro ta tio n a l k in e tic  energy o f our d ia to m ic  m olecule. T h e  

angu lar m o m e n tu m  is quantised  as

L = s / j ( j + l ) h  (2.20)

w here J  is th e  ro ta tio n a l q u a n tu m  nu m ber.

F ro m  (2.19), th e  ro ta tio n a l k in e tic  energy is now  defined as

(, 21)

L e tt in g  B  =  ^ 5 , th e  ro ta tio n a l con stan t, (2.21) reduces to

Er[J\ = B J (J+  1) (2.22)

D iv id in g  across b y  he, an  expression in  w avenum bers FP[J] is achieved, along  

w ith  a new  d efin ition  o f th e  ro ta t io n a l constant B , for the  ro ta t io n a l energy o f a 

rig id  rotator:

FV[J] = ^ -  = B ,J (J + 1 )  (2.23)

=  h2/ 2^r 2 _ h
he 87r2cfir2

So far, the  effect th e  m olecu les have on each oth er due to  cen trifu ga l force  

has n o t been accou nted  for. T h is  com es ab o u t as a consequence o f th e  m olecules 

v ib ra tin g : c le a rly  th e y  can n o t do so if  he ld  r ig id ly  in  p lace  along th e ir axis of

v ib ra tio n . A s  a consequence, th e  r ig id  ro ta to r m od e l m ust be  changed to accom 

m od a te  th is , an d  so th e  n o n -rig id  ro ta to r m odel is in trod u ced .

W e assum e th a t one o f th e  m olecu les is s ta tio n a ry  w ith  regards to  v ib ra tio n  

(but s t ill ro ta tin g ), and  th a t th e  oth er m olecu le  is v ib ra t in g  a long  the  axis jo in in g  

them . C o n s id e r now  th a t the v ib ra t in g  atom  m2 is d isp laced  b y  an  am ou nt rc — re 
from  its e q u ilib r iu m  p o s it io n  re. T h e re  now  exists a resto rin g  force

Fr =  k(rc -  re) (2.25)

th a t is b a la n ced  b y  th e  ce n tr ifu g a l force

Fc = vu2rc (2.26)

L2 = fj,rc u 2 • firc3 = J ( J  +  1) h2 (2.27)

A s  L  =  I lo =  \ x u r 2 f r o m  (2 .1 9 ) ,

8



2.1. In troduc tion  to Spectroscopy J .R . D onohue

=  =  (2.28) 
Lir  c

E q u a t in g  Fr (2.25) and  Fc (2.28), rc — re can  be expressed in  term s o f J
2

rc - r e = J ( J t + 1 3)fe (2.29)
k ^ r cA

T h u s , the  ro ta tio n a l energy o f th is  d isto rte d  m olecu le  is now

h2J(J  + 1) k(rc — re)2
2 ^  +  ------2-------  (2'30)

' -------------v------------- '  ' ------------ v------------ "

rig id  ro ta to r (2 .21) n o n -rig id  co rrectio n  

T h e  la tte r  te rm  in  E q u a t io n  2.30 is d erived  from  in teg ratin g  Fr (2.25).

F ro m  E q u a t io n  2.29,

n2J(J  + 1) k \J (J  + i) ft212

Erot 2 ̂ r 2 +  2 kfirc
(2.31)

=4> Erot = B J (J  +  1) +  D[J(J +  l )]2 (2.32)

w here B  is th e  ro ta t io n a l con stan t defined  earlier, an d  D is th e  centrifugal con
stant. In general, D is m uch  sm a lle r th a n  B, an d  can be  left out of fu rth er  

ca lcu la tio n s .

T h e  se lection  ru le  for ro ta tio n a l m odes is

A J  = J '~  J" = ± 1  (2.33)

b u t th e  in te ra ctio n  o f v ib ra tio n s  w ith  ro ta tio n s  m ust be ta k e n  in to  account. T h is  

ca n  be  accom p lish ed  b y  defin ing  ae, th e  vibration-rotation interaction constant, 
a n d  in te g ra tin g  it  in to  th e  ro ta t io n a l con stan t b y

Bp(n) = Bp(e) -  ae(n +  1/2) +  . . .  (2.34)

w here B0(e) is the h y p o th e tica l ro ta t io n a l con stan t in  th e  absence o f v ib ra tio n . 

R e c a ll th a t for a  r ig id  ro ta to r

B- = h 
u R ^ ix c r 2

If th e  m olecu le  is v ib ra t in g , th e n  th e  in te ra to m ic  spacin g  re is changing. Th ere fore

( 2 '3 5 )

D u e  to  th e  a n h a rm o n ic ity  o f th e  v ib ra t io n , th e  m ean nu clear separation  w ill be 

s lig h t ly  greater th a n  r e. T o  a first a p p ro x im a tio n , th is  is so lved  b y  th e  in tro d u c

t io n  o f  a, an d  gives th e  value  o f th e  ro ta tio n a l con stan t Bv in  the  v ib ra tio n a l 

state  as

B B(n) =  B p{ e ) - a { n  + 1 / 2 )  (2 .36 )
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2.1. In tro d u c tio n  to Spectroscopy J .R . D onohue

S im ila rly , D has an  a d d it io n a l te rm  w h ich  is used to  he lp  define it  in  a v ib ra tio n a l 

state

D t{n )= D v(e ) -P (n + l/2 )+  ...  (2.37)

W e can  ignore it how ever, as D„(n) is  v e ry  sm a ll com pared  to  B9(n). T h u s , the  

ro ta t io n a l energy o f an  ato m  is g iven  by

F[J] = B 9{n)J{J + 1) (2.38)

T h e  change in  energy o f a  p u re ly  ro ta tio n a l tra n s it io n  from  one state J' to  

anoth er J” is g iven b y

A F[J] = F[J'} -  F[J"} (2.39)

=  BVJ \J '  +  1) -  +  1) (2.40)

W h e n  a v ib ra t io n a l tra n s it io n  occurs, it  is v e ry  often accom p an ied  b y  a s im u lta 

neous ro ta tio n a l tra n s itio n . T h e re fo re  the  to ta l change in  energy o f a n' —> n"
v ib ra t io n a l tra n s it io n  is defined as

A  E = AG(n) + AF[J}

= Gin') -  G(n") +  Bv(n)J'(J' +  1) -  Bv{n)J"(J" +  1)

A Ev>r = [pa(n1 +  1/2) +  voXe{n' +  1/2)2 +  v0yc_(n' + 1/2)3 +  .. .]

— [i7o(n" + 1/2) +  VQXe(nn +  1/2)2 +  z70ye(n// +  1/2)3 +  .. .]  

+B9{n')J'(J' +  1) -  Bv(n")J"{J" +  1)

w here th e  adjusted  ro ta t io n a l con stan t B 0(n") accounts for th e  fact th a t the  

m olecu le  m ost lik e ly  has a d ifferent m om en t o f in e rt ia  in  th e  new  state  th a n  the  

o ld  state:

Bp(ri) = \  and  Bv[n") =
8ir2cr  x J 8 n2cl"

(c) E l e c t r o n i c  T r a n s i t io n s  a n d  S p e c t r a

T h e  effect an  e lectron  ch an g in g  energy states has o n  a m olecu le  w ill now  be  

discussed. W h e n  an  e lectron  changes o rb it (an e lectron ic  tra n s itio n ), it u su a lly  

causes th e  m olecu le  to  change its  ro ta tio n a l and  v ib ra t io n a l state  sim ultaneously .

T h e  to ta l change in  energy can  th en  be w ritte n  as

A  E = (Eei — Een) +  (Evi — Evn) +  (Eti — Erii) = hü (2.41)

i.e. th e  to ta l energy change is equal to  the  su m  o f th e  e lectron ic, v ib ra t io n a l and  

ro ta t io n a l energy change, w here v is the  frequ ency at w h ich  ra d ia tio n  is em itted  

or ab so rb ed  b y  the  e lectron ic  tra n sitio n .
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2.1. In troduction  to Spectroscopy J .R . D onohue

A s  th e  m olecu le  is v ib ra t in g  a n h arm o n ica lly , the  se lection  ru le  A n  =  ± 1 no  

longer applies. T h e  ro ta tio n a l se lection  ru le  (E q . 2.33) A  J  =  ± 1 s t ill applies i.e. 

J' can eq u a l J" — 1 or J” +  1.

If we w rite  (.E ei — Een) +  (Ev> — Evn) as huQc, w here u0 is th e  frequency o f the  

e le c tro n ic-v ib ra tio n a l tra n s it io n  in  w avenum bers ( c m '1), th en  (Eq . 2.41) can be  

rew ritten  as

hu0 c + (E ri — E r») (2.42)

z70 +  Bp(n')J'(J' +  1) -  Bv[n")J"(J" +  1) (2.43)

z70  +  B'J'{J' +  1) -  +  1) (2.44)

w here v gives th e  w avenum bers o f the  sp e ctra l lines for a  tra n s it io n  betw een two

given v ib ra t io n a l states v' an d  v". F o r  b rev ity , Bv{n') an d  B0(n") are expressed  

as B' a n d  B" respectively .

C o n s id e r th e  change in  ro ta t io n a l states J' =  J" +  1 for a  sim ultaneous

e le c tro n ic-v ib ra tio n a l tra n sitio n : (Eq . 2.44) becom es

v = Vo +  B'(J" +  1)(J" +  2) — B"J"(J" +  1) (2.45)

=  i7 0  + B'{J" 2 +  3 J" +  2) -  B"(J"  2 +  J") (2.46)

=  z70  +  IB ' +  (3B  -  B")J" +  (.B' -  B ")J"2 (2.47)

A s  B' an d  B" m ay  differ due to  I' and  I" in  th e  d ifferent v ib ra t io n a l levels, 

th is  can  lead  to  a ra p id  change in  th e  size o f th e  in te rva l betw een successive lines. 

T h e  series o f lines generated  w h en  J' =  J "  +  1 b y  E q u a t io n  2.47 is term ed  th e  R  

b r a n c h .

S im ila rly , th e  P  b r a n c h  denotes the  series generated  w h en  J' = J" — 1:

U = Z70 -  [B' +  B")J" +  (B ' -  B")J" 2 (2.48)

T h e re  are now  tw o series o f lines for a g iven  e le c tro n -v ib ra tio n a l tra n sitio n .

J' = J" + 1 -* u R =U0 + 2B' +  ( 3 5 ' -  B")J" +  {B' -  B") J" 2 (2.49) 

J' = J " ~  1 -> vP =  i70 — (B' — B")J"  +  (B1 — B")J" 2 (2.50)

N o te  th a t at large values o f J" , th e  p re v io u s ly  sm a ll (B ' — B")J1/2 factor m ay  

d o m in a te  if  B' an d  B" are s ig n ifica n tly  d ifferent. In th e  case o f e ither bran ch , 

th e  sp acin g  betw een adjacent lin e  is no  longer th a n  2B '.
In frared  sp ectro sco p ic  sensing can  be im p lem en ted  u sin g  e ither the v ib ra tio n a l 

or ro ta tio n a l ab sorp tion s. In cases w here a sp ectro sco p ic  source can not be  ob

ta in e d  to  in terrogate  a p a rt ic u la r  v ib ra tio n , ro ta tio n a l absorptions m a y  suffice

A  E  =  

A  E
he

=4> v  =
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2.1. In troduc tion  to Spectroscopy J .R . D onohue

to a llow  sp ectroscop ic  ana lys is o f a m olecu le . F ig u re  2.1 show s a M I R  sp ectru m  

of fo rm aldeh yde, w here the R  ( J 7 =  J" + 1) and  P  (J 7 =  J" — 1) branches of 

ro ta tio n a l tra n s itio n s  are c learly  v is ib le  e ither side of th e  m a in  C = 0  v ib ra t io n a l 

tran sitio n .

Figure 2.1: IR absorption spectrum of formaldehyde’s C = 0  stretching vibration

W h ile  th is  section  has deta iled  th e  sp e ctra l ab so rp tio n s caused b y  v ib ra tio n a l 

and  ro ta t io n a l tra n s itio n s  in  a  d ia to m ic  m olecule , m ore  co m plex  p o ly a to m ic  

m olecules s t ill fo llow  th e  above tren d . T h e  p ra ctica l con sid eration s for exper

im e n ta l spectro sco py  in  the tw o re levant o p tic a l regions are sum m arised  in  the  

fo llow ing  tw o sections.

2 . 1 . 2  N e a r  I n f r a r e d  S p e c t r o s c o p y

T h ro u g h  b o th  co m b in a tio n  an d  overtone absorptions, th e  near in frared  (N IR )  

sp e ctra l reg ion  can  be used for sp ectroscop ic  sensing a p p lica tion s. A lth o u g h  

th e  N I R  a b so rp t iv ity  o f ch em ica ls is, genera lly  speaking , w eaker th a n  in  th e  m id  

in fra red  region, th e  co m b in a tio n  o f affordable  sources an d  o ptics m akes N I R  spec

tro sco p y  an  a ttra ctiv e  o p t io n  for rem ote sensing a p p lica tion s. N I R  spectroscopy  

is n o t as m o le cu la rly  se lective  as M I R  ow ing to  the su p e rp o s itio n  o f co m b in atio n  

and  overtone absorptions.

In th e  case o f w ater how ever, the  ab so rp tio n  centered  a ro u n d  1.95/mi can  be 

re a d ily  used to  m o n ito r w ater con cen tra tion s in  m ix tu res ow ing to  the  stren gth  of 

th a t a b so rp tio n  re la tive  to  o th er chem icals. T h is  p a rt ic u la r  ab so rp tio n  is the  ^2 +  

u3 co m b in a tio n  b a n d , co m p ris in g  the u2 asym m etric  stre tch  and  th e  z/3 ben d in g  

v ib ra tio n .
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2.1. In tro d u c tio n  to Spectroscopy J .R . D onohue

2 . 1 . 3  M i d  I n f r a r e d  S p e c t r o s c o p y

T h e  m id  in fra red  (M IR )  sp e ctra l reg ion  is associated  w ith  m o le cu la r v ib ra tio n s, 

th e  resonance o f w h ich  at p a rt ic u la r  frequencies gives rise to  ab so rp tio n  o f light. 

A lth o u g h  the o p tic a l ab so rp tio n  in  th is  reg ion  is m a in ly  due to  v ib ra t io n a l res

onances, th e  s p litt in g  o f th e  v ib ra t io n a l energy levels in to  qu an tised  ro ta tio n a l 

levels also co n trib u tes to  o p tica l a b so rp tio n , as deta iled  in  S ectio n  2.1.1.

T h e  im p o rta n ce  o f th e  M I R  sp e ctra l reg ion  to  sensor developm ent can be at

tr ib u te d  to  w h at is te rm ed  the  fingerprint region i.e. th e  range 6- 20/im w here  

w ater does not absorb  an d  m ost basic  m olecules e x h ib it th e ir  fu n d am en ta l v i

b ra tio n a l absorptions. B y  u sin g  a b ro a d b a n d  m eth o d  like  F o u r ie r  T ra n sfo rm  IR  

sp ectro sco py  (see S ectio n  2.2.1), nu m erous com pon ents in  a so lu tio n  can be recog

n ised  b y  co m p a rin g  th e  so lu tio n ’s sp e ctru m  w ith  a lib ra ry  o f reference spectra. 

T h is  f le x ib ility  is cou ntered  b y  th e  size, cost and  co m p le x ity  o f F T I R  spectrom 

eters. C onverse ly , u s in g  a single w avelength  ra d ia tio n  source such  as a laser w ill 

g en era lly  o n ly  a llow  a p a rticu la r  fa m ily  o f m olecu lar species to  be detected, bu t 

at far low er con cen tration s th a n  F T I R .
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2.2. E xp erim en ta l Spectroscopy in  the In frared J .R . D onohue

2 . 2  E x p e r i m e n t a l  S p e c t r o s c o p y  i n  t h e  I n f r a r e d

B ro a d ly  speaking , tw o types of sp ectro sco py  exist: ab so rp tio n  an d  em ission. A b 

so rp tio n  spectro sco py  is based on  th e  a b so rp tio n  o f e lectrom agn etic  ra d ia tio n  by  

a m ate ria l, and  the resu ltin g  re d u ctio n  in  o p tic a l pow er is re lated  to  the  am ount 

o f a b so rb in g  m a te ria l in  th e  beam  p ath . E m is s io n  sp ectroscopy concerns the  

o p tic a l energy e m itted  from  m a te ria l th a t is excited.

A b s o rp t io n  sp ectroscopy covering  a w ide range o f the  e lectrom agn etic  spec

tru m  th e  m ore  co m m o n ly  used techn ique. A n  advantage o f ab so rp tio n  spec

tro sco p y  is th a t a b a ck g rou n d  read in g  is easily  recorded  b y  s im p ly  rem ovin g  the  

sam ple  to  be an a lysed  from  th e  b e a m  path ; anoth er is th a t th e  sam ple  does not 

requ ire  e x c ita tio n  to  p ro d u ce  a sp e ctru m . F ig u re  2.2 illu stra te s  one o f th e  m ost 

basic  rea lisation s o f ab so rp tio n  spectroscopy, w hereby th e  em ission  from  a source  

is absorbed  b y  a gas: I0 and  I  represent th e  o p tica l irrad ian ces before and after 

a b so rp tio n , respectively . T h e  d ro p  in  o p t ic a l in ten sity  is sensed w ith  a su itab le  

detector, an d  the m easured  d ro p  is re la ted  to  the q u a n tity  o f absorb ing  species 

in  the  gas.

*
Detector

Absorbing 
Gas

Radiation 
Source e.g. laser

Figure 2.2: Schematic of absorption spectroscopy

T h is  can  be expressed m a th e m a tic a lly  if  we con sider an  absorb ing  m ed iu m  

w ith  a  m o n o ch ro m a tic  b eam  passin g  th ro u g h  it. A ssu m in g  th ere  is effectively

o n ly  one allow ed e lectron  a b so rp tio n , th e n  the  change in  irra d ia n ce  o f th e  beam

over a d istan ce  x can  be expressed as

AI(x)  =  I(x + Ax)  — I(x)  (2.51)

A I  (x) is p ro p o rt io n a l to  th e  d istan ce  th e  b eam  passes th ro u g h  Ax  and  the o rig in a l 

irra d ia n ce  I(x):
A I ( x )  oc I ( x ) A x  (2 .52 )

14



2.2. E xperim en ta l Spectroscopy in  the In frared J .R . D onohue

In tro d u cin g  th e  absorption coefficient a  as a  con stan t o f p ro p o rtio n a lity , express

ing  E q u a t io n  2.52 as a d ifferentia l equ ation , th e n  in teg ratin g  betw een the lim its  

[0, x] we get

=  -a l(x )  (2.53)

I(x) = Iq e~ax (2.54)

w here J0 is the  m ore  w idely-used  te rm  for 1 (0) or the incident irradiance.
T h e  a b so rp tio n  coefficient a is n o rm a lly  re lated  to  th e  co n cen tra tio n  o f a 

p a rticu la r  ab sorb in g  com pon ent th ro u g h  th e  molar absorption coefficient e, a 

constant for a g iven  m olecu le  at a  g iven  w avelength. A s  such, E q u a t io n  2.53 is 

n o rm a lly  rew ritten  as

" = © . ,H' + © i <fc (2-55) 

kn ow n also as th e  Beer-Bernard Law, w h ich  for a fixed absorber con cen tra tion  c 

and over a  fixed  o p t ic a l p a th  len gth  L  has th e  so lu tion  of

I  = J 0 10eci (2.56)

w here e, c and  L are expressed in  L ite r  per m ole  per cen tim eter (L mol~xcm~x), 
m ole per lite r (mol L ~1), and  cen tim eter (cm ), respectively . T h e  p ro p e rty  A is 

defined as the  absorbance o f the absorber, an d  is g iven b y

A = lo g 10 j  =  ecL (2.57)

b etter kn o w n  as th e  Beer-Lambert Law. T h is  law  is v ita l to  sp ectroscop ic  analysis, 

as it  states th a t th e  absorbance o f a p a rt ic u la r  substance rem ains con stan t as long  

as its  co n ce n tra tio n  an d  o p tic a l p a th  len gth  re m a in  constant. A lso , in  a  cell of 

fixed  len gth , any  change in  th e  absorbance o f a su bstan ce  m ust be  due to  a change  

in  con cen tra tion .

2 . 2 . 1  B r o a d b a n d  S p e c t r o s c o p y

B ro a d b a n d  S p e ctro sco p y  is defined as sp ectroscopy w here the  em ission  o f a con

tin u ou s source  over a  sp e ctra l range is absorbed , p ro d u c in g  an  ab so rp tio n  spec

tru m . T y p ic a l b ro a d b a n d  sources in c lu d e  tu n g sten  ha logen lam ps, w hereby an  

electric  cu rren t excites electrons in  th e  la m p  b u lb , in d u c in g  ligh t em ission.

W h ile  sp ectro sco py  w ith  a b ro a d b a n d  source like a tu ngsten  ha logen lam p  m ay  

be conven ient b y  w ay o f b e in g  low -cost and  co m pact, it  is ve ry  d ifficu lt to  qu an tify  

the  co n stitu en ts  o f th e  ab sorb in g  m ateria l. A s  th e  b ro a d b a n d  source is em ittin g
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over a  w ide  range o f w avelengths, each w avelength  is a tten u ated  or tra n sm itte d  

d epen d in g  on  th e  absorbers. T h e  to ta l a tte n u atio n  w ill be due to  con trib u tio n s  

from  each ab sorb in g  species present, cau sin g  an  in ten sity  drop. O n e  so lu tion  is 

to  use F o u rie r  T ra n sfo rm  I R  sp ectro sco py  to  generate usefu l absorbance versus 

frequ ency scans u sin g  a b ro a d b a n d  source.

(a) F o u r ie r  T r a n s f o r m  I R  S p e c t r o s c o p y

O n e  o f the  m ost w id e ly  used a n a ly t ic a l techn iques used in  ab so rp tio n  spectroscopy  

is F o u rie r T ra n sfo rm  Infrared  spectroscopy, m ore  co m m o n ly  kn ow n as F T IR  spec

troscopy. It is based on  th e  tw o-beam  in terferom eter developed  b y  M ich e lso n  [5], 

show n sch e m a tica lly  in  F ig u re  2.3. T h e  in terferom eter operates as follows: ra d ia 

tio n  fro m  a con tin u ou s e m itte r is d irected  th ro u g h  a b e a m sp litte r, one com ponent 

d irected  tow ards a s ta tio n a ry  m irro r an d  th e  oth er tow ards a m ov in g  m irror. A s  

the o p tic a l p a th  le n g th  o f the m ov in g  m irro r a rm  is v a ry in g  w ith  respect to the  

s ta tio n a ry  arm , co n stru ctive  an d  d estru ctive  interference betw een the  two re

flected b eam s occurs at th e  b ea m sp litte r. T h is  results in  a detector response of 

a series o f w avelengths, and  because th e  co m p u te r determ ines th e  rate  at w h ich  

th e  m irro r  oscillates, th e  w avelength  at a g iven  tim e can  be ca lcu lated  using

F ix e d

M ir r o r

D e t e c t o r

Figure 2.3: Schematic of FTIR  spectrometer

m X  =  2nd (2 .58)
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w here m  is th e  n u m b er o f interference fringes cou nted  as th e  m ov in g  m irro r scans 

th ro u g h  a d istan ce  d, A is w avelength b e in g  determ in ed , an d  n is th e  refractive  

in dex  o f th e  m e d iu m  th ro u g h  w h ich  b o th  b e a m  p ath s trave l (u su a lly  air; n ^  
1). T h e  tim e -d o m a in  in terferog ram  is stored  an d  undergoes a D iscre te  Fo u rie r  

T ra n sfo rm a tio n  ( D F T )  in to  a fre q u e n cy -am p litu d e  spectru m .

F T I R  sp ectro sco py  has th e  advantage o f b e in g  able to p ro b e  a  sam ple  over the  

entirety  of the  M I R  sp e ctra l region. B y  co m p a rin g  th e  sp e ctru m  o f a  sam ple to a 

background scan, ab sorb in g  species in  the p a rts -p e r-m illio n  (ppm ) can  be  resolved. 

B y  using  enh ancem ent m eth ods such  as p o ly m e r enrich m en t layers, parts-per- 

b illio n  (ppb) levels o f  d etection  can  be a tta in e d  [6]. H ow ever, the co m p le x ity  of 

the system  leads to s ign ificant costs an d  u n s u ita b ility  for fie ld  d eploym en t for 

rem ote sensing.

2 . 2 . 2  C o h e r e n t  S o u r c e  S p e c t r o s c o p y

(a) L a s e r  A b s o r p t i o n  S p e c t r o s c o p y

A s  an a lte rn a tive  to  an a lys in g  the  entire  sp e ctru m  o f a sam ple  to  determ ine its 

con stitu ents, coherent source sp ectro sco py  can  be used if  a  p a rt ic u la r  con stitu ent 

is u n d er in vestig ation . T h e  in fra re d  a b so rp tio n  o f a g iven m olecu le  is ch aracter

istic  of th a t m olecu le  and  its v ib ra t io n a l states. If the m olecu le  in  question  is 

p a rt o f a la rger m olecu le , th en  th e  v ib ra t io n a l states are u su a lly  p e rtu rb e d  b y  a 

sm a ll am ou nt. In th is  way, b y  k n ow in g  th e  ab so rb tio n  sp e ctru m  o f a m ate ria l 

and  ta ilo r in g  a sing le-frequ ency source to  a p a rticu la r  an d  u n iq u e  absorption , 

the co n ce n tra tio n  o f th a t m a te ria l can  be m easured  spectroscop ica lly . Lasers are 

p a rt ic u la r ly  w ell su ited  to  th is  b ra n ch  o f spectroscopy, h av in g  a v e ry  narrow  ban d  

of frequencies. H ow ever, sou rcing  a laser w ith  a sp e ctra l em ission overlap  for a 

p a rtic u la r  m o le cu la r v ib ra t io n  is co m p lica te d  b y  th e  fact th a t m ost o f these v i

b ra tio n s  absorb  in  th e  M I R , t ra d it io n a lly  a sp e ctra l reg ion w ith  few availab le  or 

convenient sources. Som e of th e  best cu rren t so lu tion s are described  in  Section

2.3.2 (a -d ).

