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ABSTRACT

The enploynent of terahertz (THz) technology for
applications including |Inprovised Explosive Device (I|ED)
and conceal ed weapons detection is a rapidly growing field
of research. Additionally, THz waves do not pose a health
hazard as do x-rays and as such can be used for the imaging
and detection of certain cancers. To date, however, nost
detectors are highly sophisticated, bulky systens which
require extensive cooling in order to provide a signal-to-
noi se (SNR) ratio high enough for detection. A detection
system that is sinple in operation and uncooled is highly
desirable and is the focus of this research.

In this thesis, operation of a 3.4 THz quantum cascade
| aser (QCL) was successfully achieved using a closed cycle
cryostat and nanosecond pulse generator wth inpedance
mat ching circuitry. The |aser beamwas inaged in real tine
usi ng an uncool ed m crobol ometer infrared camera typically
used in far-infrared wavelength band (8-12 mj. The
prelimnary findings offer potential for developnent of a
conpact THz imaging system for applications involving
conceal ed obj ect detection.
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. 1 NTRODUCTI ON

A. TERAHERTZ | MAGQ NG

| magi ng using terahertz (THz) frequencies has recently
gained nomentum due to its penetration through non-
conducting materials [1-2]. The advances in detection
devices and increase in convenient high power emtters as
well as fabrication of adaptive optics nakes this region
avai l abl e for imaging. These waves are short enough for
subm I linmeter imaging while |long enough to penetrate many
materials [3]. This characteristic property makes THz
imaging a promsing solution to detecting |Inprovised
Expl osi ve Devices (IEDs) and conceal ed weapons for airport

security as the technol ogy natures.

Addi tionally, THz waves produce no health threats |ike
x-ray radiation. Mst of the energy present in these waves
is dissipated through the first 100 mm of the skin [4-5].
Deeper penetration is not possible due to water content.
These waves do not contain enough energy to affect the
underlining organs which mkes THz imaging ideal for

nmedi cal pur poses.

B. TERAHERTZ WAVES

The terahertz region of the electromagnetic spectrum
ranges from 300 GHz to 10 THz corresponding to wavel engt hs
of 30 umto 1000 um  These wavel engths fall into what is
called the far-infrared or submllineter wave region,
commonly referred to as submllinmeter-terahertz (SMW THz)

[ 6]. The characteristics of wavelengths in this region



allow submllineter resolution while containing enough
energy to penetrate through many materials. Figure 1 shows

where the THz region lies in the frequency spectrum

Visible X-ray y-ray

Electronics

Microwaves
MF, HF, VHF, UHF, SHF, EHF

100 108 106 109 1012 1015 1078 1021
kilo mega giga tera peta exa zetta
Example Radio Radar e Optical Medical Astrophysics
industries: communications communications imaging
Frequency (Hz)
Figure 1. Frequency Spectrum (From|[7]).

The energy of THz photons ranges from about 0.001 to
0.04 eV. This range is conparable with thermal energy at
roomtenperature (300 K) which has a value of 0.026 eV. In
order to detect thermally generated THz radiation, highly
sensitive detection schemes are needed to overcone the
thermal noise generated by the environnent. In other
words, THz radiation is nearly inpossible to pick out from
al | the background thernal energy radiating at all

frequenci es.

C. TERAHERTZ SOURCES

To date, several THz sources are available for inmaging
applications using external illumnation [8-10]. These
i ncl ude photom xer technol ogies, Schottky nmultipliers, free
el ectron |asers and quantum cascade | asers. Phot om xers

with a fenmtosecond pulsed |laser illumnate | ow tenperature-

2



growmn gallium arsenide (GaAs) but <can only generate

broadband THz radiation [9]. Free electron | asers provide
wavel ength tenability but require |arge, bulky equipnent
[ 10] . Quantum cascade lasers (QCL) emt coherent THz

radiation at a narrow bandwdth but need significant
cooling in order to |ase. The various approaches in
generating THz radiation are sunmarized in Figure 2 [8].

This research uses QCLs to generate THz radiati on.

1TW

/

IMPATT -
\ i

G I~ ine
unn Carcm?tron QcL
N e
'Schottky
\Multiplierg

1T mW

Power (W)

hommixerls

=
=
/2

0.01 0.1 1 10 100
Frequency (THz)

Fi gure 2. Appr oaches used to generate THz radi ati on
(From[8]).

D. TERAHERTZ DETECTORS

Detectors designed specifically for imaging in THz
have al ready been denonstrated. Typically these systens
are expensive and in sonme cases require cooling to bel ow
77K, In order to apply THz imaging to everyday life,
detectors nmust becone portable, easier to use, cheaper, and
uncool ed. As sem conductor technology inproves, a system
capable of achieving all these mlestones now exists.