(b )  F i b r e - o p t i c  E v a n e s c e n t  W a v e  S p e c t r o s c o p y

O n e  aspect o f ab so rp tio n  sp ectroscopy th a t is re levant to  th is  w ork  is F ib re -  

o p tic  E va n e sce n t W ave  S p ectro scop y  ( F E W S ) .  A n  offshoot o f a tten u ated  to ta l 

reflection  ( A T R )  spectroscopy, in te rro g a tio n  o f a sam ple  outside  a w aveguide is 

accom p lish ed  th ro u g h  an  effect o f to ta l in te rn a l reflection  kn ow n as the  evanescent 
field,.
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W h e n  e lectrom agn etic  ra d ia tio n  im p in g es on  th e  b o u n d a ry  betw een two m ed ia  

of re fractive  in d ices n\ an d  n2 at an  angle o f in cidence  9t, a p ro p o rtio n  o f the  

ra d ia t io n ’s energy is reflected b ack  at 9r w h ile  the rem ain d er is tra n sm itte d  in to  

th e  second m e d iu m  at 9t (F ig . 2.4). T h e se  th ree  beam s are term ed  th e  incident, 
reflected and  transmitted rays, respectively . A  re la tio n sh ip  betw een the  angles

Figure 2.4: The splitting of light at the interface between two media

can  be defined  u sin g  T h e  L a w  o f R e fle ctio n  (2.59) an d  S n e ll’s L a w  (2,60):

9i = 9t (2.59)

r a is in g  =  n 2sin# t (2.60)

T h e  re la t io n sh ip  betw een the in c id en t ra d ia tio n  an d  its tra n sm itte d  and reflected  

com pon en t are g iven  b y  the  Fresnel equation s, w h ich  express the  reflected and  

tra n sm itte d  e lectric  fields in  term s o f the in c id en t electric fie ld  and  account for 

fie ld  m ag n itu d es p a ra lle l and  p e rp e n d ic u la r  to  th e  p lane o f incidence. L e tt in g  

£|l and  £± represent these m agn itu des, an d  adh erin g  to  M a x w e ll’s s t ip u la tio n  

th a t th e y  are co n tin u o u s across th e  b o u n d a ry , th en  th e  Fresnel equations can be 

w ritte n  as [7]

£|l t1. ni cos 9t — n2 cos 9i
£|| j ni cos 6t +  n2 cos 9i
S±_ T ni cos 9i — n2 cos 9t
£±, i ni cos 9i +  n2 cos 9t
£\\,t _  2n i  cos 9j
£\\t i 77.1 cos 9t +  n 2 cos 9i
£\L,t 2niCOS^
£± i 7T-1 cos 9i +  n2 cos 9t

(2.61)

(2.62)

(2.63)

(2.64)
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F o r  th e  case n\ > n2, there exists an  angle o f in cidence  kn ow n  as th e  critical 
angle 9C a t w h ich  th e  refracted  (tran sm itted ) b e a m  w ill trave l a long  the p lane  

of in c id en ce  (6t =  90°). A t  angles o f in c id en ce  greater th a n  6C no com pon ent 

of the in c id en t angle  is tra n sm itte d  in to  th e  second m e d iu m  an d  total internal 
reflection occurs w h ereby a lm ost a ll o f th e  in c id e n t b eam  is reflected b ack  at 9r. 
F u n d a m e n ta l tr ig o n o m e try  gives

cos I19 = \/ l  — s in 2 9 (2.65)

and as such  E q u a t io n  2.60 can  be re w ritte n  as

cos 9t = y  1 ~  s in 2 0* (2.66)

an im a g in a ry  q u a n tity  w hen 9i exceeds 9C a n d  sin  9i > n2/n i. E q u a t io n  2.61 th en  

becom es

ni i  ±  % \J( ^ ) 2 s in29i -  l j  -  n2 cos 0*
_

£ \ \ , i  (  , I inx f ±  i \ j  ( ^ ) 2 sin 2 9{ -  l j  +  n i  cos ^

(2.67)

E q u a t io n  2.62 ( i± ,r /^±,i) tu rn s out s im ila rly . A s  such, th e  rea l p arts  o f b o th  

com plex  qu an tities  are equal, im p ly in g  th a t the  reflected and  in c id en t beam s  

have th e  sam e irra d ia n ce , resu ltin g  in  a  non -existen t tra n sm itte d  b eam  i.e. to ta l 

in te rn a l reflection .

A lth o u g h  no average o p tic a l pow er is im p a rte d  to  th e  second m e d iu m  d u rin g  

to ta l in te rn a l reflection , in  order to  sa tisfy  th e  con tin uous b o u n d a ry  con d ition , 

som e tra n sien t p e rtu rb a t io n  o f th e  second m e d iu m  m u st exist. T h is  is in deed  the  

case, as an  evanescent wave is fo u n d  tra ve llin g  a long  from  the  m e d ia  b o u n d a ry  

w ith  e x p o n e n tia lly  d ecayin g  a m p litu d e . T h e  a m p litu d e  decay w ith  d istance  y 
in to  th e  second m e d iu m  is g iven as [8]

O.'TT I "
F(y) = exp —y^— y n l  s in 2 0* -  n% (2.68)

L A0 J

C onsequen tly , dp ca n  be defined as the  penetration depth th a t th e  evanescent wave 

penetrates in to  th e  second  m e d iu m  i.e. the d istan ce  at w h ich  F(dp) =  ^ (0) e-1  =

0 .3 7 F (0 ) , as

dp = -----  A ° (2.69)
2ir \Jn2 s in  9i — n2

T h e  sign ificance  o f th e  evanescent wave is th a t th ro u g h  in te ractin g  w ith  the  sec

ond  m e d iu m , in fo rm a tio n  ab o u t th e  second m e d iu m  can  be cou p led  b a ck  in to  the  

first.
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A s  ligh t p ropagates dow n o p tica l fibres v ia  to ta l in te rn a l reflection, an o p tica l 

fibre can  be adap ted  for sensing a pp lica tion s. R a d ia t io n  p ro p ag a tin g  th ro u g h  the  

fiber m a y  be a tten u ated  b y  the in te ra ctio n  o f th e  evanescent wave w ith  an  ab

sorb ing  species e x te rn a l to  the  w aveguide. T h is  is kn ow n as fib re-o ptic  evanescent 

wave sensing.

2 . 3  I n f r a r e d  S o u r c e s

2 . 3 . 1  D o p e d  G l a s s  F l u o r e s c e n c e

(a) I n t r o d u c t io n  t o  R a r e - E a r t h  I o n  N I R  F lu o r e s c e n c e

Ideally, in fra re d  em iss ion  sh o u ld  be sp e ctra lly  confined  to  a narrow  w avelength  

ban d  to  lim it  in terference from  oth er ab sorb in g  substances in  a sam ple. A  m od-  

u latab le  I R  source is also desirab le  as th is  w ou ld  fa c ilita te  signal enhancem ent 

techn iques such as lo ck -in  a m p lifica tio n  (cf. S ectio n  3.4.3). A lth o u g h  N I R  lasers 

and  L E D s  fu lfil these requ irem ents, th e y  do so o n ly  at d iscrete w avelengths d ic 

tated  b y  th e ir  m a te ria l b an d g ap  energy, w h ich  m a y  be tu n e d  to  som e degree by  

dop in g  w ith  s ilicon , n itrog en , oxygen or z in c  e.g. s ilicon -do p ed  G a ^ A L .^ A s  L E D s  

em it in  th e  879 -89 0 n m  range.

T o  p ro v id e  a m ore  su b sta n tia l coverage o f the N I R  region, rare-earth  ion  

fluorescence has been  in vestigated  as a N I R  sp ectroscop ic  source. T h e  rare-earth  

elem ent are d iv id e d  betw een th e  lan th an id es an d  the  actin ides, th e  classify ing  

d ist in c tio n  b e in g  th e  leve l o f p o p u la tio n  o f th e  4 /  and  5 /  e lectron  shells. R esearch  

in to  th e ir  o p t ic a l p ro p e rtie s  has exp loded  in  recent tim es due to  the  p ro life ra tio n  of 

o p tic a l co m m u n ica tio n s , esp ecia lly  in  e rb iu m  N I R  fib re  am plifiers. O f  p a rticu la r  

interest are th e  la n th a n id e  isotopes, as th e ir  tr iv a le n t io n ic  states e x h ib it m an y  

useful p rop erties, n o t least o f w h ich  is th e ir long-term  s ta b ility  com pared  to  other 

ion ic  isotopes.

( i)  A b s o r p t i o n

It was fo u n d  th a t th e  tr iv a le n t rare-earth  ions absorb  an d  em it over narrow  v is ib le  

and  N I R  ranges. O f  th e  fourteen  rare-earth  ions, o n ly  p ro m e th iu m  (P m 3+; ra- 

d io a ctive ly  u n stab le ), g a d o lin iu m  ( G d 3+; sp in -fo rb id d e n  tran sition s) an d  lu te tiu m  

(L u 3+; fu ll 4 /  shell) are u n su itab le  for sp ectroscop ic  purposes. In the case of 

th u liu m , its  tr iv a le n t io n ic  state  ( T m 3+) ex h ib its  v is ib le  a b so rp tio n  at wave

lengths accessib le w ith  re a d ily  availab le  d io d e  lasers such  as 670 and  685nm , 

en ab lin g  p recise ly  m o d u la te d  fluorescence excita tio n .
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( ii)  F lu o r e s c e n c e

Photoluminescence occu rs w hen a p r im a ry  ligh t source in du ces secon dary  ra d ia 

tive  em ission  from  an  irra d ia te d  m a te ria l [8]. T h e  lu m inescent em ission at w ave

len gth  A 0 occurs w h en  electrons, in it ia lly  excited  b y  ab so rp tio n  of th e  p r im a ry  

ligh t source to  h igh er energy levels, re lax  to  low er energy levels. N o n -ra d ia tiv e  

re lax a tion  can  occu r v ia  la ttice  phonons, b u t ra d ia tive  re lax a tion  betw een two  

levels Ei an d  E2 (E2 > E{) generates p h o to n s o f energy

h c
E2 - E 1 = —  (2.70)

Ao

w here h is P la n c k ’s con stan t (6.63 x  10-34 Js) an d  c is th e  speed o f ligh t in  a 

v acu u m  (2.99 x  108m s- 1 ).

Fluorescence occu rs as a  sp ecia l case o f lum inescence  w hereby deactiva tio n  of 

the e x c ita tio n  source also ha lts  the  lum inescence, w h ich  persists for a tim e equal 

to  the  life tim e of th e  E 2 —> E2 e lectron  tra n s itio n . T h e  life tim e r 21 can  be as low  

as 10_ 8s. F o r  th e  ra d ia tiv e  e lectron  tra n s it io n  betw een th e  excited  energy level 

3F 4 and  th e  g rou n d  level 3He o f T m 3+, lifetim es o f 12ms [9] and  11.51± 0.05m s [10] 

have been reported .

A  selection  o f rare-earth  fluorescence from  a doped  flu orozircon ate  glass ex

c ited  b y  an  argon-ion  laser is g iven  in  T a b le  2.1 [11],

E le m e n t W a v e le n g t h  (/m i)

P ra s e o d y m iu m 0.908, 1.014, 1.326, 2.300

N e o d y m iu m 0.867, 1.048, 1.318, 1.945

S a m a riu m 0.896, 0.936, 1.022, 1.162, 1.376

D y s p ro s iu m 0.834, 0.924, 1.000, 1.170, 1.294, 1.384

H o lm iu m 1.015, 1.154, 1.191, 1.381, 1.953, 2.039, 2.848

E r b iu m 0.847, 0.977, 1.219, 1.538, 2.719

T h u liu m 1.184, 1.464, 1.847, 2.307

Table 2.1: NIR fl uorescence of some trivalent rare-earth ions

(b )  O p t i c a l  P r o p e r t ie s  o f  Z B L A N  G la s s

In th is  w ork, T m 3+ w as em bedded  in  a  z irco n iu m  flu oride  glass host. Z B L A N  

( Z r F 4- B a F 2- L a F 3- A l F 3- N a F ) , co n stru cted  from  th e  fluorides of z irco n iu m , b ar

iu m , la n th a n u m , a lu m in iu m  and  so d iu m , is one th e  o f th e  m ost stable  heavy  

m e ta l flu oride  glasses. Intensive research in to  flu orozircon ate  glasses has been  

ca rried  out for fib re  o p t ic  m an u fa ctu rin g . A lth o u g h  n o t especia lly  ch em ica lly
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du rab le  ( Z B L A N  is su sceptib le  to  w ater) an d  genera lly  possessing in ferior p h ys i

cal a ttrib u te s  to  oxide glasses like s ilica  ( S i0 2) e.g. th e rm a l expan sio n  (17.2 x 10-6 

versus 0.55 x 10-6 for S i 0 2) and  K n o o p  hardn ess (225 k g /m m  versus 600 kg /m m  

S i 0 2), due to  the  m u lt i-p h o n o n  a b so rp tio n  cu t-o ff w avelength  be in g  sh ifted  fu r

ther in to  th e  I R  th a n  w ith  the m ore co m m o n ly  used s ilica  hosts, Z B L A N  exh ib its  

excellent IR  tra n sm itta n ce  [12]. In a d d it io n , th e  I R  cu t-o ff w avelength can be 

sh ifted  to  longer w avelengths b y  su b stitu tin g  heavier ions su ch  as Y b  or T h  for 

Z r, or b y  add in g  heavier h a lide  ions like  B r _ or I- .

T h e  m in im u m  in tr in s ic  o p tic a l losses for Z B L A N  from  R a y le ig h  scatterin g  and  

m u lti-p h o n o n  a b so rp tio n  have been ca lcu la te d  as 0.024 d B / k m  at A =  2.55/im, 

eight tim es less th a n  s ilica  [13]. H ow ever, e x tr in s ic  losses due to im p u rity  ab

so rp tio n  an d  scatterin g  centres are th e  the  d o m in a n t loss m echan ism s of Z B L A N  

fibres. T h e  h y d ro x y l io n  ( O H - ) is one o f the  m a in  co n tam in an ts, due to  its  b road  

ab so rp tio n  peak  at 2.9/im, an d  tra n s it io n  m e ta l ions are also classed as con tam 

inants; iro n  (Fe2+) absorbs at 1.14 and 1.85/xm, w h ile  co b a lt (C o 2+) absorbs at 

2.5/mi. S catte rin g  centres can  arise d u rin g  the  fib re  d raw in g  process by the for

m a tio n  o f crysta llites . T h is  is due to  the  d raw in g  te m p e ra tu re  be in g  near the  

c ry s ta lliza t io n  tem p eratu re .

T h e  m a jo r ity  o f these e x trin s ic  defects can  be  avoided  if  a b u lk  glass sam ple  is 

used in stead  o f a fibre. A s  no d raw in g  process is requ ired , crysta llin e  scatterin g  

is m in im ised . Im p u rity  co n ta m in a tio n  can  be avo ided  b y  b u b b lin g  a reactive  gas 

such as N F 3 th ro u g h  th e  glass m elt to  rem ove im p u ities . It sh o u ld  be noted  th a t 

rare-earth  ions do not co n trib u te  s ig n ifica n tly  to  th e  overall o p tic a l loss as th ey  

have re la t iv e ly  sh arp  a b so rp tio n  bands.

2 . 3 . 2  L a s e r s

T h e  te rm  laser is an  a cron ym , representing  “L ig h t  A m p lif ic a t io n  b y  S tim u la ted  

E m is s io n  o f R a d ia t io n ” . D eve lo p ed  in  1960 [14], one o f th e  benefits laser ligh t 

offers is th a t o n ly  p h o to n s  o f a  fixed  frequ ency are generated b y  the laser, instead  

of th e  con tin uous sp e ctru m  p ro v id e d  b y  in candescent sources, for exam ple. T h is  

has p roved  to  be of m a jo r  use to  the  sp ectro sco p ic  co m m u n ity , w h ich  has em 

b raced  th e  laser as a  sp ectro sco p ic  source o f p re v io u s ly  u n h ea rd -o f sp e ctra l p u r ity  

for a b so rp tio n  spectroscopy. A n o th e r  benefit is th e  co llim a te d  ligh t o u tp u t from  

the  laser -  in stead  o f ra d ia tin g  in  a ll d irection s, it  confines photon s in  a tigh t  

p ara lle l-s id ed  beam . T h is  a llow s h ig h  o p tic a l pow er densities to  be realised  w ith  

the  laser as a ll the  lig h t is restricted  to  a po in t.

T h e  process o f s t im u la te d  em ission h ad  been p o stu la te d  b y  E in s te in  as far
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b a ck  as 1917. A s  d iscussed  prev iously , p h o to n s o f energy A E  can be generated  

b y  the ra n d o m  tra n s it io n  of e lectrons from  one energy level to  another “low er” 

level, separated  b y  A E. T h is  process is kn ow n as spontaneous emission. It can  

also act in  the opp osite  d ire c tio n  i.e. “u p w ard ” e lectron  tra n s itio n s  over A E 
can  be triggered  b y  p h oton s o f the  sam e energy: stimulated absorption. T h is  is 

represented sch e m a tica lly  in  F ig u re  2.5. F ig u re  2 .5 (A ) illu stra te s  the stim u la ted

A A A A
V V V

I

( A )  ( B )  ( C )

Figure 2.5: Schematic of electron transitions between energy levels 1 and 2 and 

attendant photon interactions

ab so rp tio n  case, w here th e  energy of a p h o to n  is im p a rte d  to  th e  electron, enab ling  

a tra n s it io n  from  1 to  2. In the  case o f spontaneous em ission  (F ig u re  2 .5(B))  

th e  e lectron  leaves th e  u p p e r level ra n do m ly , generating  a ph oton . How ever, as 

envisaged b y  E in s te in  a n d  d isp layed  in  F ig u re  2 .5 (C ), a  th ird  s itu atio n  occurs  

w hen an  e lectron  undergoes a dow nw ard  tra n s it io n  triggered  b y  th e  presence of 

p h oton s o f energy A E, re leasing  anoth er p h o to n  o f th e  sam e energy. T h is  is 

kn ow n as stimulated emission and  is th e  cornerstone o f laser operation .

T h e  photon s generated  b y  stim u la te d  em ission  have id e n tica l p roperties to  

those th a t triggered  th e  e lectron  tra n sitio n . T h is  leads to  a  b u ild -u p  o f photons  

w ith  the  sam e frequency, phase, p o la riza tio n  an d  d ire c tio n  -  an  accu m u la tio n  th a t  

can  be ex p lo ited  b y  passin g  th em  b a ck  and  fo rth  betw een excited  atom s, lead ing  

to  an overall a m p lifica tio n  effect. T h is  is ach ieved b y  reflecting  th e  photons  

th o u g h  the  gain medium using  m irro rs  and p ro v id in g  th a t the gain  outw eighs 

a n y  o p t ic a l losses e.g. n o n -ra d ia tiv e  scatterin g , th en  laser actio n  occurs.

A  resu ltin g  co n d itio n  for lasin g  is th a t th e  u p p e r energy level m ust be suf

fic ie n tly  p o p u la te d  th a t app reciab le  stim u la ted  em ission  can  occur, a  co n d itio n  

kn ow n as population inversion. T h e  p o p u la tio n s  o f th e  energy levels o f a  system  

in  th e rm a l e q u ilib r iu m  can  be  described  b y  th e  B o ltz m a n n  d is tr ib u tio n

gjN0 exp
Nj = —-----------(2.71)

E ^ e x p ( 1f )
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w here Nj is the p o p u la tio n  d e n sity  o f energy level Ej, gj is th e  degeneracy o f the  

j th level, an d  N0 is th e  to ta l p o p u la tio n  density. T h u s  d e term in in g  the p o p u la tio n  

ra tio  betw een two states is accom p lish ed  b y  using  E q u a t io n  (2.71):

A ssu m in g  gx an d  g2 are con stan t, it  can  be seen th a t for a constant tem p er

ature th e  p o p u la tio n  o f th e  u p p e r energy level is m uch  less th a n  th e  lower level. 

F o r an energy sep aratio n  sufficient for v is ib le  laser tran s itio n s , o f the order o f an 

electron -vo lt ( le V  =  1.6 x  10-19 Jou les), the u p p e r level p o p u la tio n  is negligib le  

and  st im u la te d  em ission  w ill not occur. T o  cou nter th is , th e  u p p e r levels are 

p o p u la te d  b y  pumping th em  w ith  enough energy to excite e lectrons in to  them , 

either th erm a lly , e lectrica lly , o p t ic a lly  or by e lectron  b o m b ard m en t. T h is  m ay  

seem to  achieve the p o p u la tio n  in version  necessary, bu t as th e  lik e lih o od  o f ran 

dom  spontaneous em ission  is the  sam e as for stim u la te d  em ission, th e  outcom e is 

th a t b o th  energy levels end u p  w ith  th e  sam e p o p u la tio n  density.

T o  c ircu m ven t th is  p ro b lem , m ost lasers are three-level or four-level system s. 

T h e y  re ly  on  p u m p in g  e lectrons, b u t not to  the  to p  energy level for ph o to n  

generation: ra ther, e lectrons are excited  in to  a level E2 w here th ey  th en  decay  

n o n -ra d ia tiv e ly  and  v e ry  ra p id ly  in to  Ei, a so-called metastable state as the elec

trons reside there for tim es o f th e  o rder of m illisecon ds. It is th en  from  there  

th a t th e  ra d ia tiv e  tra n s it io n  h appen s, e ither to  the g ro u n d  state  Eg in  the case 

of a three-level system , or to  anoth er low er energy level E0 in  the  case o f a  four- 

level system . In th e  fou r-leve l system , an added  requ irem ent is th a t E0 em pties 

n o n -ra d ia tiv e ly  to  th e  g ro u n d  state faster th a n  th e  ra d ia tiv e  life tim e betw een  

E2 an d  Ei. A lth o u g h  m a n y  lasers exist w ith  d ifferent g a in  m edia, m ost can  be 

a p p ro x im a te d  w ith  th e  m u lti- leve l energy system .

T h e  t ig h tly  co llim a te d  laser em ission is a  resu lt o f the  stim u la ted  em itted  

photon s fo rm in g  a standing wave in  the  gain  m ed iu m . C la ss ica lly , the  m odes of 

o sc illa tio n  p e rm itte d  in  a  ca v ity  are g iven b y

2 2 vm V '

w here v is th e  v e lo c ity  o f lig h t in  the ca v ity  an d  um is th e  frequ ency of the mth 
m ode. T y p ic a l ly  in  laser cav ities th e  o n ly  m odes o f o sc illa tio n  th a t successfu lly

(2.72)

or re la tin g  E2 — E\ to  the  p h o to n  energy hu

(2.73)
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achieves ga in  are those th a t p rop ag ate  p a ra lle l to  th e  lo n g itu d in a l axis, thus g iv ing  

the e m itte d  beam  a very  sm a ll a n g u la r d ivergence. In th e  case o f  sem icon du ctor  

lasers how ever, th e ir sm a ll size m eans th a t d iffractive  effects at th e  end facets 

resu lt in  large angu lar divergences, as seen w ith  q u a n tu m  cascades lasers.

(a) D o p e d  F i b r e  L a s e r s

O n e  o f th e  extensions o f doped  glass fluorescence is the d op e d  fibre laser. Instead  

of ju st a llow ing  the N I R  fluorescence fro m  e lectron  ra d ia tive  re lax a tio n  to escape  

from  th e  glass host, b y  dop in g  an  o p tic a l fib er and  using  b o th  th e  fib er for o p tica l 

con finem ent th ro u g h  to ta l in te rn a l reflection , and  m irro rs  at th e  fiber end for 

fo rm in g  an  o p tic a l cavity , enough g a in  can  be a tta in ed  to  achieve lasing  action.

(b ) L e a d  S a lt  L a s e r s

L e a d  sa lt lasers have tra d it io n a lly  been  the  spectroscop ic source o f choice for 

M I R  sensing  a p p lica tio n s  due to  th e ir  tu n a b ility  and  em ission  w avelengths over 

the  entire  M I R  region. T h e y  are com posed  p r im a r ily  of lead  selenide (PbSe) 

b u t d e p e n d in g  on the  w avelength  reg ion  in  question, have oth er com ponents: 

e u ro p iu m  an d  su lfu r for A < 4/im (P b E u S S e ) ; e u ro p iu m  an d  som etim es te llu r iu m  

for th e  A =  4-8/im  reg ion  ( P b E u T e S e  an d  P b E u S e ); an d  fin a lly  for A > t in  

in  co n ju n ctio n  w ith  te llu r iu m  or se len iu m  (P b S n T e  and  P b S n S e ) [15].

D e sp ite  th e ir w ide coverage o f th e  M I R  how ever, th e y  m ust be operated  at 

cryogen ic tem p atu res (~  77 K )  a n d  th is , a long  w ith  th e ir  re la tiv e ly  low  pow er (<  

10-6 W )  an d  frequ ency in sta b ility , resu lts in  devices ill-su ite d  for rem ote sensing  

app lica tion s.

(c) D i f f e r e n c e  F r e q u e n c y  G e n e r a t i o n  ( D F G )  a n d  O p t i c a l  P a r a m e t r ic  

O s c i l l a t o r s  ( O P O )

A  tech n o log y  based  on  th e  in te ra c tio n  betw een tw o N I R  lasers in  crysta ls  w ith  

q u a d ra tic  ( x ^ )  n on lin earities , O P O  and  D F G  have g iven  rise to  b ro a d ly  tuneable  

co n tin u o u s w ave ( C W )  sources for th e  M I R  region.

D F G  is based on  th e  co m b in in g  o f two p u m p  beam s an d  p ro v id e d  efficient 

phase m a tch in g  exists betw een th e  tw o beam s, a th ird  b e a m  is generated w h ich  

has th e  su m  or d ifference o f th e  p u m p  frequencies. A s  we are o n ly  interested  

in  M I R  w avelengths i.e. low  frequencies, it  is th e  d ifference frequ ency generated  

aspect th a t is im p o rta n t. C onverse ly , U V  lasing  is possib le  w ith  su m  frequency  

generation.

25



2.3. In frared  Sources J .R . D onohue

B a se d  on  p a ra m e tric  a m p lifica tio n  ra th e r th a n  stim u la te d  em ission, o p tica l 

p a ra m e tric  o scilla tors were first dem o n strated  in  1965 [16]. A n  O P O  consists 

of a n o n lin e ar c ry sta l inside  an o p t ic a l resonator, th ro u g h  w h ich  a p u m p  beam  

propagates. T h e  p u m p  b eam  is con verted  to  a s ign al b eam  an d  an id ler beam , 

e ither o f w h ich  can  oscilla te  th ro u g h  th e  o p tic a l resonator a n d  be am plified  on  

passage th ro u g h  th e  n o n lin ear c rysta l, d epen d in g  on  the co n d itio n s o f the phase  

m atch in g . A b o v e  a th resh o ld  in tensity, the  am p lified  sign a l ga in  overcom es the  

ro u n d tr ip  losses and  lasing  occurs. B o th  th e  sign a l and  id le r beam s are w ide ly  

tu neab le , an d  p rov ide  excellent sources for spectroscopy. A n  exam ple  of th is  can  

be fo u n d  in  [17].

D iffe ren t types o f c ry sta l are used and  are su itab le  for for n o n lin ear frequency  

con version  in  b o th  D F G  and  O P O  con figurations. T w o  o f th e  m ost com m on ly  

used crysta ls  are p e r io d ic a lly  p o led  K T i 0 P 04 ( P P K T P )  [18] an d  p e rio d ica lly  

p o led  L i N b 0 3 ( P P L N )  crysta ls  [19].

(d) Q u a n t u m  C a s c a d e  L a s e r s

(i) I n t r o d u c t i o n  t o  t h e  Q C L

T h e  in ve n tio n  o f the q u a n tu m  cascade laser was a m ilestone in  sem icon du ctor 

technology. P erfected  in  1994 after over three decades o f th e o re tica l refinem ent 

and advances in  sem icon du ctor processing, it  has been h a iled  as a b reak th ro u g h  

for sensing  a pp lica tion s. U n lik e  m ost o th er lasers, th e  Q C L  does not re ly  on  

e lectron-hole  reco m b in atio n s betw een a valence b a n d  and  co n d u ctio n  ban d  for 

p h o to n ic  em issions. R a th e r, th e  Q C L  uses e lectron  tra n s itio n s  w ith in  the  con

d u c tio n  band: intersubband transitions. T h e  device  is unipolar. A s  an electron  

m oves fro m  a h igher energy state  (Ea ) to  a low er energy state  (EB ), a ph o to n  

is generated, o f energy equal to  th e  difference betw een th e  e le c tro n ’s two energy  

states, or

A  E = EA - E B = h f  (2.75)

w here /  is th e  frequ en cy o f th e  em itte d  p h o to n  in  H ertz . A s  no reco m b in atio n  

takes p lace  betw een electrons, a fter an  e lectron  has generated  a p h o to n  b y  m ovin g  

betw een tw o energy levels, it  is s t ill ava ilab le  to  m ove to  anoth er lower energy  

level (Eq)■ T h ro u g h  carefu l eng ineering  o f th e  energy levels, an  e lectron  can be  

recycled  th ro u g h  any  g iven  n u m b e r o f tran sitio n s, th us generating  a num ber of 

p h o to n s equa l to  the n u m b er o f tran sition s. C le a rly , th is  m u lt ip lic a t io n  of the  

ligh t generated  b y  a single p h o to n  gives an  enorm ous b oost to  the o p tic a l pow er
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of the  Q C L .  T h is  was one o f th e  p r in c ip a l reasons w h y  a u n ip o la r  laser device  

was investigated .

T h e  in it ia l idea  for the Q C L  was p rop osed  b y  K a z a r in o v  an d  Suris in  1971

[20], an d  cam e a decade after th e  in ve n tio n  o f th e  first se m icon d u ctor laser. T h e y  

proposed  th a t an e lectron  cascad ing  effect co u ld  be in d u ce d  b y  sequentia l stages, 

a lth o u g h  ea rly  ex perim en ta l w ork  was h am pered  b y  the re la tive  la ck  of kn ow l

edge a b o u t e lectron  re laxation . A s  n o n -ra d ia tiv e  sca tterin g  o ccu rred  faster th an  

spontan eous em ission, it  appeared  th a t u p p e r energy levels w ou ld  depopu late  

th us n o t a llow ing  p o p u la tio n  in version . In  1994, Jerom e F a is t , F red erico  C a-

A c t i v e

R e g i o n

Figure 2.6: Energy level schematic of quantum cascade laser

passo [21] and  th e ir  g ro u p  at L u c e n t Tech no log ies dem o n strated  the  first “Q C  

laser” b y  e x p lo itin g  th e  different n o n -ra d ia tive  p h o n o n  em ission  rates betw een  

energy levels to achieve p o p u la tio n  in version  an d  th us lasing. A n  e x p lan a tio n  of 

th e ir  g ro u n d -b re a k in g  w ork  is p ro v id e d  in  th e  fo llow ing  section.

( ii)  L a s in g :  G a i n  v e r s u s  L o s s

F ig u re  2.6 is a energy leve l sch em atic  o f a ty p ic a l Q C L .  T w o  active  regions th a t  

house th e  p h o to n  generations betw een states and  a single in jector reg ion are 

show n. T h e  a lte rn a tin g  barrie rs  and  troughs in  th e  sch em atic  correspond  en

e rg e tica lly  to  q u a n tu m  b arrie rs  a n d  wells, th a t are enab led  b y  engineering  the
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th icknesses of a lte rn a tin g  layers o f se m ico n d u cto r m ateria ls  e.g. I n G a A s  and A1I- 

n A s  on  an  In P  su bstrate . It has o n ly  been  in  recent years th a t such fine tu n in g  

o f sem icon du ctor layer th icknesses on the  n an om eter (10- 9m ) scale has becom e  

possib le , th a n k s to techn iques such  as m o le cu la r beam  e p ita x y  ( M B E ) .  T h e  ap

p lic a t io n  o f an extern a l e lectric  fie ld  is v isu a lised  by th e  slope apparen t on the  

peaks an d  bases of th e  b arriers an d  wells. T h e  h o rizo n ta l bars an d  curves repre

sent th e  three m ost p ro m in en t energy levels and  m o d u lii squared  o f th e  ca lcu lated  

w avefunctions in vo lved  in  the  laser tran s itio n s , labe lled  1, 2, and  3.
F u n d am e n ta lly , laser actio n  occu rs as follow s: electrons tu n n e l reson antly  in to  

the  u p p e r energy level 3 from  the g ro u n d  state  in  th e  in jector region. A n  electron  

can  th en  un dergo  a tra n s it io n  from  3 to  2, generating  a p h o to n  o f energy equal to 

th e  energy difference betw een th e  tw o levels. T h e  e lectron  th en  n o n -ra d ia tive ly  

transfers (scatters) from  2  to 1 , w here id e a lly  it  enters the g rou n d  state o f the  

fo llow ing  “d ow n stream ” in jector region. T h e  entire reg ion  over w h ich  th is occurs  

is know n as a stage, at i t ’s m ost basic  co m pris in g  one in jector and  one active  

region.

T h e  h u rd le  o f fast n o n -ra d ia tiv e  tra n s itio n s  b y  lo n g itu d in a l o p tic a l (L O )  phonons  

was overcom e b y  design ing  the  energy sep aration  of the two low er energy states 1 

and  2 as close as possib le  to  the  L O  p h o n o n  m odes of the  active  reg ion  m aterials, 

w hile  en ab lin g  laser actio n  betw een 3 and  2. T h is  can be seen b y  a n a lys in g  the  

scatterin g  tim es for th e  three levels, defin ing  r 32 and  r 31 as the  e lectron  scatter

in g  tim es from  3 to  2 and  1 respectively , and  r 3 as the  to ta l u p p e r state lifetim e  

given as

— -  —  +  —
r 3 r 31 r 32

ty p ic a lly  o f th e  order of a few p icoseconds (10- 12s). A s  the  sca tterin g  tim e  be

tw een the tw o low er levels t 2i =  r 2 is u su a lly  m u ch  low er th a n  th e  u p p e r scattering  

tim e  (t3 r 2), p o p u la tio n  in version  is ach ieved  betw een 3 an d  2 and  laser action

is possib le. T h e  w avelength o f p h o to n s generated  here is u su a lly  o f the order of 

m icrom eters  (¿um, 10- 6m ) i.e. in  th e  in frared  sp ectra l region. H ow ever, actu a l 

lasin g  can o n ly  o ccu r if  e lectrons are de livered  b y  tu n n e llin g  in to  3 faster th an  

scatterin g  can  occur. C onverse ly , p o p u la tio n  in version  can  o n ly  h ap p en  if  2 ’s 
electrons e m p ty  in to  1 an d  from  1 be in jected  in to  th e  g ro u n d  state  o f the dow n

stream  in je cto r reg ion faster th a n  scatterin g  from  3. T h e  extern a l e lectric field  

th en  im p a rts  energy to th e  e lectrons, rea d y in g  th em  for th e  next active  region.

N o t o n ly  m u st a con stan t en v iron m en t o f p o p u la tio n  in version  be m aintained , 

b u t a  requ irem ent for laser a ctio n  is th a t o p tic a l ga in  m ust surpass to ta l o p tica l 

losses. T h e  d e riva tio n  for th e  ga in  coefficient o f a stru ctu re  like  th a t show n in

(2.76)
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F ig u re  2.6 can be ca lcu lated  [22] as

g =  t 3
^ 2_\ 4tt ez$2 1

r 32^ Xo£oneffL p 2rY32
(2.77)

w here g is th e  gain  coefficient, e e lectric  charge (1.6 x  10 19C ) ,  ¿32 the o p tica l

d ip o le  m a tr ix  elem ent, A 0 th e  w avelength, e0 th e  v acu u m  d ie lectric  constant, 

neff the  effective re fractive  index, Lp th e  len gth  o f one stage (one active  an d  one 

in jector reg ion), an d  7 32 the m easured  fu ll w id th  at h a lf m a x im u m  ( F W H M )  of 

the e m itte d  spectru m .

N o w  th e  losses m ust be defined. T h e re  are three sources o f o p tic a l losses [23], 

a lth o u g h  one is e n tire ly  avo idab le  th ro u g h  carefu l design o f th e  bandgaps. T h e  

p rim a ry  source o f losses is o u tco u p lin g  loss at each end o f th e  w aveguide due to  the  

often su b sta n tia l d iffering  re fractive  in d ices  o f the  w aveguide (n2 =  n e// ~  3.35) 

and  th e  extern a l en v iron m en t (ty p ic a lly  air: nx = 1,0). T h e  osc illa tin g  ca v ity  

for the  laser is s im p ly  th e  end facets o f  the  w aveguide, and  a lth o u g h  th ey  do not 

fo rm  perfect m irro rs , th e  re fle ctiv ity  R  o f each end can be defined as

b u t these can  p rove  d ifficu lt to  e x a ctly  define.

T h e  second m ost serious loss is free-carrier absorption . T h e  in jector reg ion  

is doped  to  p ro v id e  th e  e xtrin s ic  e lectrons necessary for adequate in jectio n  into  

th e  u p p e r energy level o f th e  active  reg ion , an d  as such  these losses aw can  be  

m od e lled  [24] u sin g  a D ru d e  m od el, g iv in g  th e  a p p ro x im a tio n  aw oc A 2.

T h e  th ird  m ost serious source o f losses is resonant in te rsu b b an d  tran sition s, 

as e x tr in s ic  e lectrons in  the  in jector reg ion  can absorb  p h o to n s if  th e ir  energy  

levels are resonant w ith  the o p tic a l tra n sitio n s. H ow ever, as m entioned  earlier, 

th is  can  be  avo ided  b y  carefu l m in ib a n d  design.

T h e  th re sh o ld  cu rren t d en sity  can  now  be expressed ig n orin g  any resonant 

in te rsu b b an d  tra n s it io n  losses as

T  representing  th e  overlap  o f th e  gu ided  m od e  w ith  the  active  and  in jector regions, 

or th e  confinement factor, th u s in v o lv in g  th e  n u m b er of stages present in  the

(2.78)

T h is  resu lts in  an  o u tco u p lin g  loss g iven  as

1

w here L is th e  len gth  o f the  laser reson ator cavity. O th e r  losses re lated  to  the  

o u tco u p lin g  loss in c lu d e  scatterin g  at th e  facet ends due to  surface roughness,

Oim “1“ CHW
(2.80)th - p  

g r
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laser. A t  h igh er tem peratu res, a n u m b er o f changes have to  be  in trod u ce d  to  

E q u a t io n  2.80: the  e lectron  sca tterin g  tim es o f L O  phonons are reduced; the  

gain  sp e ctru m  is w iden ed  due to  th e rm a l co llisions; and  e x trin s ic  e lectrons can  

be th e rm a lly  b a ck  excited  from  th e  in je cto r to  th e  low er active  reg ion , h in d erin g  

p o p u la tio n  inversion . In co rp o ratin g  these te m p e ra tu re  effects in to  th e  th resho ld  

current d en sity  offers [25]

Jth —
^ T) i 1 -  £ § i)  

w here

Ao£oîïeyy Z/p2'Y32 CXm “I- Oiw f  A
+  eng exp ' -

4tre*322 r  ......1 V kT
(2.81)

r , ( T ) = r i0— —  2 ¿ = 1 , 2 , 3  (2.82)

exp ( % i ) - 1

Tio is th e  e lectron  sca tte rin g  tim e at low  te m p e ra tu re , Elo  th e  L O  p h o n o n  energy, 

k the B o ltz m a n n  con stan t, T  the te m p e ra tu re , ng th e  carrier sheet d en sity  in  the  

in jector g ro u n d  state, an d  A  the  energy sep a ra tio n  betw een the  in jector ground  

state an d  th e  p reced in g  energy level 2 .
T h e  o p t ic a l pow er per u n it cu rrent (also kn ow n  as th e  slope efficiency, a 

com m on  ra t in g  fo r co m p a rin g  se m ico n d u cto r laser perform ance) is g iven  as

« £  (2.83)
d l 2 e \  r 32.

w here hv is th e  energy of the  p h o to n , an d  Np is th e  n u m b er o f stages. A s  can  

be seen, the  slope  efficiency is d ire c tly  p ro p o rtio n a l to  th e  n u m b er o f stages, 

im p ly in g  th a t th e  greater Np the  larger o p t ic a l pow er availab le . T h is  has been  

verified  e x p e rim e n ta lly  as be in g  th e  case.

( ii)  M a t e r i a l s  fo r  M id - I n f r a r e d  D e v ic e s  ( I n t e r s u b b a n d  E n g in e e r in g )

T h e  w avelength  o f a  Q C L  can  be selected b y  carefu l design o f th e  thicknesses 

of the  q u a n tu m  wells (Q W s ) and  barriers. T h e  m ost p o p u la r sem icon du ctor 

m ateria ls  used for Q C L  m an u fa ctu re  can  be d iv id e d  in to  two b road  groups and  

are based  on III-V  co m p o u n d  sem icon du ctors: those th a t use in d iu m  g a lliu m  

arsenide (In G a A s)  Q W s  and  a lu m in iu m  in d iu m  arsenide (A lIn A s )  b arriers on a 

in d iu m  p h o sp h id e  su b stra te  (InP); and  those based on  g a lliu m  arsenide (G a A s)  

and a lu m in iu m  g a lliu m  arsenide ( A lG a A s )  u sin g  a G a A s  substrate. A lth o u g h  

G a A s / A lG a A s  processin g  is th e  m ore m a tu re  technology, d ifficu lties in  o p ti

cal con finem ent m ean t th a t u n til recently, lasers based on it  lagged b e h in d  In

G a A s / A lI n A s  devices. O f  note is th e  em ergence of antim on ide-based  (Sb) devices  

such as I n G a A s / A lI n S b  th a t can access sh o rter w avelength  ranges (A ~  3-5/xm)
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b y  possessing a la rger su b b a n d  energy sep aratio n  th a n  th e  oth er two regim es, b u t  

w ith  con siderab le  d ifficu lty  in  o b ta in in g  h ig h  q u a lity  interfaces betw een th e  two 

sem icon du ctor m ate ria ls  [27] [28].

M o s t  sem icon d u ctor lasers re ly  on  the  re fractive  in d ex  differences betw een  

th e ir con stitu en t m ate ria ls  to  ensure o p tic a l confinem ent. T h is  is kn ow n as dielec
tric waveguiding an d  is w ell su ited  to  th e  m a jo r ity  o f sem icon du ctor devices. B y  

havin g  a large re fractive  in dex  d ifference betw een th e  active reg ion  an d  th e  lower- 

in dex  c lad d in g  regions, a s itu atio n  not u n lik e  to ta l in te rn a l reflection  confines the  

ra d ia tive  em ission. In I n G a A s / A lI n A s  devices, th e  In P  su b stra te  (n ~  3.10) and  

A lI n A s  (n  ~  3.20) are n a tu ra l c la d d in g  layers, w ith  the m u ltila ye r active  region  

in dex  ca lcu lated  b y  vo lu m e fra c tio n  o f I n G a A s  (n ~  3.49) an d  A l in  A s , ty p ic a lly  

g iv in g  nactive ~  3.35 an d  thus ensuring  o p t ic a l confinem ent.

How ever, in  the  case of G a A s / A lG a A s  devices, the G a A s  su bstrate  has a 

higher re fractive  in d e x  th a n  the core an d  th e  A lG a A s  cladd in g . In th is  case, 

plasmon enhanced waveguiding has been used to m a in ta in  o p tic a l confinem ent, 

and has also been a p p lie d  to  the I n G a A s / A lI n A s  reg im e for red u cin g  losses [26]. 

T h e  p la sm o n  enh anced  w aveguide operates b y  a d a p tin g  th e  surface p lasm on  wave 

th a t n o rm a lly  p rop ag ates along th e  in terface  betw een doped  regions and  m eta l 

con tacts necessary for cu rrent delivery. N o rm a lly , free carrier a b so rp tio n  and  

resonant co u p lin g  o f th e  em itted  ligh t to  th e  surface p la sm on  p ro d u ce  d etrim en ta l 

w aveguide losses. H ow ever, b y  in tro d u c in g  a h ig h ly -d o p e d  (7 x  1018c m -3 ) layer 

outside  a low er d op e d  (~  1017cm - 3 ) c la d d in g  layer, th e  surface p lasm on /g u ided  

m ode resonant co u p lin g  is suppressed as th e  p la sm o n  frequ ency is tu n ed  to  be 

less th a n  th e  g u id ed  m od e  frequency. A n  a d d it io n a l benefit is th a t th e  h igh ly-  

doped  reg ion  has a m u ch  low er re fractive  in d e x  (n ~  1-26), th us im p ro v in g  the  

confinem ent.

( iii)  F a b r y - P e r o t  Q C L s

T h e  m a jo r ity  o f ea rly  Q C L s  used as-cleaved end facets as reflectors to  a llow  the  

gu ided  o p tic a l em ission  undergo o scilla tion s in  the  gain  m ed iu m , thus form in g  

a F a b ry -P e ro t reson ator. T h is  gives rise to  a n u m b er o f gu ided  frequencies as 

described  b y  th e  a llow ed sta n d in g  wave frequencies of o sc illa tio n  inside  a cavity:

p \  = L  or U = 2Z  (2‘84^

w here p is an  integer an d  L is the  o p tic a l p a th  len gth  o f th e  F a b ry -P e ro t cav ity  

(betw een the tw o end  facets). T h is  gives rise to  axial modes w here d iscrete  laser 

w avelengths are v is ib le  w ith in  th e  ga in  cu rve  of frequ ency  sep aration  5v =  c/2L
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Figure 2.7: Allowed axial laser modes in a Fabry-Perot cavity. The broadened laser 

transition is overlaid as the dotted line

(F ig u re  2.7). A c c o rd in g ly , a  range o f w avelengths are em itted  from  a F a b ry -P e ro t  

Q C L .  F o r  a  ty p ic a l Q C L  o f l - 3 m m  long  cav ity , th e  spacin g  o f the  F - P  m odes 

(5v ~  1cm -1 ) is m u ch  narrow er th a n  th e  w id th  o f th e  gain  sp e ctru m  (> 50cm -1 ). 

W h ile  th is  leads to  a  greater th a n  average o u tp u t pow er, th e  a b ility  o f th e  laser 

to  tu ne to  a p a rt ic u la r  a b so rp tio n  feature in  gases is lim ited .

( iv )  D i s t r i b u t e d  F e e d b a c k  Q C L s

Ideally, a  narrow  lin e w id th  laser is preferab le  for gas sensing, in  recogn ition  of 

th is , efforts were m ad e  to  develop a Q C L  w ith  sing le  m od e  o p e ra tio n  and  a good  

side-m ode su ppression  ratio . T h e  m ost w idespread  so lu tion  to  th is  task  is the  

distributed feedback quantum cascade laser ( D F B - Q C L ) ,  first d em on strated  in  

1996 [29] [30]. In D F B - Q C L s ,  a B ra g g  g ra tin g  is in co rp o ra te d  b y  wet ch em ica l 

etch ing  onto e ither th e  top  surface o f the  laser, or grow n betw een th e  active  

w aveguide core an d  th e  c la d d in g  layer b y  te m p o ra r ily  rem ovin g  it from  th e  M B E  

process [31].

T h e  B ra g g  g ra tin g  p rov ides single m od e  o pe ra tio n  b y  in co rp o ra tin g  scatterin g  

from  the g ra tin g  b a ck  in to  the w aveguide. A s  the  sca tterin g  favours one wave

len gth  (the Bragg wavelength A B) w h ile  reflecting  a ll others (E q u a tio n  (2.85)), 

o n ly  a single m od e  co rresp o n d in g  to  th is  w avelength is em itted , w here n e//(T) is 

th e  effective re fractive  in d e x  a n d  A  is the p e rio d  o f the  grating .

\ B -  2 neff (T )  A (2.85)
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A s  th e  refractive  in d ex  is expressed as a  fu n ctio n  o f tem p eratu re  T  it follow s 

th a t h eatin g  or co o lin g  the  laser w ou ld  lead  to a change o f the g ratin g  period . 

T h is  w ou ld  th en  a lter XB and  also sh ift the  gu id ed  laser m ode. In th is  way, the  

w avelength of the laser can  be sh ifted  b y  temperature tuning.
P re c ise ly  how  th e  B ra g g  g ra tin g  effects the  g u id ed  o p t ic a l m ode o f th e  Q C L  

is described , for b o th  to p-gratin gs an d  b u rie d  g ratin g s [23]. B y  etch ing  a m e ta l 

B ra g g  g ra tin g  onto th e  to p  surface o f th e  sem icon du ctor w aveguide a nu m b er of 

m o d u la tio n s  are b ro u gh t about. F irs t ly , a  loss m o d u la tio n  due to th e  different 

losses in  the  etched grooves and  non -etch ed  ridges occurs. T h e  m eta l grooves 

p u ll th e  gu ided  m od e  tow ards it, and  th e  m ode takes on  som e ch aracteristics  of 

a surface p lasm on , re su ltin g  in  a m o d u la tio n  o f th e  effective re fractive  in d ex  and  

also a g en era lly  m in o r m o d u la tio n  o f the  m o d a l ga in  v ia  overlap  o f the gu ided  

m ode w ith  th e  active  reg ion  (sim ilar to  a loss m o d u la tio n ).

T h e  b u rie d  g ra tin g  a pp roach  was a tte m p te d  because o n ly  the expo n en tia l ta il 

o f th e  w aveguide m od e  in teracts w ith  th e  g rating , red u cin g  its efficiency. B y  

in co rp o ra tin g  the  g ra tin g  w ith in  th e  laser, a m u ch  larger overlap  o f the guided  

m od e w ith  th e  g ra tin g  is achieved, resu ltin g  in  a la rger effective re fractive  in 

dex  m o d u la tio n  th a n  seen w ith  to p -g ra tin g  D F B  devices [31]. T o  com pare  the  

“stre n g th ” o f the B ra g g  gratings, the  co u p lin g  coefficients for b o th  types were 

ca lcu la te d  using  E q u a t io n  (2.86) [32] [33]

k  —  ———~  +  t  ( A a w  u  +  A r  g t h )  (2 .86)
Z Ao 4

w here A 0 is th e  em iss ion  w avelength, gth is th e  gain  coefficient at laser th resh 

o ld , and  th e  differences in  the  effective re fractive  indices, w aveguide a tten u atio n  

coefficients an d  con finem ent factors betw een th e  g ra tin g  grooves an d  ridges are 

accou nted  for w ith  A n e//, A aw, and  A r ,  respectively . F o r ty p ic a l top  g ratin g  

D F B - Q C L s ,  |k| ~  2 -3 c m _1 were fou n d  [29], an d  for an  im p roved  top -g ra tin g  

design w hereby a th in  h ig h ly  doped  w aveguide layer is etched as th e  g rating , 

|/i| >  15cm -1 were ca lcu la te d  [32] [34]. F in a lly , it  was seen th a t b u ried  g ra t

ing  D F B - Q C L s  gave th e  best confinem ent at |/c| ~  3 0 -8 0 cm _1 w ith  a side-m ode  

su ppression  ra tio  a p p ro a ch in g  30dB .

F o r M I R  spectroscopy, lasers using  B ra g g  gratings are ce rta in ly  adequate  

sources. T h e ir  co m p a ct stru ctu re , ro o m  te m p e ra tu re  operation , h igh  o p tica l 

pow er o f th e  order o f m W  p er pulse, and  th e  p o s s ib ility  o f tu n in g  the  w avelength  

u sin g  te m p e ra tu re  or a  cu rren t ra m p  m ake th e m  id e a lly  su ited  to  spectroscopic  

a pp lica tion s.
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2 . 4  S u m m a r y

A s  in d u str ia l m a n u fa ctu rin g  becom es ever m ore au tom ated , so to  m ust th e  m on 

ito rin g  an d  q u a lity  co n tro l aspects o f p ro d u ct io n  becom e au tom ated . W ith  en

v iro n m e n ta l awareness at an  a ll-tim e  h igh  due to  th e  th re a t of g loba l w arm ing, 

the desire for sensors capab le  o f p o llu t io n  w arn in g  an d  em issions m o n ito rin g  is 

greater th a n  ever. In a c lim ate  w here te rro rism  is an  accepted  facet o f everyday  

life, sensors able to  detect concealed  w eapons an d  w arfare agents are u rg en tly  

requ ired . A n d  in  the  rea lm s o f h a rd  vacu u m , th e  p u sh  since th e  1990s by N A S A  

for less expensive space probes fitte d  w ith  off-the-shelf in stru m en ts has led to  

renew ed interest in  sensor developm ent.

O p t ic a l sensing can  address each challenge p ro v id e d  b y  th e  dem an d in g  re

qu irem en ts o f these exam ples. I R  sensors can  detect an  entire  array  of different 

chem ica ls or be tu n e d  to  sp e c ifica lly  detect a  p a rt ic u la r  m olecu le  or m olecu lar  

fam ily . B e in g  a n o n -co n tact tech n o log y  m eans th a t in d u s tr ia l process line  m on 

ito rin g  can  be ach ieved  continuously , u n lik e  w h o lly  s ta tis tic a l m eth ods such as 

b a tch  testing . T h e  vast m a jo r ity  o f o p tic a l sensors have no  m ov in g  parts, thus  

ensuring  th a t m ain ten an ce  v is its  to  rem ote e n v iron m e n ta l sensors are m in im ised. 

N on-invasive  an d  m u lt i-a n a ly te  sensing ca p a b ilitie s  can  also be explo ited  for se

c u r ity  a p p lica tion s, at a irp o rts  for exam ple. F in a lly , recent w ork in  the field  of 

exogeology, e.g. th e  C a s s in i p robe  o rb it in g  S a tu rn ’s largest m o o n  T it a n , has been  

fa c ilita te d  b y  I R  spectrom eters.

T h e  N I R  fluorescence o f rare-earth  doped  glass and  M I R  q u an tu m  cascade  

lasers were selected as th e  fo u n d a tio n  for deve lop in g  o p tic a l sensors for a w ide  

range o f a p p lica tio n s, from  h u m id ity  sensing to detectin g  chem icals kn ow n  to  be 

present in  h u m a n  b reath .
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C h a p t e r  3  

E x p e r i m e n t a l  S y s t e m  I

3 . 1  N I R  S p e c t r o s c o p i c  H u m i d i t y  S e n s o r

T ra ce  w ater sensing is v e ry  im p o rta n t in  a n u m b er o f app lica tion s. M o n ito r

ing  o f trace  h u m id ity  levels in  m icro e le ctro n ic , p h a rm a ce u tica l and fibre o ptic  

p ro d u c t io n  fac ilit ies is c r it ic a l to  prevent im p u r ity  co n ta m in a tio n . A tm o sp h e ric  

ch e m istry  research also requires re liab le  h u m id ity  sensors [1]. T ra ce  liq u id  w ater 

is a q u a lity  co n tro l p ara m eter in  in d u stries  such as a g r ic u ltu ra l p ro d u ct io n  [2 ,3 ,4]  

and  p a p e r m a n u fa ctu rin g  [5], as w ell as b e in g  cr it ica l to  th e  c lin ica l assessm ent 

o f sk in  an d  tissue h y d ra t io n  [6].

M a n y  sensors based on a range o f sensing p rin c ip le s  have been developed  

a tte m p tin g  to  address the  needs o f in d u s try  an d  m edicine . M o s t co m m e rc ia lly  

ava ilab le  h u m id ity  sensors are based on  cap acitive  or resistive  changes o f p o lym ers  

or ceram ics. Som e exam ples o f novel h u m id ity  sensing m eth o d s in c lu d e  h u m id ity -  

in d u ce d  sw elling o f th in  p o ly m e rid e  layers in  a p iezoresistive  device [7], sol- 

g e l/ in d ica to r dye m atrix e s  housed  on p la n a r w aveguides [8], c rysta llin e  salts [9], 

and  L E D  nanoscale  in te rfe ro m e tric  cav ities [10], to  nam e b u t a few.