Uncool ed microbol oneters are already being fabricated for

3



near and md-infrared imging [11]. This research
denonstrates the ability of an uncool ed m crobol oneter with
THz conpatible optics to inmage THz radi ati on.



1. THEORETI CAL BACKGROUND

The aim of the following sections is to derive an
expression for the Mise Equivalent Tenperature Difference
(NETD) for the uncooled canera in THz wavel engths. Thi s
analysis requires the total background THz power as a
function of the cut-off frequency. The NETD anal ysis was
not conpleted due to tine constraints associated wth
maki ng the | aser operational.

A BLACKBODY RADI ATI ON

A bl ackbody is any piece of matter which absorbs all
wavel engths of light, thus mneking it appear conpletely
bl ack. The thermal radiation emtted by such an object is
known as “blackbody radiation.” This radiation obeys
Planck’s radiation law [12] and can be witten in terns of
frequency and tenperature as foll ows:
pm® 1

2 m !

P(n’T): C kT .1
e -

(2.1)

where h is the Planck constant (6.64x10* Js), n is the
frequency of radiated light, c¢c is the speed of light in a
vacuum (3x10® m's), k is the Boltzmann constant (1.38x10 %
J/IK), and T is the tenperature in Kelvin. Equation 2.1 can
be sinplified by observing that photon energies up to 5 THz
(0.021 eV) are less than kT at roomtenperature (0.026 eV):

hv = (6.63x10 ** Js)(3.4x10% Hz) = 2.45x10 *J
hv < KT

Applying a Taylor expansion to the exponential in Equation
2.1 gives:

exp(hv/kT) -1 ~ hv/kT



where higher order terns contribute little to the overal

value of the equation and are consequently dropped.

Equation 2.1 then becones:

P(n,T):Zpl;;rnz. (2.2)

Equation 2.2 gives the power emtted per unit area per
unit frequency interval. In order to get the total THz
power per unit area, frequency is taken out of the equation

by integrating over the THz frequency domain (0,ne):

" 2pkTn? KT
P(T) = s m:aoscz n?. (2.3)

0
Using the approximtion given by equation 2.3 allows the
exitance to be easily calculated and graphed in Figure (3).

% 10‘” FPower Emitted Per Unit Area Per Unit Frequency Interval

5 T T T T T T T

45

4

hd a
oW

]

Fower (Watts per m2]|

1.5

|
1 15 2 25 3 35 4 45 5

Frequency (Hertz) « 1012

Fi gure 3. Power emtted as a function of THz frequency
usi ng Equation 2.3 at 300K
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Before accepting data provided from the approximtion
above, the actual val ue of P(T) is calculated by
nunerically integrating equation 2.1 over the sane
frequency domain as foll ows:

3
P(T)=dn § 2pr2n ml

n=sa2 C @/ _ 1

(2.4)

where dn was taken to be 1x10® Hz. The results of equation

2.4 are depicted in Figure 4.

% 10‘” Power Emitted Per Linit Area Per Unit Frequency Interval
5 T T T T T T I

4.5

4

L
wn

(%]

Fower (Watls per m2]|
]
o] n

1.5

05
0 . . . . . . .
1 15 2 25 3 35 4 45 5
Freguency (Hertz) « 1012
Figure 4. Power emitted as a function of THz frequency

usi ng Equation 2.4 at 300K



% ’10_11 FPower Emitted Per Uinit Area Per Unit Frequency Interval

18 I I T T T T T

16+ .

14+ .
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[ (] —
o o - b

| | 1 1

=
I
T
|

=
]
T
|

O | | | | | |
0 1 2 3 4 4] B 7 3]

Frequency (Hertz) y 1013

Fi gure 5. Bl ackbody radi ati on exitance as a function
of frequency at 300K.

Next, equations 2.3 and 2.4 are graphed together wth
power on the vertical axis and tenperature on the
hori zont al axis in order to determne whether the

appr oxi mati on agrees:



107 P(T)

Equation 2.4
161 ———-Equation 2 1 P

Fower (chm2]|

O | | | | | |
100 150 200 250 300 350 400
Temperature (k)
Fi gure 6. Conparison of power emtted using Equations
2.3 and 2. 4.

It is easily seen in Figure 6 that the estimted power
using the two equations at 300 K are approximately the
sane.

It has been determ ned above that equations 2.3 and
2.4 yield approximtely the sane result at room tenperature
and above. Figure 5 shows the bl ackbody radiati on curve at
300K. Using equation 2.4, the area under the curve is
found by summing all the P(T)s and multiplying by a snall
step, dn=1x10® Hz. The area under the curve is found to be:

P(T) = 45.7mV%m2.