N e a r in fra re d  (N IR ) spectro sco py  is an  a ttra ctiv e  m e th o d o lo g y  for detecting  

w ater due to  its con siderab le  a b so rp tio n  a ro u n d  1.9/im re lative  to  other chem icals. 

A lth o u g h  NIR absorption s at overtone and  co m b in atio n  frequencies o f m olecu lar  

v ib ra tio n s  are g en era lly  w eaker th a n  the  fu n d am en ta l v ib ra t io n a l absorptions in  

the  m id  in fra re d  ( M I R ) , the absence o f o th er s ig n ifica n tly  absorb ing  species in  th is  

sp e ctra l reg ion  m akes it  w ell su ite d  for spectroscop ic w ater detection . NIR sensing  

is a lso an  in h e re n tly  safe technology, w ith  no con tact w ith  th e  sam ple required . 

R a th e r, th e  sam ple  can  be an a lysed  in situ w ith o u t d istu rb an ce  p ro v ided  there  

is a  su itab le  o p tic a l p a th  th a t th e  p ro b in g  ra d ia tio n  can  trave l from  the source, 

th ro u g h  th e  sam ple  to  th e  detector.
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T h e  a v a ila b ility  o f in expen sive  o p tic a l com pon ents offers greater f le x ib ility  for 

N I R  o p tic a l design th a n  for o th er sp e ctra l regions like  th e  M I R , w here reflective  

optics such  as m irro rs  or re la tiv e ly  expensive p u rp o se -b u ilt re fractive  optics are 

requ ired . A lth o u g h  lenses have been  m a n u fa ctu re d  from  m ateria ls  like ca lc iu m  

fluoride  ( C a F 2) and  sap p h ire  (A120 3), o th er m ateria ls  e x h ib it  hygroscop ic p ro p 

erties (e.g. p o ta ssiu m  b ro m id e  ( K B r)  and  salt (N a C l))  an d  are un su itab le  for field  

deploym ent.

H u m id ity  sensors based  on  a b so rp tio n  spectroscopy using  N I R  tu n a b le  d iode  

lasers have been developed. E x a m p le s  o f these in c lu d e  tw o-tone frequency m o d u 

la tio n  sp ectroscopy at A =  1393nm  [11] and  w avelength m o d u la tio n  spectroscopy  

at A =  1392.5nm  [12].

N I R  liq u id  w ater spectro sco py  has also been un dertaken . T h e  m oistu re  con

tent of p a p e r has been m easured  u sin g  reflectance an d  m u ltico lo u re d  L E D  sources 

[13], an d  the  w ater content o f solvents has been d eterm in ed  w ith  T m 3+:Y A G  flu

orescence [14] and  evanescent fie ld  sensing using  u n c la d  s ilica  o p tic a l fibres [15]. 

F lo w  in je ctio n  an a lysis  o f w ater in  so lvents has been a ccom p lish ed  using  N I R  [16], 

as has th e  in vivo a n a lys is  o f b lo o d  flow b y  sensing th e  w ater in  b lo o d  using  liq u id  

cry sta l tu n a b le  filte r m ou n te d  on  an  IR -sensitive  charged cou p led  device ( C C D )  

cam era  [6].

A  novel N I R  h u m id ity  sensor is re p o rte d  here. It is based on the sp ectra l 

overlap  o f the  fluorescence o f a  rare-earth  d op ed  I R  glass w ith  th e  N I R  ab so rp tio n  

sp e ctru m  o f w ater. T h e  m o d u la te d  N I R  source, detector and  detector electronics  

are housed in  a co m p a ct m o d u la r device  capab le  o f ca rry in g  out re lative  h u m id ity  

sensing.

3 . 2  T h u l i u m  ( T m 3 + ) i n  a  F l u o r o z i r c o n a t e  H o s t

T h e  fluorescence o f th u liu m -d o p e d  Z B L A N  glass was used as the basis for a 

N I R  w ater sensor. A lth o u g h  liq u id  w ater on surfaces or in  so lu tion  cou ld  also 

be ana lysed , re lative  h u m id ity  sensing was chosen as th e  focus of the  sensor 

developm ent.

T m 3+-d op e d  flu o ro zirco n ate  o p tic a l fibres have been successfu lly  em ployed as 

N I R  sources in to  o p t ic a l sensors, for w ater sp e ctro m e try  [17] and  in  a fibre laser 

for h y d ro c a rb o n  gas sensing [18].
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Figure 3.1: Absorption spectrum of Tm 3+ in ZBLAN  glass host, collected with an 

Ocean Optics spectrometer

3 . 2 . 1  A b s o r p t i o n

F ig u re  3.1 shows th e  a b so rp tio n  sp e ctru m  o f Z B L A N  glass d op ed  w ith  T m 3+ ions  

co llected  w ith  an  O ce a n  O p tic s  m icrospectrom eter. T h e  w avelengths lab e lled  cor

respo n d  to the  fo llow ing  e lectron ic  tra n sitio n s, w ith  T m 3+’s g ro u n d  state  denoted  

as 3 i f  6

^ 4 " =» A =  475nm

1

CO

A =  670nm

3F3 - A =  685nm

3# 4 - =>• A =  799nm

In order to  excite  electrons to  in du ce  fluorescence, the  th u liu m -g lass can be  

p u m p e d  w ith  ra d ia tio n  at th e  w avelengths m entioned . A lth o u g h  lasers are also  

c o m m e rc ia lly  ava ilab le  at 670nm  and  780nm  (sufficient overlap  w ith  799nm  ab

sorp tio n ), a  685nm  laser w as the  selected p u m p  source due to its re la tiv e ly  large  

absorbance.

3 . 2 . 2  F l u o r e s c e n c e

T h e  fluorescence sp e ctru m  (F ig u re  3.2) o f T m 3+ in  a  Z B L A N  glass host, excited  

b y  a 6 0 m W  p u lsed  laser (A =  685nm ), was co llected  w ith  a C o n tro l D evelopm ents  

coo led  exten ded  I n G a A s  m icrospectrom eter. T h e  fluorescence centered a rou n d  

1.83/im is th e  3F 4 —> 3H6 e lectron  re la x a tio n  o f T m 3+. S u perim posed  on the  

fluorescence g ra p h  is th e  N I R  ab so rp tio n  sp e ctru m  o f liq u id  w ater. A lth o u g h
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the sp e ctra l overlap  o f th e  fluorescence an d  a b so rp tio n  is n o t optim a l, there is 

sufficient overlap th a t a  w ater sensor cou ld  be developed  b y  using  the T m 3+ 

fluorescence as a source for ab so rp tio n  spectroscopy.

2
«
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S3Æi.oCM
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<

Wavelength (nm)

Figure 3.2: Fluorescence spectrum of ZBLAN :Tm 3+ glass (black line), with the

NIR absorption spectrum of water overlaid (grey line)

T h e  d op an t co n ce n tra tio n  o f th u liu m  in  th e  Z B L A N  glass used was 12%. T h e  

reason for th is  q u ite  h ig h  d o p in g  level was to  m ax im ise  the  N I R  fluorescence from  

the  d op ed  glass. A n  earlie r in ve stig a tion  in to  how  th e  fluorescence o f a doped  

sam ple  changed as th e  d op an t co n cen tra tio n  was varied  was carried  out w ith  

e rb iu m -d o p e d  Z B L A N  glass. It was fou n d  th a t th e  fluorescence in te n sity  o f th e  

Z B L A N :  E r 3+ increased  as th e  E r 3+ co n cen tra tio n  w as increased, u p  to  a certa in  

lim it . A t  th is  lim it , th e  host glass is dop an t-sa tu ra ted . In o rder to m ax im ise  the  

Z B L A N : T m 3+ fluorescence at 1.83//m, th e  Z B L A N  glass w as doped  w ith  12% 

th u liu m , at w h ich  co n ce n tra tio n  th e  host glass was sa tu rated .

3 . 3  E s t a b l i s h e d  W o r k :  L a b o r a t o r y - B a s e d  P r o 

t o t y p e

P r io r  to  th e  w ork  d escrib ed  in  th is  thesis, earlier w o rk  h a d  been carried  out in  

th e  O p t ic a l Sensors L a b o r a to ry  to  develop a  w ater sensor using  rare-earth  doped  

glass fluorescence. B a se d  on  th e  fluorescence sp e ctra  for various rare-earth  ions 

in  z irco n iu m  flu oride  glasses, tr iv a le n tly  ion ised  th u liu m  ( T m 3+) was selected as 

a source for N I R  sp e ctro sco p ic  w ater detection  as th e  3FA —> 3H6 tra n s it io n  spec

tr a lly  overlaps w ith  th e  a b so rp tio n  sp e ctru m  o f w ater (cf. F ig u re  3.2). T h e re
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are few com petin g  N I R  sources th a t can access th is  ab so rp tio n  satisfactorily : 

N I R  L E D s  are genera lly  cheap b u t e x h ib it un stab le  in ten sities and  are not well 

m atch ed  sp e ctra lly  to  th e  re levant ab so rp tio n  bands of w ater. T h e rm a l sta b ili

sa tion  can  im prove  p erfo rm an ce  in  term s of in ten sity  stab ility , b u t the availab le  

w avelengths are co n stra in ed  b y  m a te ria l b an d g ap  energies. A s  m entioned  earlier, 

in candescent sources can  be fitte d  w ith  narrow  b andpass filters to  sp e ctra lly  over

lap  w ith  an  a b so rp tio n  feature, b u t are lim ite d  by th e  te m p era tu re  dependence of 

the filters and  the  life tim e of th e  sources, as w ell as th e  ig n itio n  risk  in  flam m able  

environm ents.

T h e  earlier system , kn ow n  as th e  L a b o r a t o r y - B a s e d  P r o t o t y p e  ( L B P ) ,  

used the  p u m p in g  laser as a  reference to rem ove or redu ce  th e  effects p u m p  in 

ten sity  flu ctu ation s w ou ld  have o n  th e  fluorescence. T h e  p u m p  beam  and  the  

N I R  p ro b e  fluorescence were te m p o ra lly  sw itched such th a t o n ly  one beam  was 

im p in g in g  on the detector at an y  tim e. T h is  was a ccom p lish ed  using  an  electron

ic a lly  sw itchab le  fe rro e lectric  liq u id  cry sta l (L C )  w aveplate  to  force the  p u m p  

b eam  in to  a definable  p o la riza tio n . A  p o la riz in g  b e a m sp litte r (depending  on the  

sw itch in g  state  o f th e  L C  w aveplate) w ou ld  th en  tra n sm it th e  p u m p  ra d ia tio n  

onto  the  th u liu m -d o p e d  z irco n iu m  flu orid e  glass ( Z B L A N : T m 3+) in d u c in g  fluo

rescence, or reflect it  o ff-ax ia lly  an d  back to the detector as a reference beam  

(cf. F ig u re  3.3). In th is  way, base line  in ten sity  d rift co u ld  be referenced out w ith 

out needing  to use tw o separate  detectors, w h ich  co u ld  p o te n t ia lly  have different 

d etectio n  ch aracteristics and  th u s requ ire  an extra  leve l o f sign a l p rocessing  to  

co rre ctly  reference in te n s ity  in stab ility .

Passive Birefringent 
Element

LC Half-Wave

BBSnm Pulsed Polarising
Pump Laser Beamsplitter Polariser

Beam

A .Cuvette |R pribe Beam

Figure 3.3: Laboratory-Based Prototype of ZBLAN :Tm 3+ fluorescence-based wa

ter sensor

A  p u lsed  d iode laser e m itt in g  at 685nm  was chosen as th e  p u m p  source, and  

an ir re g u la r ly  sh aped  (n o n -o p tica lly  optim ised) segm ent o f a  Z B L A N : T m 3+ glass 

cube w as used as th e  fluorescent source. T h e  Z B L A N : T m 3+ glass cube was m a n 

u factu red  b y  L e  V e rre  F lu o re  in  Fran ce .

T h e  fluorescence was m o d u la te d  at the  sam e frequ en cy  as the  p u m p  laser
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m o d u la tio n . T h is  allow ed lock-in amplification to  be used, a m eth o d  w hereby the  

sign a l fro m  th e  detector is am p lified  o n ly  if  it  has the  sam e frequ en cy as a reference 

frequency. In th is  instance, i f  th e  p u m p  laser frequ ency  is used as the lo ck -in  

am p lifie r reference frequency, th e  d etector s ign al (in response to th e  m od u la ted  

N I R  fluorescence ra d ia tio n )  w ill be am p lified  as it  too  w ill be m o d u la te d  at the  

sam e frequency. A s  such, sm a ll s ign a l changes caused b y  N I R  ab so rp tio n  can be 

iso lated  from  b a ck g rou n d  th e rm a l noise an d  am p lified  to  a usefu l m agnitude.

T h e  L a b o ra to ry -B a s e d  P ro to ty p e  sensor was dem o n strated  in  a nu m b er of 

con figu ration s, in c lu d in g  liq u id  w ater sensing in  a tra n sm iss io n  cuvette, w ater 

v a p o u r (re lative  h u m id ity , R H )  sensing  in  a  10cm -long gas cell, and  surface d ry in g  

in  d iffuse reflectance m ode. A lth o u g h  flex ib le  enough to  be an  effective w ater 

sensor in  a ll o f th e  above m en tio n ed  con figurations, th e  s ta b ility  o f the sensor 

was not o p t im a l even con sid erin g  p u m p  referencing. In a d d it io n , the sw itchable  

p o la ris a t io n  added  a  con siderab le  elem ent o f co m p le x ity  to  th e  system , as w ell 

as d ire c tin g  th e  reference b eam  aw ay from  th e  o p tic a l in te rro g a tio n  path , such  

th a t an y  in s ta b ility  not due to  a b so rp tio n  e.g. sca tterin g  co u ld  n o t be “referenced  

o u t” . F in a lly , the  irre g u la r sh ape o f th e  Z B L A N : T m 3+ resu lted  in  a n on -u n ifo rm  

fluorescence em ission  envelope, m a k in g  co llim a tio n  an d  focu sin g  d ifficu lt.

3 . 4  T h e  I n d u s t r i a l  P r o t o t y p e

T h e  a u th o r ’s in vo lvem en t w ith  th is  w ork  com m en ced  w ith  develop ing  the  next 

ite ra tio n  o f th e  L B P .  It was decided  th a t a fu ll-scale  refinem ent o f the  L a b o ra to ry -  

B a se d  P ro to ty p e  be in stig ate d  to  rem ove the co m plex  o p tic a l sw itch ing  an d  sim 

p lify  th e  o p tic a l con fig u ratio n , to  enclose th e  sensor in  a m o d u la r housing  w ith  

rem ovab le  heads for sensing w ater in  b o th  flu id ic  phases an d  on surfaces, and  to  

im p ro ve  sensor stab ility . T o  th is  end, a su itab le  o p tic a l co n fig u ratio n  was m o d 

elled u sin g  ra y-tra c in g  p ro g ram s a n d  th is  becam e the  basis o f th e  I n d u s t r ia l  

P r o t o t y p e .

3 . 4 . 1  O p t i c a l  D e s i g n

T h e  first design d ecis ion  tak en  was th a t w hile  the  reference b eam  generation  using  

th e  sw itch ab le  L C  w aveplate  an d  p o la ris in g  b e a m sp litte r was novel and  techn o

lo g ic a lly  im pressive , it  d id  n o t len d  w ell to  in d u s tr ia l o r rem ote environm ents. 

In su ch  em b od im en ts, fu n d a m e n ta l system  s im p lic ity  is p ara m o u n t to  avoid  p ro 

d u c tio n  dow ntim e in  th e  case o f an in d u str ia l process m on ito r, or over-regular 

m ain te n a n ce  v is its  for a  rem o te ly -s ited  e n v iron m en ta l sensor, for exam ple. T o
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th is  end, a m ore rugged  o p tic a l design  was im p lem en ted , w hereby the sensor 

w ou ld  not o n ly  house the  p u m p  an d  fluorescence optics, b u t w ou ld  also feature  

sufficient e lectron ic  processing  an d  d etectio n  cap ab ilities  th a t w ou ld  m in im ise  the  

n u m b e r o f ex tern a l devices.

T h e  In d u stria l P ro to ty p e  reta in ed  th e  m o d u la ta b le  fluorescence from  the pre

v iou s ite ra tio n  o f the sensor, b u t th e  te m p o ra l sw itch ing  was aban don ed  in  favour 

of a co n fig u ratio n  w here the p u m p in g  laser w ou ld  s t ill be used  as a reference beam , 

th is tim e  fo llow ing  th e  sam e o p tic a l p a th  as th e  IR  p ro b e  beam . T h e  p u m p in g  

laser used was a 685nm  m o d u la ta b le  laser d iode (Laser 2000 U K ;  A p p e n d i x  A ) .

T h e  fluorescence source was rep laced  w ith  a 5m m  d iam eter sp h erica l Z B L A N  

glass bead , doped  w ith  12% T m 3+ an d  p laced  w ith in  a 19m m -w ide p ara b o lic  

reflector (C a r le y  L am p s; ref. 1936), q u a si-co llim a tin g  th e  fluorescent em ission  

from  th e  bead. T h e  b ea d  was deem ed to be o p t ic a lly  o p tim ize d  com pared  to  the  

ir re g u la r ly  sh aped  glass used in  the  L P B  viz. a u n ifo rm  fluorescence was produced . 

N o t a ll o f th e  p u m p  ra d ia tio n  is ab sorbed  for fluorescence e x cita tio n , and it was 

th is  u n a b so rb e d  com pon en t o f th e  laser d iode em ission  th a t w ou ld  be used as the  

reference signal.

Parabolic Fluid Sample
Reflector Chamber

Figure 3.4: Optical configuration of the Industrial Prototype

F ig u re s  3.4 an d  3.5 are a  sch em atic  and  C A D  im age o f th e  o p tic a l configura

tio n  used to  achieve co-ax ia l fluorescence and  referencing. T h e  u p p e r side o f the  

p la tfo rm  served as an  o p tic a l ben ch, w here the  p u m p  laser d iode, Z B L A N : T m 3+ 

bead  an d  p a ra b o lic  reflector, an d  a su itab le  N I R  detector were arranged in  a re-
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flective  con figuration . T h e  u n derside  o f the  D latfo rm  served as a m ou n t for signal 

filter
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Figure 3.5: 3D view of prototype with outer housing, optical platform and liquid 

head. The electronics are situated on the bottom of the platform

T h e  p u m p  d iode  laser was focused u s in g  a 10m m  foca l le n g th  p lano-convex  

lens attach ed  to  the laser d iode apertu re , an d  o p tic a lly  co u p led  to  the Z B L A N : T m 3+ 

b ead  th ro u g h  the rear o f th e  p a ra b o lic  reflector. T h e  d op ed  bead  was epoxied  

onto a sm a ll a lu m in iu m  c y lin d r ic a l stu b  w h ich  fitted  in to  th e  b a ck  o f the reflec

to r, th ro u g h  w h ich  p u m p  ra d ia tio n  cou ld  im p in g e  on th e  Z B L A N : T m 3+ bead v ia  

a 2m m  d iam eter o pen in g  in  th e  b a ck  o f the  stub. T h e  fluorescence was quasi

co llim a te d  b y  th e  reflector an d  focused  using  a 20m m  fo ca l len gth  p lano-convex  

lens p la ce d  at the  m o u th  o f the p a ra b o lic  reflector.

T h e  stu b -b e a d  co m b in a tio n  was situ ated  w ith in  th e  p a ra b o lic  reflector to  

p o s it io n  th e  b ead  at th e  focus o f the  reflector. T h e  laser d iode-lens co m b in atio n  

was p o s it io n e d  at a precise  d istan ce  from  th e  re flector-stub-bead  com bin ation . 

T h is  lin ear co m b in a tio n  o f th e  source o ptics was situ ated  o n  the  p la tfo rm  close 

to  the  fron t w indow  o f the  hou sin g , such  th a t a  p ara lle l b eam  em itted  from  the  

reflector w as in c id e n t at 5° to  th e  cen tra l ax is o f the p la tfo rm . T h e  detector was 

s itu ate d  at 5° from  th e  cen tra l ax is on  th e  side opposite  th e  source optics. T h e  

reference b e a m  fo llow ed th e  sam e p a th  as th e  p robe  beam .

M o is tu re  b e a rin g  sam ples were in terrogated  b y  reflection  th ro u g h  a flu id  ch am 

ber: a 10m m  gap in  th e  case o f liq u id s  and  a 50m m  ca v ity  in  the  case o f gases. 

T w o  in terchan geab le  heads were co n stru cted  to fa c ilita te  m easurem ent in  each o f 

these cases. B e h in d  th e  flu id  ch am b er in  each case a concave m irro r was fitted  

to  th e  b a ck  o f th e  ch am b er to  a id  in  refocusing  th e  I R  ra d ia tio n  b a ck  in to  the  

detector. T h e  L iq u id  C e ll  em ployed  a 25m m  foca l le n g th  m irro r  w hile  the G a s  

F lo w  C e ll em ployed  a 50m m  fo ca l len gth  m irror.
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3 . 4 . 2  N I R  D e t e c t o r s

T h e re  are tw o general categories th a t IR  detectors can  be d iv id e d  into: photo- 

co n d u ctive  devices an d  ph otod iod es. P h o to c o n d u c tiv e  detectors, also know n as 

photoresistors, re ly  on resistance change caused b y  in c id en t ra d ia tio n  w h ich  is 

expressed as a change in  the p o te n tia l d ifference across the detector i f  it is part 

of a p o te n tia l d iv id er. Free electrons are created  b y  photon s w h ich  are absorbed  

b y  th e  active  reg ion  m ate ria l (e.g. s ilicon , m e ta llic  su lph ide). If an e lectrica l 

p o te n tia l is app lied  across th e  detector, cu rren t can flow. A s  th e  a va ilab ility  of 

free e lectrons changes in  d irect p ro p o rtio n  to  the in c id en t ra d ia tio n  intensity, the  

observed sh ift in  detector resistance can  be  re lated  to the in tensity. T y p ic a lly  

p h o to co n d u ctiv e  detectors are in expen sive  devices and are excellent choices for 

low -frequency app lica tion s.

B y  generating  an  e lectrica l o u tp u t from  p h o to n  ab so rp tio n , p h o to d io d e  detec

tors do n o t requ ire  a b ias voltage to operate. Instead o f using  resistance change  

to  detect ligh t, p h o to d io d es are based  on  p h o to n  ab so rp tio n  in  a sem icon du c

to r p-n ju n ctio n . O p e ra t in g  in  photovoltaic m ode i.e. m easu rin g  the  p oten tia l 

betw een th e  p an d  n regions, in creased  se n s it iv ity  is afforded b y  th e  absence of 

d a rk  cu rren t [19].

(i) P r o j e c t  R e q u i r e m e n t s

T h e  N I R  fluorescence em ission  at 1.83/im was m o d u la te d  at th e  sam e frequency  

as th e  685nm  p u m p  d io d e  laser; th is  frequ ency was p ro v id e d  b y  a b en chtop  pulse  

generator. A t  su b -k ilo h e rtz  m o d u la tio n  frequencies, p h o to co n d u ctiv e  detectors 

have su ffic ien tly  fast response to  a deq u ate ly  cap tu re  th e  m o d u la te d  N I R  signal 

and  were used for th e  h u m id ity  sensor.

T w o  ty pes o f p h o to co n d u ctiv e  detectors were used w ith  the  p ro ject, b o th  

su p p lie d  b y  C a l Sensors (Santa  R o sa , C A ,  U S A ) . T h e  m ost w id e ly  recognised  

“figure o f m e rit” for detectors is th e  specific detectivity, D* (pron oun ced  “D -  

sta r” ), a n d  is defined as

D* = ' g Z  ( 3  i)
N E P  ^ '

w here Ad is the active  area o f th e  d e te cto r’s sensing elem ent a n d  A /  is the b a n d 

w id th . N E P , the  N o ise  E q u iv a le n t Pow er, is th e  in c id en t ra d ia tive  pow er requ ired  

to  p ro d u ce  a signal-to-noise ra t io  (S N R )  of 1. D* has th e  u n its  c m y /H z W ~ 1.

O n e  o f th e  m a in  sources o f e lectron ic  s ign al in s ta b ility  in  IR  detectors is 

th e rm a l noise. B a ck g ro u n d  ra d ia t io n  can co n trib u te  to  th e  overall IR  signal, 

and  as p la c in g  filter u p o n  filte r in  th e  d e te cto r’s fie ld  o f v iew  ( F O V )  to  rem ove
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th e  b a ck g ro u n d  com pon ents w ou ld  be  co stly  b o th  in  term s o f tim e  an d  expense, 

an a lte rn ative  m e th o d  m ust be  used to  e lim in ate  th e rm a l noise. B y  coo ling  

th e  detectors and  keeping th e m  at a  fixed  low  tem p eratu re , th e rm a l noise can  

be m in im ise d . C o o lin g  is u su a lly  a ccom p lish ed  b y  cryogenic or e lectron ic  means: 

th e  fo rm er is com m on p lace  for M I R  detectors w here liq u id  n itro g e n  ( L N 2) is used  

to m a in ta in  tem p eratu res a ro u n d  7 7 K  (-196°C). F o rtu n a te ly  for N I R  detectors, 

electron ic co o lin g  u sin g  P e ltie r coolers is o ften  sufficient. T h e se  devices explo it 

th e  P e lt ie r  effect to  p ro v ide  coo lin g  on  one side of a  p la te  and  h eatin g  on  the  

other side. W it h  p ro p e r heat s in k in g  to  draw  off excess heat, P e lt ie r  coolers can  

m a in ta in  th e  te m p era tu re  o f a d etector dow n to  -3 0 °C  in  a  co m p a ct T -0 8  package  

indefin ite ly .

( ii)  L e a d  S e le n id e  ( P b S e )  D e t e c t o r

T h e  first detector used  in  th is  w ork to  sense N I R  w ater a b so rp tio n  was a lead  

selenide (P b S e) detector. A lth o u g h  th is  d etector is designed to  g ive o p tim u m  

re sp o n s iv ity  at h igh er w avelengths (cf. F ig u re  3.6), its se n s it iv ity  was deem ed  

su itab le  for th e  first ite ra tio n  o f th e  sensor i.e. th e  L a b o ra to ry -B a se d  P ro to typ e .

Wavelength (pin)

Figure 3.6: Graph displaying the typical spectral response of PbS and PbSe detec-

A s  b o th  th e  N I R  p ro b e  fluorescence (A =  1.83/xm) an d  the  p u m p  beam  (A =
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685nm ) were b e in g  te m p o ra lly  sw itched  to  allow  referencing, as w ell as m od u la te d  

at a k H z-le v e l frequ en cy  to  allow  lo ck -in  detection , o n ly  one detector was requ ired  

to  detect b o th  p u m p  and  probe  beam s. T h is  co m m o n  detector ap p roa ch  avoided  

detector m ism a tch  th a t using  d u a l detectors co u ld  have posed  due to sensing  

m a te ria l inconsistencies.

( iii)  L e a d  S u lp h id e  ( P b S )  Q u a d  D e t e c t o r

F o r th e  In d u stria l P ro to ty p e , an im p ro ve m e n t in  th e  d etection  se n s it iv ity  was 

requ ired  to  detect sm a lle r re lative  h u m id ity  sh ifts. T h e  o rig in a l P b S e  detector 

was rep laced  w ith  a lead  su lp h id e  (P b S ) q u ad  detector (C a l Sensors; ref. A T 1 S -  

1 8 T (M )-4 ; A p p e n d i x  B ) .  It n o t o n ly  e x h ib ite d  b e tte r D *  th a n  th e  P b S e  (an 

entire order o f m ag n itu d e), b u t h a d  four sensing elem ents, each w ith  an  in de

pendent o u tp u t channel. E a c h  elem ent co u ld  accom m od ate  o p tic a l filters w ith in  

the detector package: IR -tra n sp are n t an ti-re flection  coated  s ilicon  (LW P -1 0 00 , 

percentage tra n sm itta n ce  > 90% in  th e  range 1.80-2.60/im , zero tra n sm itta n ce  

at w avelengths below  1.0/xm) was in sta lle d  over two d etectin g  elem ents, w h ile  IR -  

opaque K G - 3  glass (percentage tra n sm itta n c e  o f 60% at 685nm , < 1% at 1.85/um) 

was in sta lle d  over th e  o th er two elem ents. T h e  filters ensured th a t th e  N I R  probe  

b eam  co u ld  be sensed w ith o u t in terference fro m  th e  v is ib le  reference beam , and  

v ice  versa, using  the  single detector package. A lth o u g h  a ll four elem ents were 

p ro v id e d  w ith  filters, tw o elem ents were sufficient for p ro b e  and  reference beam  

detection . A s  th e  P b S  qu ad  detector elem ents were m an u fa ctu red  from  the sam e 

die, the  effect o f detector d rift was m in im ise d . D *  for the tw o detector facets 

was specified  for a  facet active  area o f 0 .01cm 2 and  a noise b andpass o f 7 .85H z as 

3.16 x  1011 an d  3.09 x  1011 cm \/H z W _1for th e  I R  and  v is ib le  detectin g  elem ent, 

respectively .

3 . 4 . 3  D e t e c t i o n  E l e c t r o n i c s

It w as necessary to  rep lace the c irc u itry  th a t h a d  been used p re v io u s ly  w ith  the  

L a b o ra to ry -B a s e d  P ro to ty p e . T h is  is because in stead  o f b o th  signals (probe and  

reference) b e in g  carried  from  th e  detector on a single channel, th ere  were now  

two channels b e in g  used. A  tw o-chan nel detector c ircu it  was b u ilt  in co rp o ra tin g  

a m u lt ip le x e r (N a tio n a l S em icon du ctor; ref. C D 4 0 5 3 B C )  th a t enab led  sw itch ing  

betw een b o th  detector channels (F ig u re  3.7). T h e  single o u tp u t from  the m u lt i

p lexer was a m p lifie d  u s in g  an  O P 7 7  o p e ra tio n a l am plifie r and  fed to  a  benchtop  

lo ck -in  am p lifie r ( E G & G  P r in c e to n  A p p lie d  R esearch  M o d e l 5101). T h e  am plified
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sign a l was th en  sam pled  b y  a d a ta  a cq u is it io n  P C  card  (N a tio n a l Instrum ents; 

ref. P C I-6 0 2 4 -E )  and  analysed  u sin g  L a b  V I E W  V ir t u a l In stru m en t software.
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Figure 3.7: Circuit diagram for detecting photoresistive changes using multiplexed 

signal switching

A  n u m b e r o f pow er supp lies were requ ired  for o p era tin g  th e  various e lectron ic  

com pon ents o f th e  In d u stria l P ro to ty p e . In tegration  of these device in pu ts  was 

ca rried  out on  the  sam e c ircu it  b o a rd  as th e  detector b ias c ircu itry . A lth o u g h  the  

685nm  p u m p  d iode laser was operated  in  pu lsed  m ode, a  D C  voltage was also 

req u ired  for operatio n . T h e  laser h a d  two in dep en den t in p u ts , one o f w h ich  was 

con nected  to  a B a n g  &  O lu fso n  S N 1 6 A  D C  supp ly , th e  other to  a  pulse generator 

(Le v e ll F u n c t io n  G en erato r; ref. T y p e  T G 3 0 3 )  for T T L  pulses (0 -5 V ). A n o th e r  

B & O  D C  su p p ly  was requ ired  for o p era tin g  the  P e lt ie r coo ler in  th e  P b S  quad  

detector, w h ile  an  a d d it io n a l su p p ly  was used to  p ro v id e  b ias voltage for the  

two q u a d  detector p h o to co n d u ctiv e  elem ents. F in a lly , the m u ltip le x e r requ ired  a 

ex te rn a l m o d u la te d  pow er su p p ly  to  fa c ilita te  sw itch in g  betw een the probe and  

reference signals. W h ile  a pulse  generator was in it ia lly  used, a L a b  V I E W  v irtu a l 

in stru m e n t (VI) was im p le m e n te d  th a t p ro v ided  the  necessary m od u la te d  signal 

(cf. S ectio n  3.4.4).

(i)  L o c k - I n  A m p l i f i c a t i o n

L o c k - in  a m p lifica tio n  is an  in va lu ab le  to o l for sign a l analysis. B ased  on th e  p rin 

cip le  o f frequ ency-se lective  a m p lifica tio n , useful d ata  em bedded  in  n o isy  signals
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can be successfu lly  retrieved. A lth o u g h  im provem ents to  S N R s  can  be accom 

p lished  b y  len gth en in g  th e  sa m p lin g  tim e  to  average out ra n d o m  noise, th is  m ay  

not be feasib le if  s ign a l sh ifts o ccu r over tim esca les sh orter th a n  th e  increased  

sa m p lin g  tim e.

L o c k - in  am plifiers w ork a rou n d  th is  b y  sa m p lin g  a m o d u la te d  signal o f know n  

m o d u la tio n  frequ ency an d  o n ly  a m p lify in g  th a t signal, th us re d u cin g  noise. In i

tia lly , a detector s ign a l (S0) in  response to  a m o d u la te d  o p tic a l sign a l is am plified  

and  passed th ro u g h  a filter tu n ed  to  th e  reference frequ ency i.e. the  kn ow n m o d 

u la tio n  frequ en cy  u>. T h e  signal a fter a m p lifica tio n  S  is

S = S0Acos(out) (3.2)

w here A  is th e  a m p lifica tio n  factor. T h e  reference sign al undergoes a phase sh ift 

an d  is recom b in ed  w ith  the  a m p lified  signal, resu ltin g  in

S ' = S0Acos(u)t) cos(u>t + ■j) (3.3)

A s  2 cos A  cos B = c o s (A  +  B) +  c o s (A  — B ) , th is  becom es

S ’ =  [co s(2u;t +  7 ) +  cos 7 ] (3.4)
Z1

an d  so a value is reached  th a t represents the  a m p litu d e  o f th e  detector signal 

( ^ 4  c o s 7 ) and  has an a d d it io n a l h ig h  frequ ency com pon ent ( ^  cos(2u>t^)). B y  

s im p ly  passin g  S' th ro u g h  a low -pass filter, th e  D C  a m p lified  signal can  be re

trieved  w h ile  th e  tim e -v a ry in g  co m po n en t is suppressed.

3 . 4 . 4  D a t a  A c q u i s i t i o n

In order to  read  in , store an d  d isp la y  the  N I R  sp ectroscop ic  ab so rp tio n  data, 

a p e rso n a l co m p u te r w as fitte d  w ith  a d a ta  a cq u is it io n  ( D A Q )  card  (N a tio n a l 

Instrum ents; ref. P C I-6 0 2 4 -E ) . T h e  D A Q  card  allow ed the  P C  to  sam ple and  

process analog  signals v ia  a desktop  in p u t/ o u tp u t (I/O ) con nector board .

T h e  L a b  V I E W  softw are su ite  was used to  process an d  d isp la y  data. B ased  

on V ir t u a l  In strum ents (V is ) , p ro g ram s can  be w ritte n  to  acqu ire  and  analyse

d a ta  w h ile  offering nu m erous v isu a lisa t io n  options. A  g ra p h ica l user interface

(the F ro n t P an e l) w as designed to  fa c ilita te  m ore u ser-fr ien d ly  operatio n  of the  

com pleted  p rogram .

A  V I  w as created  to  sam ple  th e  D C  o u tp u t from  the  lo ck -in  am plifier, w hile  

anoth er was w ritte n  to  co llate  th e  sam ples and  average th e m  over a set tim e  

p erio d . B y  sa m p lin g  th e  m u lt ip le x e r sw itch ing  co n tro l and  co m parin g  it  to  a
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set voltage value, L a b  V I E W  was cap ab le  o f determ in in g  w h eth er th e  am plified  

detector s ign a l b e in g  read  at a p a rt ic u la r  m om ent was due to  th e  N I R  probe  

b eam  or th e  v is ib le  reference beam . T h is  w as circu m ven ted  b y  w rit in g  a V I  th a t 

p ro v id e d  th e  m u lt ip le x e r w ith  a m o d u la te d  signal, th u s d e te rm in in g  abso lu te ly  

th e  sw itch in g  tim es betw een b o th  p ro b e  and  reference signals.

3 . 4 . 5  O p t i m i s a t i o n  o f  I n d u s t r i a l  P r o t o t y p e

( i)  E l e c t r o n i c  o p t im is a t io n

T h e  b e a m  sw itch in g  requ irem ent led  to  issues w ith  th e  e lectron ic  c irc u itry  de

signed to  process th e  detector o u tp u t. V e ry  long  rise-tim es, o f th e  order o f Is, 

were observed  from  the  lo ck -in  a m p lifie r for m u lt ip le x in g  sw itch in g  frequencies 

o f 0 .4H z. T h is  led  to  in o rd in a te ly  slow  sensor response tim es to  w ater content in  

sam ples, a  feature th a t a  N I R  o p t ic a l sensor sh ou ld  n o t exh ib it.

It was fo u n d  th a t th is  e x trem ely  le n g th y  rise-tim e was due to  the  lock-in  

a m p lif ie r ’s P r e -F ilte r  tim e-con stan t setting . A n  a d d it io n a l lo ck -in  am p lifie r was 

p ro cu re d  to  process th e  reference sign a l, b ypassin g  th e  m u ltip le x e r (F ig u re  3.8). 

B y  m a in ta in in g  u n ifo rm  settings on  b o th  lo ck -in  am p lifie rs  (am p lifica tion , tim e  

con stan t, an d  phase sh ift con tro l), a n y  inconsistencies in  m u tu a l d rift were m in 

im ised.

Figure 3.8: Circuit diagram for detecting photoresistive changes using dual lock-in 

amplification
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( ii)  O p t i c a l  o p t im is a t io n

T h e  p ro v is io n  o f a m oveable stub  onto w h ich  th e  Z B L A N : T m 3+ b ead  was attached  

allow ed fo r o p tim a l p o s it io n in g  o f the  b ead  w ith in  the p a ra b o lic  reflector. In th is  

way, an d  togeth er w ith  the focu sin g  lens on  the  p u m p  laser d iode, the  m ax im u m  

am ou nt o f p u m p  ra d ia tio n  cou ld  be d irected  onto  the Z B L A N : T m 3+ bead, w hile  

o p tim is in g  th e  co llim ate d  o u tp u t from  th e  reflector.

( iii)  D e t e c t o r  t e m p e r a t u r e  m o n i t o r in g

T h e  P b S  q u ad  detector is eq u ipped  w ith  an in tegrated  th e rm isto r th a t was used  

to  m o n ito r th e  d etector tem p eratu re . T h e  resistance o f the  sensing elem ents 

is in verse ly  p ro p o rtio n a l to  te m p e ra tu re  (1.31M f2 for T  = 25°C; 3.95MJ1 for 

T  =  — 2 0°C  for one sensing elem ent). A s  th e  o p tica l sign a l was detected  by  

p la c in g  th e  quad  detector in  a p o te n t ia l d iv id e r arrangem ent, any  tem peratu re  

sh ift o f th e  detector affected sign a l re p e a ta b ility . Th ere fo re , th e  a b ility  to  sense 

any te m p e ra tu re  flu ctu a tio n s  was c r it ic a l for determ in in g  tru e  detector response  

to I R  ab sorp tion . A  resistance RTH versus te m p e ra tu re  Tth p rofile  was su pp lied  

b y  C a l  Sensors for the in -b u ilt  th e rm sito r, an d  a best-fit curve was fitted. A  first 

order ex p o n e n tia l cu rve  was foun d  to  be  the best a p p ro x im a tio n  to  th e  curve:

Rth =  ae~b(-TTH) (3.5)

T h u s , an y  change in  te m p e ra tu re -in d u ce d  resistance sh ift can  be  accounted  for 

and m on ito red . U s in g  the  best fit coefficients (a =  3.0861, b =  0.0049) and  

using  a p o te n tia l d iv id e r c ircu it  to  detect resistance change, a V I  was w ritten  

and  in teg ra ted  in to  the  L a b  V I E W  d a ta  processing  p ro g ra m  th a t co n cu rren tly  

m o n ito re d  the  detector te m p era tu re  a n d  d isp layed  the te m p e ra tu re  graphically . 

T h is  a llow ed th e rm a l sensor d rift to  be  accou nted  for.

T h e  fe a s ib ility  o f using  the  p u m p  b eam

( iv )  R e la t iv e  h u m i d i t y  g e n e r a t io n

A system  was b u ilt  th a t generated rep eatab le  re lative  h u m id ity  (RH) levels over 

len gth y  p e rio d s  o f tim e. T h e  a p p a ra tu s  and  experim en ta l set-up used to  charac

terise  th e  response o f th e  sensor w hen m easu rin g  the presence o f w ater vap o u r in  

nitrog en  is show n in  F ig u re  3.9.

T h e  presence o f w ater v a p o u r in  gas was m easured  th ro u g h  the  use of a  flow  

cell, to  w h ich  n itrog en  w ith  a kn ow n  m oistu re  content an d  at ro o m  tem peratu re  

was in tro d u c e d  a n d  referenced against d ry  n itrogen. A  m ass flow  con tro lle r ( M F C
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|  N2

Figure 3.9: Experimental setup used to generate fixed RH levels for calibration of 

the industrial prototype

1) allow ed n itro g e n  (w ater content < 5 p pm ) to  be  fed in to  a h u m id ife r, w hile  

anoth er m ass flow  con tro lle r ( M F C  2) fa c ilita te d  m ix in g  o f fixed  am ou nts o f th e  

h u m id ifie d  n itro g e n  (W et N2) an d  th e  d ry  n itrog en  ( D ry  N2). T h e  m oistu re  

content in s id e  th e  G a s  F lo w  C e ll w as therefore s tr ic t ly  con tro lled .

T h e  M F C s  were co n tro lled  u sin g  a b en ch to p  con tro ller. T o  accu ra te ly  ca li

b ra te  th e  R H  levels w ith in  th e  G a s  F lo w  C e ll, an E ire le c  T H 2 1  cap a c it ive  R H  

sensor was con n ected  to  th e  exhaust o u tle t o f th e  cell. It w as fou n d  th a t th e  m ix 

in g  system  re q u ire d  a p p ro x im a te ly  tw o m in u tes to  purge th e  ce ll o f its p revious  

contents a n d  fill it  w ith  a N 2 m ix tu re  o f fixed  R H .

3 . 5  S u m m a r y

T h e  deve lopm ent o f a  h u m id ity  sensor based on  ra re-earth  d op ed  glass fluores

cence has been  d eta iled  here, a long  w ith  d escrip tion s o f detectio n  e lectron ics and  

s ign a l p rocessin g  techn iques.

T h e  p r im a ry  a im  w as to  develop  a rugged  m o d u la ta b le  sensor th a t cou ld  

detect h u m id ity  changes. S u ch  a  device  w o u ld  be  w ell su ited  to  app lica tion s  

such  as leak  m o n ito r in g  w ith in  gas p ip e lin es, a n d  th e  fle x ib ility  afforded b y  the
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reflective sou rce/detector con fig u ratio n  m ean t th a t other a p p lica tio n s  cou ld  be 

investigated  e.g. liq u id  w ater sensing in  so lvent m an u factu re  using  th e  L iq u id  

C e ll, or w ater content in  p ap e r m an u fa ctu re  v ia  diffuse surface reflectance o f the  

p ro b e  an d  reference beam s.

O p tim is a t io n  of v ario u s ch aracteristics o f th e  sensor was ca rrie d  out in  p ara lle l 

w ith  ongoing  s ta b ility  an d  ca lib ra tio n  stu d ies (cf. C h a p te r  5)

A  p h o to g ra p h  o f th e  fin a lised  version  o f th e  sensor can  be  seen in  F ig u re  3.10.

Figure 3.10: Photograph of the Industrial Prototype, showing the cover, the optical 

platform and electronics, and the liquid sensing head
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C h a p t e r  4  

E x p e r i m e n t a l  S y s t e m  I I

4 . 1  M I R  S p e c t r o s c o p y  u s i n g  Q u a n t u m  C a s c a d e  

L a s e r s

Q u a n tu m  cascade lasers p ro v id e  u n precedented  access to  th e  M I R  sp ectra l region. 

B e in g  u n ip o la r  so lid  state  devices, th e y  offer h ig h  o p tic a l pow er in  a com pact  

package. O n ly  in ven ted  in  th e  early  1990s, e a rly  research focused on im p ro v in g  

the ro o m -te m p e ratu re  p u lsed  wave ( P W )  lasers cu rre n tly  availab le. A lth o u g h  

ro o m  te m p e ra tu re  co n tin u o u s wave ( C W )  Q C L s  are n o t yet co m m e rc ia lly  avail

able, research is co n tin u in g  in to  ra is in g  th e ir o p e ra tin g  tem p eratu res fro m  the  

cryogen ic range b y  ch an g in g  the  laser sem icon d u ctor m a te ria l or im p ro v in g  heat 

d iss ip atio n  v ia  b u rie d  h eterostru ctu re  g a in  regions [1 , 2].

Q C L s  have h a d  a trem en d ou s im p a ct on  in fra re d  sensing an d  te leco m m u n i

ca tio n  a p p lica tio n s  are also be in g  pursued. Q C L s  can  be m o d u la te d  at terahertz  

frequencies due to  th e ir  p icosecond-scale  e lectron  life tim es [3], a llow ing h ig h  speed  

o p tic a l co m m u n ica tio n s  [4]. T h e  M I R  em ission  can  be tu n e d  to avoid  atm ospheric  

absorptions (such as w ater a n d  C 0 2), en ab lin g  free-space signal tran sm issio n  [5]. 

H ow ever, it  is as M I R  sp ectro sco p ic  sources th a t Q C L s  have been m ost successful.

T h e  p o te n t ia l o f Q C L s  as M I R  sp ectroscop ic  sources has been w ide ly  recog

n ised  ea rly  in  th e ir  developm ent [6, 7, 8, 9, 10]. M o s t m olecules e x h ib it strong  

ab sorp tion s due to  fu n d a m e n ta l v ib ra tio n s  in  th e  m id  in frared . M I R  ab sorp tion  

sp ectroscopy has becom e a pow erfu l a n a ly t ic a l to o l b y  exp lo itin g  these fu n d a

m en ta l absorptions. F T I R  spectroscopy is w id e ly  used to  analyse sam ples over 

a large sp e ctru m  e.g. 2-16/^m (625-5000cm -1 ) b u t it  is not genera lly  su ited  to  

fie ld  dep loym en t due to  size an d  system  com plexity .

A  sp ectro sco p ic  m e th o d  th a t has becom e p o p u la r  and  m ore a p p lica b le  to  

com pact o p t ic a l sensing  is laser ab so rp tio n  sp ectro sco py  (cf. S ection  2.2.2). L e a d
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Figure 4.1: Schematic of a typical Fabry-Perot QCL

sa lt tu n a b le  d iode  lasers ( T D L s )  are a sta n d a rd  m e th o d  o f accessing th e  M I R  

b u t suffer from  the  req u irem en t o f cryogen ic coo lin g . Q C L s  can  operate  at ro o m  

te m p era tu re  or w ith  th e rm o e le ctric  coo ling , a n d  can  e x h ib it stab le  single m ode  

operation .

Q C L s  have been u sed  in  a  b ro a d  range o f sp ectro sco p ic  sensing configurations. 

A  con siderab le  n u m b e r o f sensors em ploy in g  Q C L s  as spectroscop ic sources have  

been d em on strated  re ce n tly  in  fields as d iverse as th e  m oto r an d  m e d ica l device  

m an u fa ctu rin g  in du stries .

In term s o f em iss ion  analysis, Q C L  based sp ectrom eters have been  used for 

veh ic le  em ission  ce rtifica tio n  [11], in d u s tr ia l exhaust system  [12] an d  b iom ass  

steam  g as ifica tion  m o n ito r in g  [13], m ic ro g ra v ity  d ro p le t ig n it io n  ana lys is [14], 

an d  even c igarette  sm oke an a lys is  [15].

A tm o s p h e ric  gas sensing  has also been  accom p lish ed  w ith  Q C L s .  A tm o s p h e ric  

gases th a t have been d etected  in c lu d e  a tm o sp h eric  n itr ic  oxide (N O ) [16], ca rb on  

m on oxide  (C O )  [17], n itro u s  oxide (N 20 )  an d  m eth an e  ( N H 3) [18], and  ozone [19, 

20]. T h e  C 0 2 content o f  th e  M a rt ia n  atm osphere  has also been analysed  w ith  a 

Q C L  spectrom eter [21].

A q u e o u s  sensing poses p a rt ic u la r  d ifficu lties for M I R  spectroscop ic analysis  

due to  th e  stron g  s p e ctra l interference o f m a tr ix  com pon ents in  aqueous m ixtures. 

In th e  case o f F T I R  spectroscopy, o p tic a l p a th  len gths are ty p ic a lly  10 50/im  

long, w h ich  leads to  re d u ce d  se n s it iv ity  an d  a danger o f cell clogging  in  th e  case of 

p artic le -co n ta in in g  sam ples [22]. H ow ever, an a lys in g  aqueous sam ples w ith  Q C L s  

allow s for longer o p t ic a l p a th  len gths o f a ro u n d  th e  o rder o f 125/^m [23] due to  

th e ir  con siderab le  o p t ic a l pow er, w h ich  in  tu rn  increases sensitiv ity . C h e m ica ls  

detected  in  aqueous so lu tion s in terrogated  b y  Q C L s  in c lu d e  ph osp h ate  ( P 0 43 - ) 

in  D ie t  C o k e  sam ples [22]; glucose and  fructose in  red  w ine [23]; adenine and  

xan th osin e  [24]; d isso lved  C 0 2 [25]; an d  adenosine, guanosine, x an th osin e  and
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adenosine-5 ’-m on op h osph ate  ( A M P )  using  c a p illa ry  e lectrophoresis to  separate  

the sam ple  [26].

P o rta b le  b reath  an a lysis  is a tech n o log y  th a t has benefitted  from  the  p ro lif

eration  o f th e  Q C L  as a  d iscrete M IR , source. H e a lth y  h u m a n  b reath  can co n ta in  

several hu n d red  com pon ents at p ico m o la r con cen tration s (10~12M ) [27] besides 

th e  b u lk  m a tr ix  o f N 2, O 2, C 0 2, w ater and  in ert gases. T h ese  trace  gases in 

clude in org an ic  gases like  N O  and  C O ,  and  v o latile  o rg an ic  co m pou n d s ( V O C ) .  

D e v ia tio n s  from  n o rm a l endogenous co n ce n tra tio n  levels can  be lin ked  w ith  p ar

t ic u la r  p h ys io lo g ica l processes. It was fou n d  th a t a n u m b er o f chem icals correlate  

w ith  p a rticu la r  m e ta b o lic  and  p ath o lo g ic  processes; such chem icals are know n as 

biomarkers [28, 29, 30, 31].

Som e exam ples o f b iom arkers are g iven  in  T a b le  4.1 ([29, 31] an d  references 

there in). W h e re  tw o b iom arkers are g iven for a p a rt ic u la r  process (like ethane  

and  p entan e), th e y  b o th  co n trib u te  to  the  endogenous b reath  con centration .

A s  can be seen fro m  T a b le  4.1, b iom arkers have great p o te n tia l for non-invasive  

m e d ica l d iagnosis co m p a red  to  cu rrent d iagn o stic  m eth ods like biopsies. H o w 

ever, no c lin ica l u p tak e  o f b re a th  ana lysis  has o ccu rred  due to  a la ck  o f accepted  

stan d ard s for b re a th  sa m p lin g  p rocedures an d  d a ta  in terp reta tion , a sh o rtfa ll in  

m a p p in g  e x h a la tio n  k in etics , and  no sta n d a rd ised  and  defin itive  u n d erstan d in g  

of th e  ph ys io lo g ica l m ean in g  o f a ll b iom arkers [31].

Th ere fo re , the  q u a lif ica tio n  an d  q u a n tifica tio n  o f endogenous b iom arkers and  

p o te n tia l in terferences is v ita lly  im p o rta n t. E x a m p le s  o f interferences in c lu de  

exogenous co n ta m in a n ts  e.g. increased  h y d ro c a rb o n  b re a th  content in  sm okers, 

b re a th  acetone changes caused b y  d ie tin g  or fasting , changes in  exhaled  am m o n ia  

d u rin g  graded  exercise [32], o r the c irca d ia n  rh y th m  an d  age d epen dency o f b reath  

isoprene con centrations.

A tte m p ts  to  e sta b lish  corre lation s betw een b io m arker con cen tra tio n  in  b reath  

and  b lo o d  have been u n d ertak en , u s in g  a varie ty  o f detection  m ethods. B re a th  

a m m o n ia  co n cen tra tio n s o f end-stage renal fa ilu re  p atien ts have been foun d  to  

v a ry  w ith  b lo o d  urea  N 2 an d  creatine con cen tra tion s d u rin g  h aem od ia lysis  p ro 

cedures [33]. V o la t ile  fa tty  acids, in c lu d in g  acetic  acid , in  th e  b re a th  o f p a

tients w ith  live r c irrh o sis  has been observed [34]. G a s  ch ro m ato g rap h y  (G C )  has 

been em ployed  in  d e te rm in in g  v o latile  ca rb o n y l co m po u n d s such as fo rm alde

h yde  in  tu m o u r-in fe cte d  p atien ts  [35], w h ile  gas ch rom atograp h y-m ass sp ectrom 

e try  ( G C M S )  has afforded  a su b stan tia l in vestig ation  in to  lu n g  cancer-re lated  

b iom arkers, in c lu d in g  alkanes an d  alkane and benzene derivatives [36]. T w o  c r it

ic a lly  im p o rta n t b io m arkers  are acetone ( C 3H 60 )  an d  fo rm aldehyde  ( C H 20 ) .
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C h e m ic a l  G r o u p B io m a r k e r ( s ) P h y s .  P r o c e s s  / C o n d i t i o n

S a tu ra te d

H y d ro c a rb o n s

P en tan e

A c u te  ca rd iac  allograft 

rejection , breast cancer, 

alco h o lic  liver disease

E th a n e  and  

pentane

L ip id  p ero x id atio n , ox idative  

dam age, m en ta l or p h ys ica l 

stress, asthm a, apnea, A R D S

B u ta n e  and  

p ropan e

P ro te in  o x idation , 

fecal flora

U n sa tu ra te d

H y d ro c a rb o n s

Isoprene O x id a tiv e  dam age, cholesterol 

synthesis, b a cte ria l o rig in

0 2-co n ta in in g

C o m p o u n d s

A ce to n e

U n co n tro lle d  d iabetes  

m ellitu s , fasting , dextrose  

m eta b o lism , lip o ly s is

2-p ro p an o l A ce to n e  re d u ctio n  b y p ro d u c t

E th a n o l In testin a l b a cte ria l flora

A ce ta ld e h y d e E n d og en o u s eth ano l o x idatio n

M e th a n o l In testin a l b a cteria l flora

S u lp h u ric

C o m p o u n d s

C a rb o n  d isu lfide

M e th io n in e  m etabo lism , 

lu n g  tra n sp la n t  

rejection , sch izoph ren ia

E t h y l  m ercaptan e, 

d im e th y l sulfide, 

d im e th y ld isu lfid e ,

L iv e r  c irrh osis , liver tra n sp la n ts

N 2-co n ta in in g  

C o m p o u n d s

N it r ic  oxide A s th m a

A m m o n ia Im p aired  live r fu n ctio n , u rem ia

D i-  an d  tr im e th y la m in e U re m ia

C -co n ta in in g

C o m p o u n d s

C a rb o n  m on oxide H aem olysis

CO Q O to O Q O to H. pylori in fection

Table 4.1: Endogenous biomarkers and associated physiological processes

B re a th  acetone has been in ten sive ly  in vestigated  due to  its p o te n tia l as an  

early  w arn in g  for d iabetes onset. W o r ld  H e a lth  O rg a n isa tio n  figures estim ate  

th a t 1 in  20 deaths w o rldw id e  are a ttr ib u ta b le  to  d iabetes, em ph asising  th e  need  

for a stra ig h tfo rw ard  an d  re liab le  b re a th  acetone analyser. Fo rm ald e h yd e  is an

other p h y s io lo g ica lly  im p o rta n t chem ical. W e ll estab lished  as a urine or in vitro
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b io m arker for b lad d er, p rostate  and  breast cancer [37, 38, 39, 40], elevated levels 

have been observed in  th e  b reath  o f n asa l tu m o u r-b e a rin g  m ice  and  hu m an s [35].

4 . 1 . 1  Q C L  B i o s e n s i n g

Q C L s  have been su ccessfu lly  dem o n strated  in  m e d ica l a p p lica tio n s  e.g. sensing  

glucose in  in vivo sk in  sam ples [41] and  in  serum  [42], Q C L  based b reath  sen

sors have m u ch  to  offer b re a th  ana lys is. T h e  narrow  lin e w id th  and  h igh  o p tica l 

pow er o f Q C L s  fa c ilita te  excellent m o le cu la r se le ctiv ity  for d istin g u ish in g  sim ila r  

b iom arkers, w h ile  byp assin g  te ch n ica l hu rd les such as su bstan ce  separation.

Several b iom arkers have been sensed using  Q C L s  e.g. C O  in  vascu lar cell 

stru ctu res [43]; ca rb o n y l su lfide (C O S )  [44]; n itr ic  oxide  (N O )  [45, 46]; ethylene  

( C 2H 4) [47, 48]; an d  a m m o n ia  ( N H 3) [49, 50, 51]. A  C W  Q C L  has been used  

to  detect m eth an e  ( C H 4) an d  n itro u s  oxide (N 20 )  [52], O th e r  M I R  sensors th at 

have been used to  analyse  b iom arkers in c lu d e  D F G  sp ectroscopy  o f endogenous 

C O  [53] and  a n tim o n id e  C W  d iode  laser sp ectroscopy o f m eth an e  [54],

D u e  to  th e  very  sm a ll b io m arker con cen tration s fo u n d  in  b reath , som etim es 

p reco n cen tra tio n  steps are taken to  increase an a lyte  co n cen tra tio n  and enhance  

sen sitiv ity . M e th o d s  such  as p o ly m e r coatings o n  o p t ic a l fibres an d  A T R  crysta ls  

for aqueous V O C  sensing  [55, 56], h y d ro p h o b ic  p orou s sol-gel film s [57], s ilica  gels 

for a ldehydes [58], an d  p la sm a  p o lym e rise d  adsorben t film s for a irb orn e  chem i

cals [59] are exam ples o f p re co n ce n tra tio n  treatm en ts th a t have increased the  

sam ple  con cen tration .

4 . 2  D r i v e r  E l e c t r o n i c s  f o r  L a s e r  O p e r a t i o n

A  Q C L  developm ent system  was pu rch ased  fro m  A lp e s  Lasers  to  develop a p la t

fo rm  for M I R  sensing. T h is  co m prised  the fo llow ing  com pon en ts to  generate and  

su p p ly  co n d itio n e d  cu rren t pulses to  the Q C L ,  as w ell as p ro v id e  tem p eratu re

co n tro l for w avelength  sta b ility :

• T P G 1 2 8  pu lse  generator for generating  vo ltage  pu lse  tra in s  w ith  in depen

d e n tly  v aria b le  p e rio d  (0.2-105/^s) and  pulse w id th  ( l-2 0 0 n s)

• L D D 1 0 0  cu rren t sw itcher for co m b in in g  th e  nan osecond  pulses w ith  a con

stan t D C  vo ltag e  su p p ly

• L L H  L a b o ra to ry  L a s e r  H o u s in g  for m o u n tin g  th e  Q C L ,  fitted  w ith  a  P e ltie r  

cooler for te m p e ra tu re  co n tro l
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• T C -5 1  te m p e ra tu re  con tro lle r for co n tro llin g  the te m p e ra tu re  of the laser 

v ia  th e  P e ltie r cooler, c r it ic a l fo r m a in ta in in g  w avelength s ta b ility

• L D D  su p p ly  cable  for co n n ectin g  the  T P G 1 2 8  pulse generator, a D C  pow er 

su pp ly , an d  the  L D D  100 cu rren t sw itcher

• L o w  im p edan ce  strip e lin e  for su p p ly  cu rrent pulses to  th e  laser housing

• C a b le  for con n ectin g  T C -5 1  te m p e ra tu re  con tro lle r to  laser housing

Figure 4.2: The Q CL driver electronics ( image courtesy Alpes Lasers)

4 . 3  O p t i c a l  C o n f i g u r a t i o n  f o r  M u l t i p l e  A n a l y t e  

S e n s i n g

A  n u m b e r o f d ifferent o p t ic a l con figu ration s were tested  w ith  the  q u a n tu m  cascade  

laser. T h e  ob jective  w as to  develop a generic sensing p la tfo rm  w ith  w h ich  a 

n u m b er o f chem ica ls co u ld  be  analysed, depen d ing  on  th e ir  M I R  absorbance.

T w o  Q C L s  were used in  th e  research. T h e  first w as a d is trib u te d  feedback  

device ( D F B - Q C L )  e m itt in g  at 6.0/m i (1667cm -1 ) w ith  an  average o p tica l pow er 

of 7 m W . A t  th is  w avelength , w ater an d  propylene  e x h ib it sign ificant absorption .
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A  F a b ry -P e ro t laser ( F P - Q C L ) ,  e m itt in g  at 5.625/im (1778cm - 1 ) w ith  an aver

age o p tic a l pow er o f 2 0 m W , was used for in terrogatin g  the ab so rp tio n  bands of 

gaseous acetone, fo rm a ld eh yd e  an d  liq u id  acetic acid . T h e  Q C L s  and  the chem i

cals th a t th e y  analysed, a long w ith  th e  re levant fu n d a m e n ta l m o lecu lar v ib ra tio n  

and  centre frequ ency are su m m arised  in  T a b le  4.2.

L a s e r C h e m ic a l V i b r a t i o n F r e q u e n c y  ( c m  x)

Q C L  1 W a te r (H 20 ) z/2 ben d 1595

( D F B ) P ro p y le n e  ( C 3H 6) vq C = C  stretch 1653

Q C L  2 A ce to n e  ( C 3H 60 ) u3 C = 0  stretch 1731

( F P ) A c e t ic  ac id  ( C 2H 4O 2) V4 C = 0  stretch 1788

F o rm ald e h yd e  ( C H 20 ) V2 C = 0  stretch 1746

Table 4.2: Li st of chemicals analysed with available QCLs

4 . 4  C o l l i m a t i n g  a n d  F o c u s i n g  O p t i c s

A lth o u g h  o p tica l m ate ria ls  a n d  com pon en ts are ro u tin e ly  ava ilab le  for the N I R  

sp e ctra l region, th is  is not th e  case for the M I R  region. P ro d u c t io n  costs for 

optics like lenses are cu rre n tly  far greater th a n  for N I R  optics, due to  a h isto rica l 

la ck  o f d em an d  from  in d u s try  a n d  research. A lth o u g h  h ig h  pow er optics around  

10.6^ m  are ava ilab le  for C 0 2 lasers due to th e ir  use in  in du stry , other parts  

of the  M I R  reg ion have not been  as w ell serviced. A n o th e r  perce ived  obstacle  

was th e  sign ificant w ater a b so rp tio n  ban d  betw een 3 an d  5/im, w h ich  stifled  

the  p ro d u c t io n  o f M I R  o ptics as m a n y  m an u factu rers be lieved  the  effort to  be  

re d u n d a n t in  the  face o f zero dem and .

W it h  th e  a rr iva l of the  Q C L ,  an d  other advances in  M I R  source engineer

ing, the  d earth  o f M I R  m ate ria ls  is s low ly  b e in g  tu rn e d  aroun d. H ow ever, still- 

sign ifican t p ro d u c t io n  costs and  a v iew  th a t M I R  optics are s t ill specia list item s  

has kept th e ir  cost h igh .

W h a t  follow s is a su m m a ry  o f availab le  options for co llectin g  and  g u id in g  

th e  h ig h ly  d ivergent Q C L  em ission , as w ell as com m ents p e rta in in g  to  certa in  

d ifficu lties in teg ratin g  each o p t io n  in to  the sensing system . O n e  o f the m ost 

serious issues was th e  d ivergent profile  o f the  laser em ission, ch aracteristic  o f d iode  

lasers due to  th e ir sm a ll facet sizes. D ivergen ce  values for a 10.6/im D F B - Q C L  

have been  rep o rted  as 18° h o r iz o n ta lly  an d  61° v e rtica lly  [48]. T h e  n on -u n ifo rm  

sp a tia l d is tr ib u tio n  is due to  th e  re cta n g u la r cross-section o f th e  laser facet. Fo r

62



4-4- C ollim ating  and  Focusing O ptics J .R . D onohue

A lp e s  L asers Q C L s ,  th e  far fie ld  e llip t ic a l profiles were q u o ted  as be in g  60° x  20° 

from  a facet 5 to  30^m w ide an d  4/^m high . A s  a consequence, optics w ith  low  

foca l lengths (so-called “fast o p tics” ) were requ ired  so as to  cap tu re  m ost o f the  

d iverg in g  beam .

• C a l c i u m  F l u o r i d e  ( C a F 2) D o u b l e  C o n v e x  L e n s e s

S u p p lie d  b y  E d m u n d  O p tics , these optics have the  advantage o f be in g  sim 

ple to set up  an d  h ig h  M I R  tra n sm itta n ce  (96%), b u t suffer a  nu m b er of 

disadvantages: expensive ( €  685/un it), a clear apertu re  o f o n ly  80% of lens 

d iam eter, surface reflectance losses, an d  d epen d in g  on th e  foca l length, ei

th e r fa il to  gather the  w ide  angle  d ivergence or p ro d u ce  an e llip tic a l beam .

• O f f - A x is  P a r a b o l i c  M i r r o r s  ( O A P M s )

B o th  E d m u n d  O p tic s  an d  Jan o s T e ch n o lo g y  su p p ly  p a ra b o lic  a lu m in iu m -  

coated  or go ld-coated  m irro rs  in  a  range o f off-axis angles (30°, 60°, and  90°) 

an d  m irro r d iam eters. B e in g  less expensive an d  m ore  ro b u st th a n  lenses, 

an d  e x h ib itin g  excellent reflectance w ith  e ither co atin g  (~  98%), th ey  offer 

an  excellent a lte rn a tive  to  convex  lenses. H ow ever like lenses, som e of the  

v e rt ic a lly  d ivergent p art o f the  Q C L  b eam  is lost due to  th e  O A P M ’s h av in g  

a m in im u m  effective focal length (EFL) o f 25 .4m m  or m ore.

• C a l c i u m  F lu o r i d e  ( C a F 2) B a l l  L e n s e s

B a ll  lenses are m ost co m m o n ly  used to  focus narrow  co llim ate d  beam s into  

o p tic a l fibers. T h e  effective fo ca l len gth  an d  numerical aperture (NA) o f a 

b a ll lens are depen dent on  the  le n s ’ re fractive  in d e x  n and  its d iam eter D 
(E q u a tio n s  4.1, 4.2).

T l  T )

EFL = W ^ )  (41)
NA  =  2d(n -  1) 

nD

w here d is the  co llim a te d  em erging  b eam  d iam eter. A ssu m in g  the w idest 

aspect o f th e  Q C L  sp a tia l d is tr ib u tio n  (the m a jo r axis o f the e llip tic a l d iver

gence: 60°) corresponds to  a  n u m e rica l apertu re , th e n  th e  N A  o f a su itab le  

b a ll lens is req u ired  to  be at least sin  30° =  0.5. T h e  m a x im u m  co lli

m ate d  em erg ing  b eam  w id th  d is lim ite d  b y  the  d iam eter o f the b a ll lens D
i.e. d < D. A s  NA = d/(2EFL),  for an  N A  o f 0.5 the  effective foca l len gth  

equals th e  b eam  d iam eter e.g. for a C a F 2 b a ll lens o f d iam eter D = 8m m , 

one w ou ld  get an  EFL o f 7m m , a b eam  d iam eter o f o n ly  7m m  and  a beam
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cross-sectional area of 3 8 .5m m 2 (com pare w ith  th e  area o f a 1 in ch  d iam eter  

w in dow  o f 506 .7m m 2).

M e d w a y  O p tic s  su p p ly  C a F 2 b a ll lenses, b u t req u ired  cu stom  m anufacture. 

In a d d itio n , th e  ex trem ely  sm a ll back focal length (BFL; ~  3m m ) of the  

lens m akes co u p lin g  to th e  laser p ra c t ic a lly  im possib le , as th e  edge of the  

Q C L  facet was 7 m m  inside  th e  L a b o ra to ry  L ase r H o u s in g  su pp lied  b y  A lp e s  

Lasers.

• C a l c i u m  F l u o r i d e  ( C a F 2) C y l i n d r i c a l  L e n s e s

C y lin d r ic a l lenses focus a long  one o p tic a l ax is only, so th e o re tica lly  two such

lenses in  series w ou ld  p e rfe ctly  co llim ate  th e  e llip tic a l Q C L  beam . How ever,

gettin g  tw o lenses m a n u fa ctu re d  in  a M IR -tra n s m itt in g  m ateria l, and  the

requ irem ent for generating  a co llim ate d  b eam  from  tw o cy lin d r ic a l lenses

£2 _  ta n  fa ^  ^

Zi ta n  (f> 2
w here z\$ are th e  in d iv id u a l b a ck  foca l len gths of th e  tw o c y lin d r ica l lenses 

an d  fat2 are the  half-angles o f th e  divergence, m ade u sin g  cy lin d r ic a l lenses 

to o  co stly  a p ro p osition .

In th e  end, it  was decided  th a t the  off-axis p a ra b o lic  m irro rs  ( O A P M s )  su p

p lie d  b y  Jan os T e ch n o lo g y  offered th e  best p erform ance-to-cost ra tio  o f th e  avail

able options. A ssu m in g  a L o re n tz ia n  d ivergence [48] o f 60° x  20° and  ro ta tin g  the  

m irro r  such th a t its lo n g itu d in a l axis was p e rp e n d icu la r to  th e  w ider divergence, 

a ll o f the  narrow er d ivergent b e a m  aspect was co llected  an d  o n ly  3 .92m m  of the  

w ider aspect “sp ille d ” over th e  m irro r  edge. T h e re fo re  o n ly  a sm a ll fractio n  of 

th e  v e rtica l d ivergence was not co llected.

4 . 5  O p e n  P a t h  C e l l  a n d  W a v e g u i d e  C o n f i g u r a 

t i o n s

A  n u m b er o f o p tic a l con fig u ratio n s for ab so rp tio n  spectro sco py  were b u ilt. T h e  

A =  6.0/m i D F B - Q C L  was in teg rated  in to  an o p tic a l co n fig u ratio n  show n schem at

ic a lly  in  F ig u re  4.3.

In it ia lly , a fib re  o p t ic  evanescent wave spectroscop ic ( F E W S )  experim ent was 

co n stru cte d  to  detect w ater co n cen tra tio n s in  w ater-m eth an o l so lutions. S ilver  

h a lid e  fibres were used to  evanescently  probe  th e  aqueous so lu tion s. A  s im ilar  

co n fig u ratio n  was used for sensing  gaseous p rop ylen e  in  a ir u s in g  a s ilica  hollow  

w aveguide ( H W G )  .
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Figure 4.3: Optical configuration for coupling Q CL to waveguides such as optical 

fibres or hollow waveguides; OAPM : off-axis parabolic mirror

T h e  A =  5.625//m F P - Q C L  was im p lem en ted  in  an  open  p a th  o p tica l arch i

tectu re  (F ig u re  4.4) b u t  was also co u p led  in to  a  ho llow  w aveguide for im proved  

o p tic a l p a th  length . A q u e o u s so lu tion s o f acetic  ac id  an d  eth ano l, m ixtu res o f 

gaseous acetone an d  n itrogen , an d  fo rm a ld eh yd e  in  n itrogen , were analysed  using  

open p ath s  cells (fu rth er d escribed  in  S ection  4.5.2). A  ho llow  w aveguide was 

used to  increase the  se n s it iv ity  o f th e  gaseous acetone sensing b y  increasing  the  

o p tic a l p a th  len gth  over w h ich  the  gas m ix tu re  was probed .

Figure 4.4: Optical configuration for open path gas interrogation. A similar con

figuration was used for open path liquid analysis

T h e  ex p e rim e n ta l setup  show n sch e m a tica lly  in  F ig u re  4.4 was used for de

ve lopm en t o f a  pulse a m p litu d e  referencing  system  (Section  4.7.1).
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4 .5 .1  S i lv e r  H a l id e  ( A g X )  O p t ic a l  F ib r e s

Polycrystalline optical fibres are commonly used for MIR waveguiding, either for 
sensing applications or C02 laser beam delivery for industrial and medical pur
poses [60]. The most common polycrystalline formulations include silver halide 
(AgCl^Bri-a; or simply AgX) and KRS-5 (TIBrI). Although most metal-halide 
crystals have excellent IR transmission, only the silver, thalium and a few al
kali halides have the necessary physical properties to be successfully produced as 
optical fibres [61].

Other fibre materials suitable for MIR transmission include single crystals 
like sapphire (AI2O 3) and chalcogenide glasses such as AS2S3 and AsGeTeSe. 
However, AgX fibres have a number of properties that make them best suited for 
MIR sensing applications.

Transmission losses for the best reported AgX fibres range from 3.4dBm- 1  at 
4/rni down to 0.3dBm_ 1  at 10/xm [62]. KRS-5 fibres exhibit similar transmission 
behaviour, but research has been discontinued due to the toxicity of thallium 
salts [63, 64].

Even without fibre cladding, AgX fibres have excellent optical confinement due 
to their high refractive indices, which depends on the ratio of AgCl to AgBr com
prising the fibre and can vary between 1.98 (pure AgCl) and 2.25 (pure AgBr) [65].

Bare AgX fibre was chosen for carrying out FEWS experiments on water 
and methanol mixtures. Silver halide fibres are non-toxic and unlike KRS-5 
or alkali halides are insoluble in water. A length of unclad AgClo.4oBr06o fibre 
( n m i r  = 2.08-2.12; bulk absorption 0.9-1.2 x 10- 4 cm- 1  [6 6 ]) of diameter 700/mi 
was placed within a 15.12cm liquid flow cell with a Teflon septum and screw-on 
plastic cap at each end to ensure sealing (Figure 4.5). The fibre and flow cell 
were placed between the laser focusing optics and the detector collection optics 
as shown in Figure 4.3. QCL radiation was coupled into the ends of the fibre 
via fibre micropositioners and two off-axis parabolic mirrors (OAPMs), and an 
identical optical arrangement was used to gather and focus light exiting the fibre. 
Water and methanol mixtures were sequentially injected into the flow cell and the 
water content was interrogated by the evanescent field penetrating from the fibre 
into the mixture. The IR attenuation was monitored using a suitable detector 
(cf. Section 4.6).

(i) A g X  F ib re  H and ling  Issues

One of the primary disadvantages of AgX fibres is their ductility which can 
lead to plastic deformation if mishandled. It was found that a 50/50 mix of AgBr
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F ig u re  4 .5 : C lose-up v iew  o f  a fib re  end and m o u n tin g

and AgCl gave the best tensile strength (before breaking) of around 90MPa and 

maximum elastic strain lim it before material degradation [67]. In contrast to 

glass fibers, the optical attenuation of AgX fibres can be drastically affected 

by bending or cyclic flexure, potentially leading to a greater than 2 0 % drop in 

transmittance [68].

Another concern when dealing with AgX fibres is aging, whereby the fibre 

optical loss increases over a period of months, even in storage [69]. An increase 

in attenuation has been reported for AgClo.25Bio .75 in the spectral range 3-13/xm 

over twelve months e.g. from 1.7 to 6.0dBm- 1  at 4.0/mi [70]. The attenuation 

change is attributed to increased scattering losses caused by microvoid buildup 

at grain boundaries, increasing grain size and the formation of large impurity 

centres [61]. Changing the fibre composition to AgClo.sBro.s or AgClo.75Bro.25 has 

been shown to reduce aging, thereby increasing the useful lifetime of the fibre [70].

Photosensitivity and contact with metals are also issues with AgX fibres. 

Visible or U V  exposure can lead to the forming of colloidal silver, resulting in 

a visible darkening of the fibre and increased IR losses. Metal contact is not 

advisable for silver halides, as AgC lBr can corrode metals such as stainless steel 

and copper. Titanium, gold and ceramics are safe however.

4.5.2 Open P ath  Cells

Open path cells (OPC) are attractive for liquid and gas sensing because of their 

relative ease of incorporation into collimated beam systems like FT IR  spectrom

eters. Only two OAPM s were required: one to collimate the Q CL emission and
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steer the beam through the cell, and another to focus the collimated beam from 
the cell onto the MIR detector (Figure 4.4).

Two OPCs were used to investigate liquid and gas sensing with the Fabry- 
Perot laser. Liquid sensing was accomplished using a 150^m NaCl-windowed cell 
(Figure 4.6) - the high optical power of the QCL allowed for liquid samples to be 
sampled in this otherwise long optical path length. Samples in water solutions 
could not be probed due to the high solubility of NaCl (37.7g per lOOg of water), 
therefore ethanol and methanol (0.79g NaCl per lOOg methanol) were used as the 
bulk solution. Acetic acid samples (0.33g NaCl per lOOg acetic acid) were inter
rogated using a desktop peristaltic pump (Gilson Minipuls 3) to deliver samples 
to the OPC.

t

j  •

■' /  
* È l

r

F ig u re  4 .6 : NaCl windowed cell for aqueous acetic acid sensing

Gaseous acetone in nitrogen and sublimated formaldehyde in nitrogen were 
analysed using a 10cm long CaF2 windowed glass cell (Figure 4.7). Using a 
gas saturating apparatus similar to that used previously for generating relative 
humidity mixtures (cf. Figure 3.9), a mass flow controller (MFC) passed dry 
N2 through three liquid acetone filled gas wash-bottles in series, producing a 
acetone/N2 mixture with an acetone concentration of 34% (the acetone saturation 
limit in nitrogen). This was then diluted with another N2 stream, producing 
acetone mixtures with concentrations as low as 6.8 parts per thousand by mole 
(pptm) and was limited by the lower flow limit of the MFCs. A similar acetone/N2 
mixing apparatus was reported [71].

Paraformaldehyde prills ([CH20]n; Aldrich) were heated to produce gaseous
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formaldehyde in nitrogen. Sublimating at 150°C, samples were initially tested 

with the gas OPC using a FT IR  spectrometer (Thermo Nicolet; Nexus 470 FTIR). 

A  measured mass of [CH20]n prills were heated in a flask connected to the gas 

open path cell by Tygon 1/4” tubing. By calculating the volume of N2 in the (N2- 

purged) flask and cell, and careful weighing of the paraformaldehyde pre-heating, 

percentage molar concentrations of formaldehyde gas were generated.

F ig u re  4 .7 : 10cm  C aF2 w indow ed  cell fo r  gas sensing

4 .5 .3  H o l lo w  W a v e g u id e s

Hollow waveguides (HWG) are air-cored fibres ideally suited for IR spectroscopic 

sensing. Available as “leaky” (inner core refractive index n >  1 ) or A T R  (n < 1) 

guides, HWGs have very low infrared absorption losses due to the air core [72]. 

Of interest are the so-called leaky (n >  1 ) waveguides - low cost devices, they 

consist of metallic and dielectric layers coated on the inside of metallic, plastic or 

glass tubes.

First put forward in 1964 [73] and demonstrated as an alternative to IR fibres 

for delivering high power C 0 2 laser energy in 1980 [74], HWGs losses have been 

well documented. For circular cross section HWGs, optical loss depends on the 

wavelength of transmitted light A and the bore diameter a\ in general [73, 75], 

the loss or absorption coefficient a  for HWGs is given by

aoc \  (4.4)
aA

Therefore optical losses can be minimised by increasing bore size, a useful prop

erty for IR spectroscopy where signal throughput is a concern. Bending losses 

also contribute to overall optical loss: below a critical bending radius R c, bending 

losses vary as 1/i? but above R c show a 1 / R 2 dependence [76].

Coating the inside of a flexible tube with a single metallic coating w ill increase 

its optical transmission properties considerably; adding a dielectric coating similar
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to that found on highly reflective mirrors would reduce the optical losses even

the inner tube [77], difficulties in constructing alternating layer stacks have meant 
that a single dielectric layer coated on a highly reflective metal is most commonly 
used. The thickness of this single layer d can be tailored to maximise transmission 
at a particular wavelengh Xopt by

where is the dielectric layer refractive index [75].
Not only do HWGs have very high transmission, but the hollow core can be 

used to confine and spectroscopically interrogate a gaseous sample. QCL based 
sensors using HWGs as the optical cell have already been demonstrated, for 
ethylene [78] and ethyl chloride [79].

Two silica HWGs, manufactured by Natan Croitoriu at Tel Aviv University, 
were used for spectroscopic analysis with the DFB and FP-QCLs. The inner 
walls of both were coated firstly with silver (Ag) and then a dielectric layer of 
silver iodide (Agl) (further details can be found with the US Patent Office [80]). 
A 2mm inner diameter (i.d.) HWG of length 55.6cm was used to sense propylene 
in air and a 0.7mm i.d. HWG of length 89.9cm, coated on the outside with a 
polymer for mechanical stability, was used to sense gaseous acetone in nitrogen.

Gas injection cells were used to allow injection and removal of sample gases 
to the HWGs and purging. As the diameters of the HWGs were different, two 
separate models had to be used. With an IR transmitting window at one end, 
screw-down Teflon sealing at the other and a side-facing inlet/outlet, a gas injec
tion cell fitted over each end of the HWG allowed laser light into the hollow core 
while ensuring tight and consistent sealing for sample confinement.

The optical configuration used was similar to the configuration used for FEWS 
experiments with silver halide fibres (Figure 4.3), where laser emission was fo
cused into the waveguide through the windows (ZnSe for 2mm HWG; Sapphire 
for 0.7mm HWG) and onto a MIR detector using off axis parabolic mirrors (Fig
ures 4.8 and 4.9).

The DFB-QCL (A = 6.0/xm) was used to sense gaseous propylene with the 
2mm i.d., 55.6cm long HWG. Commercial propylene gas (CsH6; Aldrich,; > 99%) 
was piped directly into Tedlar bags, sampled with a microlitre gas syringe (Agi
lent; 10/d), and mixed with ambient air in sealed 100ml volumetric flasks.

further. Although coating alternating layers of high (u h ) and low (n £ ) refractive 
index materials of thicknesses A/4n# and A/ 4 s h o u l d  maximise reflectivity of

arctan (4.5)
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m/ sa
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F ig u re  4 .8 : Q C L co u p lin g  o p tics  fo r  0 .7m m  i.d. H W G
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D e te c to r
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S upp ly

LN2-Cooled 
MCT Detector

F ig u re  4 .9 : O u t-c o u p lin g  o p tics  fo r  0 .7m m  i.d . H W G

Laser emission from the FP-QCL (A = 5.625^m) was coupled into the 0.7mm 
i.d., 89.9cm long HWG for detecting acetone in nitrogen. Acetone/N2 mixtures 
were generated using the apparatus explained previously, collected in gas bags, 
and diluted in N2-purged sealed 10ml volumetric flasks using a 10/il gas syringe.

4 . 6  M I R  D e t e c t o r s

A great many different types of IR detection technologies exist, generally divided 
into th e rm a l d ev ices and p h o to n  dev ices [81]. Thermal devices use the change in
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some temperature-dependent parameter from optical absorption e.g. bolometers 

and pyroelectric detectors. Photon devices are based on a quantum event trig

gered by optical absorption, such as photoelectric emission or photoconductivity.

IR detectors span a large range in terms of size, complexity and expense. To 

develop a chemical sensor using a QCL, compactness, linear sensitivity and high 

speed operation were paramount, as well as a reliable detection principle. To this 

end, semiconductor photon devices were investigated.

4 .6 .1  P r o j e c t  R e q u ir e m e n t s

A  wide range of IR detector materials were available, including silicon, germa

nium, lead salts (e.g. PbS and PbSe), mercury cadmium telluride (HgCdTe, or 

MCT), deuterated triglycine sulfate (DTGS), indium gallium arsenide (InGaAs), 

indium antimonide (InSb), and indium arsenide (InAs). A  review of available 

mid infrared detectors was carried out to find the most suitable device for use 

with a Q CL emitting at A = 6.0/mx

As some materials had cut-off wavelengths (Aco) below the Q CL emission 

wavelength, silicon (Aco = 1.1/jm), Ge (Aco = 1.7/rni), InGaAs (Aco = 2.2/xm), 

PbS (Aco ~ 4//m with cooling), InAs (Aco = 3.5/^m), and InSb (Aco = 5/im) were 

not included in the detector review.

The majority of M IR  detectors were photoconductive and photodiode M CT  

devices, with a substantial difference in response times e.g one range of photocon

ductive M CTs had r90 = 0.5/us, whereas the photodiode M CTs from a different 

supplier had r 90 = 7ns. The Q CL was operated in pulsed mode at duty cycles 

of the order of 1% to prevent damage to the Q CL by thermal stress. As such, 

the current pulses driving the laser were of the order of 2 0ns, as were the emitted 

laser pulses. Therefore photodiode detectors were required to resolve the pulses.

One of the most critical aspects of detector selection was the D* figure at the 

laser wavelength. Available detectors had D* ranges from 8 x 107 to 7 x 1010 

cm i/H zW “ 1. The method of detector cooling was equally important, as most 

thermoelectrically cooled devices exhibited lower D* than their liquid nitrogen 

cooled counterparts.

Some detectors were equipped with windows to protect the sensing element. 

Numerous window options were available, including barium fluoride (BaF2), sil

icon, germanium (Ge), sapphire, CaF2, cadmium telluride (CdTe), and zinc se- 

lenide (ZnSe). Another option that was available with some detectors was an 

integrated preamplifier stage.
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4 .6 .2  M e r c u r y  C a d m iu m  T e l lu r id e  ( H g C d T e )  D e t e c t o r

A  mercury cadmium telluride (HgCdTe, or M CT) IR photodiode detector, config

ured for photovoltaic operation, was purchased (Kolmar Technologies; ref. K P M V 8-

0.5-J1/DC; A p pen d ix  C). Detector specifications included D* = 7 x 1010 

cmv/HzW~1, an active area of 0.5 x 0.5mm2, \ co > 8 /̂ m, minimum r90 = 7ns, 

BaF2 window and an integrated preamplifier. Although more sensitive than ther- 

moelectrically cooled IR detectors, liquid nitrogen cooling to 77K was required 

for a satisfactory noise performance. To accommodate this, the detector came 

installed within a Dewar that had a 12 hour hold time.

4 . 7  D a t a  A c q u i s i t i o n

For the FEW S liquid water and HW G gaseous propylene experiments, M IR  ab

sorption signals were measured using a digital storage oscilloscope (Tektronix) 

and recorded manually. This was improved upon with a Saturn FastScan DAQ 

card (AMO GMbH), capable of dual channel million-sample averaging and with 

a maximum sampling rate of 100MHz.

4 .7 .1  P u ls e  A m p l i t u d e  R e fe r e n c in g

It has been documented in the literature that one of the major sources of noise 

in a pulsed laser system is pulse to pulse intensity variation [18, 82, 83, 84, 85]. 

Relative intensity noise from 3-level QCLs has been attributed to spontaneous 

emissions and non-radiative electron-phonon scattering losses and was found to 

scale in a power series with the number of active region gain stages [85]. However, 

another potential source of intensity noise was cited as being the QCL supply 

electronics [18]. A  study was carried out to determine the relationship between 

laser supply current noise and laser intensity fluctuations. Intensity noise can 

have drastic consequences on the capabilities of a Q CL spectrometer, as the 

signal-to-noise ratio (SNR) decreases with increasing intensity fluctuations.

The Saturn FastScan DAQ card was initially used to average the M CT  de

tector signal, improving SNR. It was then employed to investigate a correlation 

between laser current and emission noise.

The possibility of using the T PG -128 pulse generator as a reference was inves

tigated. First of all, evidence of an actual correlation between current pulse and 

laser emission noise had to be established, if any existed at all. Then a process 

to reference the laser pulses against the current pulses had to be implemented,
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e.g. whether to directly ratio the corresponding pulse amplitudes or use lineshape 

fitting to calculate pulse areas.

Previously, it was impossible to analyse the QCL output and pulse generator 

together as there was no way to store both datasets while simultaneously sampling 

both. W ith the implementation of the Saturn FastScan DAQ system however, 

both signals could be sampled and stored separately. One channel was used to 

acquire the M C T  signal in response to the M IR  laser emission, while the other 

was assigned to collecting current pulse data from a secondary output on the 

TPG128 pulse generator. Triggering was accomplished using a triggering output 

on the TPG128 that preceded the main output pulse by about 100ns.

A  program was written in Lab V IEW  7.0 to automatically extract pulse am

plitudes from .sd f file folders, thus saving time by removing the need to convert 

and open each .sdf file. Incorporating a program that was developed by Mar

tin Bruckerscheifer (Georgia Institute of Technology) that translated .sd f files, 

the program was run post-experiment on the folder containing the experimental 

scans, extracting the M C T  detector and reference pulse amplitudes and writing 

both datasets to a text file. The data was then readily plotted using Microsoft 

Excel or Microcal Origin.

4 . 8  S u m m a r y

Although currently QCLs are expensive devices (approximately $20,000 for a 

room temperature device at a custom wavelength), as the design and construction 

process of QCL matures the author expects to see a drop in prices in the coming 

years. This will be aided by the proliferation of research carried out presently 

into both QCL applications (driving the demand) and alternative designs and 

materials for the lasers (enabling new manufacturers to enter the market).

Two quantum cascade lasers were used as spectroscopic sources for sensing 

a range of chemicals, including the biomarkers acetone and formaldehyde. A  

common-base optical configuration for optically coupling the lasers to optical 

fibres, hollow waveguides and open path cells was also developed. Although 

gas phase analytes were primarily investigated, water and acetic acid were also 

analysed. To minimise spectroscopic noise from laser amplitude fluctuations, 

a series of data comparison regimes were investigated to allow pulse amplitude 

referencing.
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C h a p t e r  5  

R e s u l t s  a n d  A n a l y s i s  o f  C h e m i c a l  

S e n s i n g

A range of analytes was interrogated using both experimental sensing systems. 
While the rare-earth based NIR fluorescence probe was limited in application to 
water sensing, the abundance of fundamental absorptions in the MIR allowed 
for a number of chemicals to be sensed using the two quantum cascade lasers. 
The 6.0/im DFB-QCL was used to detect water and propylene, and a number 
of chemicals with C=0 bonds were detectable with the 5.6//m FP-QCL, such as 
acetic acid, acetone and formaldehyde. MIR absorption spectra of these chemicals 
acquired from the Jet Propulsion Laboratory and Virtual Planetary Laboratory 
spectroscopic database website [1], collated primarily from the Pacific Northwest 
National Laboratory (PNNL), are presented in Figure 5.1.

Damage sustained by the DFB-QCL during inspection meant that water and 
propylene experiments had to be put on hold. As a suitable off-the-shelf replace
ment laser could not be sourced - either the wavelength (6/im) was not available 
or laser emission was extensively multimode - it was decided to acquire a laser 
that spectrally overlapped with a different molecular absorption feature, namely 
the carbon-oxygen double bond stretching vibration (C=0). Although the re
placement laser was a Fabry-Perot device and exhibited multimode emission at 
laser diode driver (LDD) voltages up to 11.0V and over the recommended QCL 
operating temperature range of ±30°C, single mode operation was seen for LDD 
voltages greater than 11V.

Alpes Lasers QCLs can be run at duty cycles up to 5% with a maximum 
pulse length of 100ns. However, it was found that this can lead to periodic 
heating of the laser, shifting the emission wavelength by means of altering the 
effective refractive index of the DFB-QCL’s etched Bragg grating or the QCL
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active region in the case of the FP-QCL. In order to minimise heating effects, 
both lasers were run at a pulse period of 5.5/̂ s and a pulse length of 20ns, giving 
a duty cycle of 0.36%. The DFB-QCL was driven with a LDD voltage of 28V and 
held at a temperature of 10.0°C while the FP-QCL was driven at 13V at 5.0°C.

5 . 1  D a t a  A n a l y s i s

The Beer-Lambert Law was used extensively to quantify the performance of the 
various NIR and MIR sensing mechanisms:

A = lo S io  7  (5 -1 )

where I 0 is the laser signal with no absorbing analyte, I  is the attenuated signal 
due to absorption and A  is the absorbance.

Error bars were calculated by treating absorbance as a function of intensity 
i.e. A  =  f(I). For a general function y  = f(rr), the error in y , Ay , is expressed in
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relation, to the error Aa; as

A y(a )  =

Re-expressing Equation 5.1 as

(5.2)

In70 -  In /
A  =  log10 I0 -  log10 I =  — — —  (5‘3)

and treating I 0 as constant, differentiating Equation 5.3 gives

dA 1

d l  ~  ~  I  In 10
(5.4)

In terms of errors, this signifies that the absorbance error can be related to the 
intensity noise AI  by

AA(/> = ^  (5.5)

The l im it of detection  is defined as the concentration derived from the smallest 
measure x L that can be detected with reasonable certainty for a given analytical 
procedure [2]

%L =  Xbi +  k s bi (5.6)

where x^ i and Su  are the mean and standard deviation of the blank measures
i.e. of I0 and k is a numerical factor chosen according to the confidence level
desired (usually k = 3). In terms of concentration, this becomes

cL =  c^ +  k s hiS  (5.7)

where S  is the inverse  sensitiv ity  A c /& A. As a “blank concentration” gives zero 
absorbance, x ^  =  0, the limit of detection is therefore defined as [3]

cL =  k s biS  (5.8)

Limits of detection (L O D ) were calculated using ICH1 Guidelines on Method 
Validation Methodology as

L O D  =  3 a 0 ^ r  =  —  (5.9)dA m

where a 0 is the standard deviation of the I 0 response, k =  3, and dA/dc is 
the sensitivity of the system. Plotting a calibration curve of absorbance versus
concentration, the slope of the best-fit calibration curve m  = d A /d a  was used to
determine LOD.

1 International Conference on Harmonization (of Technical Requirements for Registration of 
Pharmaceuticals for Human Use)
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5 . 2  R e l a t i v e  H u m i d i t y  S e n s i n g

Full scale (0-100%) relative humidity (R H ) sensing was feasible with the Laboratory- 

based Prototype, but the stability of the system over time was not optimal (Figure 

5.2).

Sample Number

F ig u re  5 .2 : Full scale R e la tive  H u m id ity  m easurem ents taken  w ith  th e  Lab o ra to ry -

based P ro to ty p e

In the next iteration of the sensing system, a number of instrumental and elec

tronic improvements were introduced (cf. Chap te r 3.1.2). Chief amongst them 

was a method for real time monitoring of the PbS detector temperature. This 

became necessary due to increased scattering of the Reference beam at higher 

humidities. The critical effect the detector temperature has on sensitivity can be 

seen in Figure 5.3, where the detector was allowed reach thermal equilibrium with 

its surroundings after in itia l cooling using the mounted Peltier cooler. An in-built 

thermistor allowed the detector temperature to be monitored. The output signal, 

and correspondingly the detector response, was found to vary inversely with tem

perature. This is due to the temperature dependence of the detector resistance. 

As the detector is a photoconductive device, incident radiative intensity changes 

are expressed as a change in the voltage applied across the detector.

The thermistor resistance (Rt h )  is known to have an exponential relationship 

with temperature T t h  (Figure 5.4; Equation 5.10)

R t h  =  3.0861 exp (—0.0449Tr i f ) (5.10)

A  voltage divider was used to monitor the thermistor resistance and so track

temperature shifts. The fitted equation was employed in Lab V IEW  to convert

the voltage signal to a temperature reading.
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Data Points

F ig u re  5 .3 : PbS d e te c to r respons iv ity  va ry in g  w ith  te m p e ra tu re

Tth, PbS Detector Temperature (degree C)

F ig u re  5 .4 : T h e rm is to r  curve  fo r  PbS Q uad D e te c to r

Using the nitrogen mixing apparatus (Figure 3.9) and a Eirelec (Dundalk, 

Co. Louth, Ireland) relative humidity capacitive sensor for calibration, a number 

of experiments were carried out to determine the response of the Industrial Pro

totype to RH changes. As can be seen in Figure 5.5, the stability of the system 

was much improved. The small fluctuation present in the first 100% RH mixing 

procedure correlated with a small change in the temperature of the PbS detector, 

as monitored using Lab VIEW . The mixing apparatus was left running for a few
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minutes prior to data acquisition to allow the sought RH value to stabilise. This 

was checked by the Eirelec RH sensor mounted on the exhaust line.

Smaller relative humidities were achieved by mixing the “wet” (humidified) N 2 

stream with the “dry” N 2 stream, with a lower RH  concentration lim it set by the 

flow capabilities of the M FCs (2%). Signal stability was limited by temperature 

fluctuations (Figure 5.6) but once thermally stabilised, a marked improvement 

was seen (Figure 5.7).

Absorbance data were derived from Figure 5.7 and a linear trend was fitted 

to the data (Figure 5.8). The LOD was calculated as 3.71% RH. Detection of RH 

levels higher than 50% was impeded by condensation inside the gas cell.

The capability of using the coaxial A = 685nm pump beam to reference de

tector thermal drift was limited by Rayleigh scattering at high RH levels. While 

scattering did not significantly affect the quasi-collimated NIR probe beam, the 

narrow collimated pump beam was affected. Referencing with the pump laser 

beam was not found to appreciably improve signal to noise ratios and was not 

used in the experiments described previously.

An improvement in system stability has been achieved by removing the mul

tiplexer switch and redesigning the optical configuration, replacing the PbSe NIR 

detector with a more sensitive PbS device, and monitoring the detector temper

ature. The incorporation of these improvements into a single modular sensing 

platform has resulted in a modulatable RH  sensor (the Industrial Prototype).
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F ig u re  5 .6 : T w o  0 -5 0 %  RH scans using th e  In d u s tria l P ro to ty p e

Time (minutes)

F ig u re  5 .7 : S ta b ility  o f  te m p e ra tu re  s tab ilised  In d u s tria l P ro to ty p e

The sensor has been successfully demonstrated using a nitrogen humidifier and 

is capable of full scale (0-100%) RH  sensing with a lim it of detection of 3.71% 

RH  over an optical path length of 10cm. Further improvements in sensitivity 

and LOD could be achieved by using a longer or multi-pass optical cell, or the 

addition of a further amplification stage onto the platform’s detector electronics.
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RH Level (%)

F ig u re  5 .8 : R e la tive  h u m id ity  absorbance

5 . 3  Q u a n t u m  C a s c a d e  L a s e r  S p e c t r o s c o p y

Two QCLs were used in a number of spectroscopic configurations to establish their 

suitability for sensing a number of chemicals. Liquid water and gaseous propylene 

were detected using the A = dfim  DFB-QCL as a spectroscopic source, while the 

A = 5.625/im FP-Q CL was used to detect acetic acid in liquid phase, and gaseous 

formaldehyde and acetone. A  number of methods to reduce spectroscopic noise 

caused by QCL intensity fluctuations were investigated.

5 .3 .1  P u ls e  A m p l i t u d e  R e fe r e n c in g

Initial spectroscopic experiments with the DFB-QCL were carried out using a dig

ital storage oscilloscope to record laser intensity readings from which absorbance 

data was eventually derived. It was observed that without an absorbing chemi

cal in the optical path, the laser signal fluctuated. Later experiments using the 

FP-Q CL and the Saturn FastScan DAQ system confirmed that the laser intensity 

varied over time (Figure 5.9). As the optical intensity fluctuations were a key 

contributor to absorbance noise, it became necessary to minimise the effects of 

the fluctuations in order to optimise the system’s signal-to-noise ratio (SNR).

Averaging sample signals over a longer period diminished the effects of this 

noise considerably, but a method was sought to further reduce the fluctuation ef

fects by referencing changes in laser intensity with variations in the drive current.
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F ig u re  5 .9 : P u lse -to -pu lse  f lu c tu a t io n s  in laser ( le f t )  and c u rre n t pulser ( r ig h t) .

B o th  da tase ts  g raphed w ith  a ppa ren t increased d u ty  cycle

Due to the maximum sampling rate of 100MHz for the DAQ card and the 

very short laser pulse widths (20ns), each pulse was not perfectly resolved during 

each scan. This ultimately led to averaged pulses without a true peak value. 

In an attempt to resolve this, and thus eliminate inconsistencies resulting from 

the digital sampling process, line fitting was employed to derive a “true” peak for 

each averaged pulse. It emerged that a Lorentzian lineshape best fitted the pulses 

(Figure 5.10), and to improve the SNR further, the area under each fitted curve 

was used for spectroscopic evaluation. An example of the SNR improvement 

using the Lorentzian fitting was seen in an experiment where dry nitrogen was 

flowed though a 10cm open path cell. Although the Lorentzian fitting improved 

the SNR, the actual fitting mechanism had to be carried out manually in Microcal 

Origin 6.0 for each averaged pulse. As a regular scan to probe an IR-absorbing 

material can have Up to as many as 150 averaged pulses (for collecting sufficient 

data to derive an expanded zero intensity (/0) and to allow any mixing in the 

sample to stabilise), fitting each of these averaged pulses was extremely laborious.

The possibility of using the TPG-128 pulse generator as a reference was in

vestigated. First of all, evidence of an actual correlation between current pulse 

and laser emission noise had to be established, if any existed at all. Then a 

process to reference the laser pulses against the current pulses had to be imple

mented, e.g. whether to directly ratio the corresponding pulse amplitudes or use 

Lorentzian fitting to calculate pulse areas.

Previously, it was impossible to analyse the QCL output and pulse generator 

together as there was no way to store both datasets while simultaneously sampling 

both. W ith the implementation of the Saturn FastScan DAQ system however,
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both signals could be sampled and stored separately. One channel was used to 

acquire the M C T  signal in response to the M IR  laser absorption, while the other 

channel was assigned to collect current pulse data from a secondary output on the 

TPG128 pulse generator. Triggering was accomplished using a triggering output 

on the TPG128 that preceded the main output pulse by about 100ns. Using 

this data acquisition setup, evidence was found of a correlation between the QCL 

fluctuations and the current pulse generator. The current pulse data was found 

to trace the amplitude fluctuations of the M CT  signal (Figure 5.11). A  SNR 

value of 134 for the the raw infrared M C T  signal was calculated.

These data were analysed further to determine which comparison regime might 

yield better results. Both the averaged laser pulses and the averaged current 

pulses were curve fitted using a Lorentzian lineshape. Figure 5.12 shows a graph 

of the pulse generator amplitudes plotted against the IR signal from the M CT  

detector. Similarly, Figure 5.13 displays the fitted curve areas from the two 

channels plotted against one another. Comparing the regression coefficients for 

both, it appeared that the amplitude fluctuations matched better than the fitted

90



M
CT

 
D

et
ec

to
r 

Si
gn

al
 (

V
)

5.3. Quantum Cascade Laser Spectroscopy J.R. Donohue

Time (minutes)

F ig u re  5 .1 1 : D a ta se t show ing  s im ila r it ie s  between laser em ission and pulser signal

curve area fluctuations (R2 (amplitude) = 0.9903; R 2 (area) = 0.9878).

MCT Peak Amplitude (V)

Figure 5.12: Linear fit of averaged pulse amplitude data
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MCT Fitted Area (a.u.)

F ig u re  5 .1 3 : L inear f i t  o f  averaged Lo ren tz ian  f i t  da ta

This suggested that using the amplitude of the current pulses to reference 

the M IR  signal would yield better results than referencing with the fitted curve 

areas. A  comparison of the SNR improvement using referencing also supports 

this conclusion: the SNR of the referenced Lorentzian fitted areas was 482, while 

the SNR resulting from referencing the pulse amplitudes was 552. An additional 

benefit of using this method was the elimination of errors which may have arisen 

from attempting to fit non-uniform pulses.

Once a reference protocol had been established, a program was written in Lab- 

V IEW  7.0 to automatically extract pulse amplitudes from .sd f file folders, thus 

saving time by removing the need to convert and open each .sd f file. Incorporat

ing a program that was developed by Martin Bruckerscheifer (Georgia Institute 

of Technology) that translated .sd f files, the program was run post-experiment 

on the folder containing the experimental scans, extracting the M CT  detector 

and reference pulse amplitudes and writing both datasets to a text file. The data 

was then readily plotted using Microsoft Excel or Microcal Origin.

5 .3 .2  L i q u id  S e n s in g

(a) W ate r Sensing w ith  Evanescent W ave Spectroscopy

An unclad silver halide (AgClo.4oBr0.6o) fibre of diameter 700//m was used to carry 

out fibre optic evanescent wave spectroscopy (FEWS) of liquid water. Water and
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methanol mixtures were generated by injecting a set amount of water using a 

pipette into a volumetric flask, which was then topped up to the set volume mark 

with methanol.

The results of analysing the series of water and methanol mixtures are pre

sented in Figure 5.14. There was visible reduction in signal due to increased 

evanescent water absorption, but the repeatability was hindered due to adsorb- 

tion of water onto the fibre surface. Normalizing each series to its zero analyte 

concentration (0%) highlighted the similar intensity drops from sequential inject

ing (Figure 5.15).

Time (minutes)

F ig u re  5 .1 4 : F E W S  w a te r /m e th a n o l series

Absorbance data were derived from the non-normalised scan series, using a 

new zero intensity I 0 for each of the three scans to calculate absorbance A  from the 

Beer-Lambert Law. The absorbance results of the water FEW S experiment with 

the À = 6/mi DFB -Q CL are presented in Figure 5.16. A  linear relationship was 

seen for concentrations less than 10%. For higher concentrations, the absorbance 

deviates from the Beer-Lambert relationship, a well known effect attributed to 

increasing number of molecular interactions at high concentrations. A  LOD of 

0.640% water concentration by volume was calculated. In this case, the error 

bars correspond to the error in repeating the experiment. Sensor repeatability 

was limited by water adsorption onto the surface of the fibre, thus interfering 

with the evanescent field propagating into the solution. Insertion of the fibres 

into the flow cell and sealing with Teflon septa occasionally led to small bends
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Time (minutes)

F ig u re  5 .1 5 : N orm a lised  w a te r abso rp tion  series

Water Concentration (% volume)

F ig u re  5 .1 6 : E vanescent absorbance o f  w a te r

( “kinks” ) in the fibre, degrading the IR transmission.

Aging effects also contributed to fibre degradation. Optimising the coupling 

between the focused laser light onto the fibre end was difficult as the M C T  de

tector and coupling optics had to be aligned correctly to fully ascertain the level 

of Q CL light entering the fibre. Alignment was initially estimated for the whole
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fibre arrangement and then positional fine tuning of the mirrors, laser, detector 

and fibre ends was carried out. Due to the labour intensive nature of the op

tical alignment, fibres were often left in the flow cell for long periods of time. 

Although the glass cell protected fibres from U V  exposure, repeated experiments 

with solvents and water accelerated the natural aging of the fibres. Blackening of 

the fibre end-faces was also seen on occasion, indicating surface degradation due 

to U V  exposure.

(b) A ce t ic  acid  Sensing in  L iq u id  C e ll

Acetic acid in solution with ethanol was analysed with the A = 5.625/im FP-QCL 

using the 150/um-long NaCl windowed open path cell. The Saturn FastScan DAQ 

system was used to sample and analyse the M C T  detector signal. Acetic acid 

was injected into 10 0 ml volumetric flasks using a range of pipettes and ethanol 

was used to dilute the samples by filling the volumetric flasks. Continuous flow 

analysis was made possible by employing a peristaltic pump to deliver samples to 

the cell. Absorbance data for concentrations in the range 0.5-10% (volume) are 

shown in Figure 5.17. Linear absorbance was seen for this concentration range 

in accordance with the Beer-Lambert Law, with a LOD of 1.255% by volume. 

Using the acetic acid and ethanol densities of 1.049 and 0.789g/ml, this can be 

expressed in terms of mass as 1.667%.

Acetic acid concentration (% vol.)

Figure 5.17: Acetic acid absorbance in 150/xm open path cell
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The sensitivity of the sensor could be increased by using a longer optical path 

length, enabling detection at lower concentrations. The calculated LOD for a 

lmm O PL is 0.188% by volume, assuming no change in the zero concentration 

signal noise.

5 .3 .3  G a s  S e n s in g

(a) P ropy lene  Sensing w ith  H o llow  W aveguide

The 55.6cm long, 2mm inner diameter Ag/AgI silica hollow waveguide was used 

in conjunction with the A = 6/mi DFB -Q CL to sense propylene. Propylene was 

extracted from a gas bag using a 1 0 /d gas syringe and injected into a sealed air- 

filled volumetric flask of total volume 211ml. By varying the volume of propylene 

injected into the flask, a range of propylene concentrations in air were generated. 

A  LOD of 3.71 parts per million by volume (ppmv) was calculated from the 

absorbance data shown in Figure 5.18.

Propene Concentration (ppm volume)

F ig u re  5 .1 8 : P ropylene absorbance in 2m m  i.d. H W G

Sensing higher concentrations of propylene in air was hindered by the mixing 

procedure. Ambient air was drawn into the mixing volumetric flask through the 

creation of a partial vacuum due to sample extraction, thus diluting the propylene 

concentration. Water vapour in the air used for generating mixtures may also 

have contributed to spurious absorptions.
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(b) Form aldehyde Sensing in  O pen P a th  C e ll

Two masses of paraformaldehyde, 1.8 and 3.7mg, were sublimated at 150°C under 

a nitrogen atmosphere to produce gaseous formaldehyde mixtures. Both the 

sublimation apparatus and the open path gas cell were purged with nitrogen 

and sealed before heating, so that a fixed volume of formaldehyde was present 

in the gas OPC during the experiment. The total volume of the gas OPC and 

the sublimation apparatus was 108.25ml, resulting in a molar concentration of 

1.363% and 2.802% for the 1.8 and 3.7mg masses, respectively.

The A = 5.625/im FP-Q CL was used to interrogate the formaldehyde mixtures 

and the Saturn FastScan DAQ system was used to interpret the results using 

pulse amplitude referencing (Figure 5.19). The reduction in absorption from an 

initial maximum value can be attributed to cooling of the formaldehyde in the 

OPC, leading to recrystallization of the formaldehyde on the inner cell walls. 

This was confirmed as being the case using a FT IR  spectrometer (Figure 5.20), 

where the formaldehyde absorbance at A = 5.67/ma was seen to increase as the 

paraformaldehyde sublimated. It reached a maximum absorbance value and then 

decreased over time. Due to the limited number of scans undertaken with the 

QCL, absorbance data were not compiled for formaldehyde sensing with the open 

path cell.

Time (minutes)

Figure 5.19: Sublimated paraformaldehyde absorption in 10cm open path gas cell
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(c) Acetone Sensing in  Open Pa th  C e ll

A  gas mixing apparatus was constructed to generate gaseous samples of acetone 

at room temperature. By bubbling nitrogen through a sequence of three liquid 

acetone-filled gas bottles using a mass flow controller (MFC), acetone-saturated 

N2 was generated. The maximum acetone content of the mixture was 34% (by 

molarity), the acetone saturation limit in N2. This was then diluted using a second 

N2 MFC, allowing a molar concentration range of 1.19-34.0% to be generated.

The capability of the 5.625/im FP-QCL as a spectroscopic source for acetone 

sensing was assessed using the open path gas cell. The Saturn FastScan DAQ 

system was used to acquire the M CT  detector signal and to reference out laser 

intensity variations with pulse amplitude referencing.

The results of analysing mixtures in the 0-34.0% range, corresponding to 0- 

100% acetone-saturated N 2 and dry N 2 mixing ratios, are presented in Figure 5.21. 

The slower system response at the 1.7% level is attributed to the N 2 not being 

fully saturated with acetone.

Absorbance data were derived (Figure 5.22) and a LOD of 0.132% molar 

concentration was calculated. The absorbance at concentrations greater than 

13.6% (a mixing ratio of 40%) was seen to deviate from the Beer-Lambert Law, 

similar to the effect seen in high concentration evanescent wave spectroscopy of 

water samples.
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T im e  (m in u te s)

F ig u re  5 .2 1 : IR ab so rp tio n  o f  gaseous acetone in N 2 in open path  gas cell, using 

averaged pulse a m p litu d e  re fe renc ing

Molar Acetone Concentration (%)

F ig u re  5 .2 2 : A ce to n e  absorbance in 10cm  open pa th  cell

(d) Acetone Sensing in H o llow  W aveguide

One method of increasing the sensitivity and lowering the limit of detection is 

to increase the optical path length L , as absorbance is proportional to L (at
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5.3. Quantum Cascade Laser Spectroscopy J.R. Donohue

low concentrations). The 10cm long gas OPC was replaced with a 89.9cm long, 

0.7mm inner diameter Ag/AgI silica hollow waveguide. Gaseous acetone was used 

to determine the sensing performance of the FP -Q CL and HWG, using the same 

gas mixing apparatus described in the previous section.

Time (minutes)

F ig u re  5 .2 3 : IR a b so rp tio n  o f  a c e to n e /N 2 m ix tu re s  in 0 .7m m  i.d . H W G , using 

averaged pulse a m p litu d e  re fe renc ing

Molar Acetone Concentration (%)

F ig u re  5 .2 4 :  A ce to n e  absorbance in 0 .7m m  i.d. H W G

Absorption and absorbance da ta  from the acetone HWG experiment are pre-
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5.4- Summary J.R. Donohue

sented in Figures 5.23 and 5.24 for an acetone concentration range of 0-3.4%. A  

LOD of 0.028% or 280ppm (molar) was calculated for sensing gaseous acetone in 

the HWG.

5 . 4  S u m m a r y

The outcomes of a number of experiments demonstrating different sensing con

figurations have been presented. By refining the optical configuration developed 

for the Laboratory-based Prototype and implementing temperature monitoring, 

a LOD of 3.71% RH was achieved with the ZBLAN:Tm 3+ fluorescence spectro

scopic sensor. Although RHs levels up to 100% were sensed successfully, extensive 

N2 purging of the sensor head was required due to condensation at high RHs. 

Further optimisation of the amplification electronics and extension of the opti

cal path length would facilitate lowering the LOD in conjunction with detector 

temperature referencing. Referencing with the pump laser beam was not found 

to appreciably improve signal to noise ratios.

M IR  spectroscopy was performed using two quantum cascade lasers, the latter 

of which was used in conjunction with a pulse amplitude referencing system to 

reduce the effects of laser intensity fluctuations caused by driver current noise. A  

four-fold SNR improvement was achieved using pulse amplitude referencing.

Fibre optic evanescent wave spectroscopy was implemented with the DFB- 

QCL, ultimately leading to a wide detection range of <1%-100% water in methanol 

by volume. Although the repeatability was not optimal due to degradation of the 

silver halide fibre over time, the system achieved sufficient sensitivity to moni

tor water concentrations in solvents, a key requirement of pharmaceutical drug 

manufacturing where solvents are spiked with water to induce crystallisation.

Using a similar optical configuration, absorption spectroscopy with hollow 

waveguides was carried out with both lasers. Propylene and gaseous acetone 

were analysed, two environmentally and medically relevant gases. Although the 

propylene sensor was capable of sensing in the lower region of exhaust propylene 

concentrations i.e. O-lOOOppm [5] with a LOD of 3.42ppmv, further development 

of the sensor was halted when the DFB-QCL was damaged during inspection. 

Acetone was sensed in a molar concentration range of 0.028-34%, but as the mini

mum recorded distinction between acetone levels in normal and diabetic breath is 

0.95ppmv [4], further work is required to fully realise the potential optical sensing 

poses for diabetic breath analysis and monitoring.

Open path cells were used for absorption spectroscopy with the FP-Q CL ex
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5-4- Summary J.R. Donohue

clusively. Formaldehyde sensing was carried out using sublimated paraformalde

hyde but crystallisation upon cooling affected the stability of the gas mixture 

in the cell. In spite of this, concentrations of 1.363% and 2.802% by mass were 

sensed. However to reach the levels required for atmospheric monitoring or med

ical applications, a more reliable formaldehyde generation technique would have 

to be pursued. Gaseous acetone was also detected using the same 10cm cell as a 

preliminary test prior to conducting acetone HW G experiments. Liquid sensing 

was performed on acetic acid samples in ethanol, achieving a LOD of 0.188% by 

volume.

It has been established that infrared spectroscopic sensing can be applied to a 

wide range of applications e.g humidity sensing, solvent water content monitoring, 

and trace biomarker analysis. A  relative humidity sensor, suitable for industrial 

deployment, has been developed based on NIR Tm3+ fluorescence. A  robust and 

versatile optical configuration has been implemented for coupling divergent QCL 

emission into a range of waveguides for spectroscopic sensing. These include 

silver halide optical fibres, hollow waveguides, and liquid and gas open path cells. 

The effects of pulse-to-pulse laser intensity fluctuations have been minimised by 

implementing pulse amplitude referencing.
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C h a p t e r  6

D i s c u s s i o n ,  C o n c l u s i o n  a n d  

F u r t h e r  W o r k

6 . 1  O v e r v i e w

The objective of this thesis was to apply novel infrared optical sources to a variety 

of optical sensing roles, including relative humidity sensing and trace chemical 

analysis. A  number of potentially important industrial and diagnostic applica

tions have been demonstrated. This was accomplished by using rare-earth doped 

glass NIR fluorescence to detect the moisture content of a gas, and by design

ing and constructing a flexible optical configuration for use with M IR  quantum 

cascade lasers to sense a variety of analytes in gas and liquid phase.

In terms of the relative humidity (RH) sensor, a device suitable for indus

trial deployment,the Industrial Prototype, was developed following the proof-of- 

concept work carried out with the Laboratory-Based Prototype. The fluorescence 

of Tm3+ in a ZBLAN  glass bead was successfully used as a spectroscopic source 

for sensing RH. Through refinement of the optical and electronic components, 

temperature stabilisation of the detector and stable RH measurements were car

ried out in nitrogen.

Two quantum cascade lasers were used to develop M IR  spectroscopic sensors. 

A  distributed feedback quantum cascade laser (DFB-QCL) emitting at 6.0/Lim 

was incorporated into a fibre optic evanescent wave sensing platform for detect

ing water in methanol, demonstrating the laser’s capability for sensing the water 

content in solvents. Pharmaceutical drug manufacturing relies on water-spiking 

solvents to generate crystallisation, and requires a continuous method of sensing 

water in a chemically active and dynamic environment. Although a large water 

concentration range was detectable with the silver halide fibre optic sensing ap
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6.2. Future Work J.R. Donohue

proach (< 1 %—10 0 % by volume), the repeatability of the evanescent wave sensing 

system was restricted by surface water adsorption and fibre aging. One potential 

solution to this problem would be to adopt an alternative, more robust fibre optic 

material e.g. sapphire.

The D FB-Q CL was also used with a hollow waveguide (HWG) to sense gaseous 

propylene. The QCL hollow waveguide experiment was very sensitive to low 

(ppmv) propylene concentrations, though there was an issue with the repeatabil

ity of the gas mixing.

A  Fabry-Perot laser (FP-QCL) was used in open path and HW G absorption 

spectroscopy to detect acetic acid, acetone and formaldehyde, all of which are 

important breath biomarkers. Acetic acid in the breath is related to liver func

tion impairment, acetone is a well-known component of diabetics’ breath, and 

formaldehyde is linked to a number of cancers.

A  pulse amplitude referencing system was designed to reduce the effect laser 

driver pulses had on pulse-to-pulse laser intensity. An investigation into this 

effect using a two-channel data acquisition system, the Saturn FastScan system, 

revealed that the Q CL intensity fluctuations matched pulse amplitude shifts in 

the Q CL pulse generator. This was used as the basis of a referencing regime to 

compare and correct M IR  absorption data.

A  summary of the results attained in this work is provided in Table 6.1.

6 . 2  F u t u r e  W o r k

The DFB -Q CL laser was damaged shortly after the propylene HW G experiments 

were carried out, so the majority of the ideas proposed in this section refer to the 

FP-QCL.

To better address the needs of medical breath diagnosis, improvements in the 

minimum detectable sensitivity currently attainable with Q CL absorption spec

troscopy must be implemented. This is due to the very low concentrations of 

biomarkers in exhaled breath (ppm-ppb). Increasing the optical path length is 

one method of achieving this. The longest path length used in the work de

scribed here was 89.9cm (for detecting acetone with a LOD of 280ppm), but to 

detect lower concentrations either a longer waveguide or an alternative optical 

configuration (e.g. using a multiple reflection, multi-pass cell) must be used. Us

ing a longer waveguide may prove unwieldy in the case of HWGs, as they suffer 

bending losses. An alternative waveguide that does not is the omnidirectional 

hollow waveguide, based on photonic bandgap fibre technology. This could be
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6.2. Future Work J.R. Donohue

A na ly te Technique LO D Range

Relative

Humidity

ZBLAN:Tm 3+ 

NIR fluorescence

3.71% RH 0-100% RH

Water FEW S with 6/im 

DFB-QCL

0.64%

(vol.)

0 .1 - 10 0 %

(vol.)

Acetic acid 150/im O PC and 

5.625/im FP-Q CL

1.255%

(vol.)

0.5-10%

(vol.)

Propylene 2mm i.d. HW G and 

6/im DFB-QCL

3.42ppmv 0-9.5ppmv

Formaldehyde 1 0 cm OPC and 

5.625/im FP-Q CL

n/a 1.4-2.8% 

(molar conc.)

Acetone 10cm OPC and 

5.625/im FP-Q CL

0.132% 

(molar conc.)

1.19-34.0% 

(molar conc.)

2mm i.d. HW G and 

5.625/tm FP-Q CL

280ppm 

(molar conc.)

1.19-3.40% 

(molar conc.)

T a b le  6 .1 : S um m ary  o f  chem ica ls  de tected  using rare earth  N IR  fluorescence and 

Q C L spectroscopy.

investigated as a suitable waveguide and gas confinement system for producing a 

hand-held clinical diagnostic device using QCLs.

Another method of improving sensitivity would be to enhance the spectral 

overlap between laser and analyte. QCLs can be temperature-tuned by chang

ing the heat-sink temperature or by changing the DC voltage driving the laser. 

In practice, both methods have the effect of heating or cooling the laser. For 

DFB-QCLs, temperature tuning is due mainly to the refractive index temper

ature dependence of the Bragg grating period, giving in a temperature shift of 

6 x 10-5/K  for wavelength. As the operating range of Alpes Lasers’ QCLs is 

60°C (60K, defined by the Peltier cooler range of ±30°C), this results in a tuning 

range of approximately 0.4% of peak emission wavelength. For FP-QCLs, tuning 

is accomplished by the temperature dependence of the device gain, which is man

ifested as a wavelength change of 1.3-4/K  and results in a wider tuning range of 

0.8% over a 60K range.

Shifting the laser wavelength could be implemented relatively simply by chang

ing the heat-sink temperature or the DC supply, but true optimisation would have 

to take into account the optical power loss that modifying the QCL operating pa

rameters could bring about; higher optical powers are achieved for lower tempera

tures and higher DC voltages, but the laser emission wavelength may not overlap
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6.3. Conclusion J.R. Donohue

adequately with an analyte’s absorption feature. A  full spectral characterisation 

would be required to fully exploit this aspect of QCLs.

To improve gas mixing, the use of commercially-supplied gases and mass flow 

controllers (MFCs) would undoubtedly bring about a marked improvement in 

mixing repeatability and stability. For some analytes, a difficulty may lie in the 

cost of getting M FCs calibrated for accurate analyte delivery and flow control, 

and for combined analyte and N 2 mixtures to facilitate dilution to ppm or ppb 

levels.

An aspect of the pulse amplitude referencing that deserves further investiga

tion is the averaging of scans and triggering. One million samples per average were 

sampled for both the infrared signal from the M CT  detector and the reference 

signal from the TPG128 pulse generator. This contributed to a lengthy response 

time (~ 45s) which would be sufficient for some applications e.g. atmospheric 

monitoring but unsuitable for sensing analytes in dynamic environments e.g. in 

exhaust fumes. While decreasing the number of samples per average scan would 

undoubtedly decrease the response time of the system, this would also decrease 

the SNR. A  more viable alternative would be to disable the Saturn FastScan’s 

system log generator. A  significant portion of the measurement duration is taken 

up with the FastScan software exporting the averaged signals and generating a 

log file. According to AM O  GmbH, the fastest measurement duration for a sin

gle channel recording 106 samples/average is 2.56s, so there is ample scope to 

improve the sensor response.

6 . 3  C o n c l u s i o n

The objectives set out at the beginning of the thesis have been completed. A  

relative humidity sensor, capable of industrial deployment in the present configu

ration, was developed based on the spectral overlap between the NIR absorption 

spectrum of water and Tm3+-doped glass fluorescence at 1.83/im.

The spectroscopic capabilities of quantum cascade lasers have been verified 

in a number of sensing configurations. These include fibre optic evanescent wave 

spectroscopy of water in solvents, direct absorption spectroscopy of acetic acid, 

formaldehyde and acetone, and hollow waveguide absorption spectroscopy of 

propylene and acetone. Although some further development is required to in

crease sensitivity, the SNR, and repeatability (in the case of the FEW S water 

experiment), the viability of QCLs as potential spectroscopic sources for M IR 

sensing applications has been demonstrated.
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6 8 5 n m  L a s e r  D i o d e

Hugh Mesterton amer no: iorango
Oublin City University
Slavi win
□ubiin 9 Laaer 2000 IW:
Ireland H0178/F002060

Oats:
21-Jan-02

Hem DeacripMon Serial No. T el SpecMlcaUon

PMTL01217 J 020840 Lsaer Diode Manufacture Info.
(Labelled as PMT45/6623) Threshold Current 4QTYP mA

Maximum Power 60 mW
Diode Current nOTYPmA
Diode Monitor 1 Im N/AmA

605.0 rnn
Readings at Hex. Power Out
Optical Output Power 46.5 mW
Modula Input 1 102.6 mA
Laser Diode Ope rati no 1 109.7 mA
Laser Diode Monitor 1 Im m
Focal length 5.00 Feet

Certified that the whole of the supplies detailed hereon have been inspected, tested 
and unleu otherwise stated above, conform r  all respects to the requirements of 
the order.

oauù.

F ig u re  A . l :  T es t d a ta  sheet fo r  685nm  laser d iode  used fo r  in it ia t in g  fluorescence 

in Z B L A N :T m 3+ glass bead a t A =  1 .83 //m

L a s e r s  •  O p t i c s  • F i b r e  O p t i c s  •  i n s t r u m e n t a t i o n

Tül r 'A  tCO 1 *>3ô -ìclcòc E-nVi“ c.o u«
y-yt -} 44 (0) I *?.Vi ¿t ) c-W vVtJLjSiïo: www,¡osor2C0û ca u<

1S"V fcSTOft «  l'F.UPLü
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¥  *
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Model “PUTT LASER DIODE OEM SYSTEM INSTRUCTIONS
GENERAL OPERATION ■ EXTERNAL TTL MODULATION

Introduction
These Laser Diode OEM Systems are designed for external TTL compatible modulation from CW to 20MHz.

The system operates on 5VDC Input only. In operation, the standard system provides a constant current, preset at the 
factory, to the laser. So, the laser output power Is fixed and will vary only with environmental changes. The system does 
not have a feedback systsm to regulate the laser power. So, the system will not automatically adjust for these changes.
See t h e  s e c t i o n  b e l o w  c o n c e r n i n g  o p t i o n a l  d r i v e  c u r r e n t  c o n t r o l s .

N o t e :  S i n c e  t h e  s y s t e m  d r i v e s  t h e  l a s e r  at a c o n s t a n t  c u r r e n t ,  you n e e d  to u n d e r s t a n d  t h e  i m p l i c a t i o n s  

o f  t h e  t e m p e r a t u r e  a n d  l a s e r  p o w e r  c o r r e l a t i o n .  A s  t e m p e r a t u r e  d e c r e a s e s ,  t h e  l a s e r  p o w e r  

i n c r e a s e s .  A t  t h e  s a m e  t o n e ,  t h e  J a s e / i  c u r r e n t  r a t i n g  d e c r e a s e s .  S o ,  t h e  p o s s i i i i t y  o t a  l a s e r  

b u m < u t  i s  i n c r e a s e d  a s  t h e  t e m p e r a t u r e  d r o p s  d u e  t o  t h e  p r e s e t  d r i v e  c u r r e n t  ( o r  c u r r e n t  

a d j u s t m e n t  w i t h  O p t i o n  X 2 2 )  e x c e e d i n g  t h e  d r i v e  c u r r e n t  c a p a c i t y  o t  t h e  l a s e r .  T h e r e  a n  a  

c o u p l e  o f  m e t h o d s  t o  a v o i d  t h i s  o u t c o m e .  Y o u  c a n  m a i n t a i n  a  c o n s t a n t  a m b i e n t  t e m p e r a t u r e  o r ,  

o p t i o n a l l y ,  y o u  c a n  m o n i t o r  t h e  l a s e r  p o w e r  a n d  a d j u s t  t h e  O p t i o n  X 2 2  c u r r e n t  c o n t r o l  t o  k e e p  

t h e  l a s e r  o u t p u t  p o w e r  u n d e r  t h e  m a x i m u m  r a t i n g  o t  t h e  s y s t e m .

Since the modulation Is TTL, the external pulse generator operation must toggle between OVDC and 5VDC. The 
system can be operated CW (with OVDC on the data input) or pulsed up to 20MHz. The system will not operate until the 
coaxial connector is attached to a pulse generator, or a shorted termination (which allows the system to operate CW).

Optional Drive Current Control:
The Option X22 is a turn potentiometer located on the end of the system. This enables the user to adjust the drive 

current to Ihe laser and therefore change the output power from zero to 100% of the rated power of the system. There is 
also an Option D2 which enables the currant to be digitally controlled. If you have this option, then you need to refer to 
those separate instructions.

Caution: Check the operating range of the power meter before setting the power. Most
photodiode baaed metere will saturate at 2mW (without an external attenuation). 
Although some digital meters will indicate power greater than 2mW, thla reeding le 
usually In error with the meter always giving e reading below the actual power. Also, 
becauae the aystem la modulated the meter will net give a true reading. For the true 
laser power you rnuet factor in the pulaa width and the pulae frequency.

Do not mount the system in a thermal insulating material, such as foam plastic. For best heat dissipation use a metal 
mounting fixture. A heatsink is recommended for operating temperatures above 2 S ° C .

Heat generation can also be a problem on systems that have an output power of 5mW or greater or, that have 70mA 
or more of current drawn by the laser. I f  e i t h e r  o f  t h e s e  c o n d i t i o n s  e x i s t  t o r  y o u r  s y s t e m  t h e n  a  h e a t  s i n k  I s  r e c o m m e n d e d  

t o  p r e v e n t  d a m a g e  t o  t h e  l a s e r  d i o d e .

The TTL modulation signal is transmitted to the system via a single coaxial cable (provided by the customer) 
connected to the male SMC connector located on the end of the system. A female SMC connector, and assembly 
instruction sheet, is provided for the customer to assemble an SMC to BNC cable (< 0.5m length recommended).

Warranty Notea:
Sealed Locking RlriJ: The laser diode is held in place with a locking ring. This locking ring is factory sealed. It is 
necessary to remove the lens in order to gain access to this ring. So, accidental breaking of this seal is unlikely.

Operation

Installation

Breaking the aeel on this locking ring volda the warranty.

V) r  liyfrjlc  %W4A<v«>K]iT.wCa'l Mil Si

f  .m at j*jlm^Uììor200(J CO uki 
Wtotoito wwiV.lQw>f20X)<;o.»A

Figure A .2: Specification sheet for 685nm laser diode
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P b S  P h o t o c o n d u c t i v e  Q u a d  

D e t e c t o r

A p p e n d ix  B

Report i  P a g e .lo fl

Heatsink temp: -c
; ajCKBODVTEW:, ~K 

' FLUX DENSITY: 1.33E-05 watts/on3
DETECTOR AREA:____ ,01_anJ

DETECTOR TEMPERATURE: -20' °C
: ‘«'i NOISE BANDPASS: 7.85 Hz
MODULATION FREQUENCY: «50. Hz

BIAS VOLTAGE: 50. VDC .
" vr.. LOAD RESISTOR: 1. MaaOhtM —  ■■

OWERSION FACTORS- det 1 d*t 2 . ,M d*t3  I ^  4uwycioiuiN rAcmna. 148 7Q 1942-B0 1942.80 | 149.70

DUBLIN CITY UNIV.
MOM__

AT1S-18TJMH

■ ■V ■ - •
■j ¿«IculttlonsTh»rml»tor^ 

Ratinane» IKn)
Cooiar
Powtr VR-p. O'cvauu/ma) (Cmm V 1;

1018-; :3.15E+06 3.18E+11 
77 2.87E+06 3.09E+11 

77 3.09E+08 3.09E+Ì1 

w h ie O E tO a  2.80E+11

OutSensors

CUSTOM St: 
P.O:

MODEL#:

CSI M.O.# 13556

REL#:

TEST DATE: 11/21/2001

PKG. DET#:JNIT#:

148-,

F ig u re  B . l :  T es t d a ta  sheet fo r  PbS quad d e te c to r used in Z B L A N :T m 3+

fluorescence-based RH sensor
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Figure B.2: Specification sheet for PbS quad detector
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H g C d T e  ( M C T )  P h o t o d i o d e  

D e t e c t o r

A p p e n d ix  C

SPECTRAL RESPONSE
S N  3 5 7 6 - 2  ID 2 8 7 3 -1 5

F ig u re  C . l :  S pec tra l response o f  M C T  d e tec to r.
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K O L M A R  T E C H N O L O G I E S

S e r ie s  K M P V  

H g C d T e  P h o t o d io d e s  

w i t h  I n te g r a l A m p l i f i e r s

F e a tu re s D e s c r ip t io n

H igh D* at high frequencies 
B andw id th  to  50 MHz 
Fast rise tim e: 7ns 
S izes 2.0 mm to 0.05 mm 
W ave length  cu to ff: 11.5, 8, 4.5 urn 
L inear
Custom con fig u ra tio n s  available

A p p lic a t io n s

The KMPV is designed to be used in 
systems and instruments which require a 
very sensitive, linear, high speed 
detector/amplifier:

Step-scan FTIR 
Time resolved spectroscopy 
Range finders 
Trace gas spectroscopy 
Chemical aerosols detection

S p e c tra l D e te c t iv i ty

Datactivlly vs WavBlènflth

The KMPV series Is an integrated high 
frequency infrared detector/am plifie r 
sensor with wavelengths of 2 jim  to 
12n.m. The HgCdTe photodiode Is 
coupled to an internal DC to 20MHz (or 
50MHz) bandw idth transim pedance 
amplifier. The output can be ordered as 
DC, AC or both AC and DC. The 
broadband D* is greater than 1 x 1010 
Jones. The standard Dewar is side- 
looking with a 10 hour hold time. The 
standard IR window is ZnSe antl- 
reflectlon coated for 2[im to 13|im.

The KMPV is designed for applications in 
wh i c h  p ho t o  c o n d u c t i v e  H g C d T e  
detectors are beyond their capabilities: 
applications which require bandwidth 
greater than 1MHz or greater linear 
dynamic range with photon flux.

F re q u e n c y  R e s p o n s e

Detectivity and Reeponaivrty 
KMPV 1 mm y  i  mm

I  1EKD
n*ûTT
à tea

1E0

\

1c6 f
rjS.

1B4 S'
I

1E3 1E4 1E5 1E6 1E7
Fr«auencv fHzl

1E8

W avelen o th  Tumi

KOLMAR TECHNOLOGIES, INC.
3 GRAF RD. UNIT 9, NEWBURYPORT, MA 01950 USA 

978 462 2905 - FAX 978 462 2893 email office@kolmartech.com

F ig u re  C .2 : S p e c ifica tio n  sheet fo r H gC dTe (M C T )  p h o to d io d e  d e te c to r used in 

Q C L  spectroscopy
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