The nunerical integration can be verified using the Stefan-

Bol t zmann | aw [ 13]:
P(T)=sT* (2.5)

The total energy radiated per wunit surface area for a
bl ackbody is calculated using equation 2.5. At 300K

(background tenperature), equation 2.6 gives:
- mwW
P(T) =459 Amz

The two values from equations 2.4 and 2.5 agree to within
one percent. The value yielded denonstrates that the
terahertz power in the 1-5 THz range is much weaker
conpared to the total background radiation power, making

passive detection nearly inpossible using uncool ed thernal

sensors. However, passive detection has been achieved
using liquid helium cool ed superconducting m crobol oneter
sensors [24]. Therefore, for an uncooled thermal sensor,

an external THz source is needed to enhance the signal-to-

noi se ratio. This research uses a quantum cascade | aser
and uncool ed mcrobol oneter for these purposes. Both are
di scussed in detail in the follow ng sections.

B. M CROBOLOVETER OPERATI ON

This research wutilizes an uncooled, silicon nitride
and vanadi um oxi de (VQ) m croboloneter canera, the IR 160
Thermal Imager, in THz i maging. Its original wavel ength
band is 8-14 mm (infrared). It has a 160x120 pixel focal
plane array and a sensitivity of under 60nK with its f/1

germani um |l ens [15].

10



Fi gure 7. | R-160 Thermal Inmager (From [15]).

The structure of the mcrobol oneter pixel consists of
a silicon nitride and VO | ayer suspended over and connected
to the substrate by two narrow | egs. The legs serve to
reduce thernmal conductance (see Figure 8). The
m crobol oneter senses nmnute tenperature changes through
two resistors of different resistance. Radi ati on i nci dent
on the detector causes a tenperature increase. Thi s
tenperature change causes a <change in the electrica
resistance of the VQ  film which is neasured by an exter nal

circuit.

11



)
/

Silicon Nitride and
Vanadium Cride

L
v

Menclithic
Bipalar
Transisior

Femetal

Fi gure 8. M crobol onet er pixel structure (From|[14]).

A nicrobolonmeter’s thernmal sensor can be understood

using Figure 9.

Heat sink Sensor
G
T T+DT
P
Fi gure 9. Thermal sensor operation di agram

In this diagram the sensor is connected to a heat sink
through a narrow arm The sensor is exposed to the
envi r onment and infrared is incident on it. The
tenperature on the sensor increases and the incident power
is dissipated through the narrow arm into the heat sink.

The heat transfer for this systemis given by:

:%qmwTHGm; (2.6)

12



where P is the incident power provided by an infrared
source, C is the heat capacity of the sensor, DT is the

tenperature change, Tis the anbient tenperature, and G is

t he heat conductance. In the steady state case, there is
no tenperature change, i.e., E%(DT+T):(L and equation 2.6
becones:
P
DT =—. 2.7
G (2.7)

For systens designed to sense tenperature changes, it is
desired to have a large DT. It is evident from equation
2.7 that this is acconplished by reducing G and neking the
arm between the heat sink and sensor as narrow and |ong as

possi bl e. This “solution” has a considerable tradeoff
whi ch is anal yzed next.

The next <case to analyze is when the |light (P)
incident on the sensor is turned off. Equation 2.6
becones:

d
E#CDT)+GDT=O. (2.8)

Equation 2.8 is rearranged and sol ved for DT:

doT - Sy (2.9)
DT C
-t
DT =DT.e /% DT e/ (2.10)

where t =€%3 is the response tinme of the bolonmeter and Tss

is the value of DT at t=0. Fast response tines are
desired in detectors. This is generally not possible
because as nmentioned earlier equation 2.7 requires a small

G; however, equation 2.10 explicitly shows that smaller G

13



slows the detector’s response tine. Therefore, G is
maxi m zed to provide the best DT while providing the
fastest possible response tine. The m crobol oneter pixels
used in this research have a response tine of t @2ms [ 15].

The final condition to analyze is when the incident

power is time dependent, P=Pe". Equation 2.6 becones:
Pe™ :C%+GDT. (2.11)

The steady state solution to this equation is given by
[12] :
Peth Pe] (wt-q)

DT = = )
JG2 +wC2el G(1+w? 2)}/2

(2.12)

where the e® termis the phase lag of DT behind P. As
the frequency is increased, the phase lag continues to
decr ease. The anount of tenperature change as a function
of tenperature is given by:

P

DT|=—————. 2.13
o7 G(1+w??)¥? ( )

As a function of frequency, |DT| rolls off with a 3 dB

cutoff frequency at 1/(2pt). A typical mcrobol oneter
detector (with thermal tine constant of about 5 ns) gives a

cutoff frequency of about 30 Hz.

C. QUANTUM CASCADE LASER

In this research, a 3.4 THz quantum cascade | aser
(QCL) was used. Specifically, the laser was a bound-to-
conti nuum design fabricated by the Jerone Faist group at
the University of Neuchatel, Swtzerland and was provided
to us by Danielle Chanberlin and Peter Robrish at Agilent

14



Laboratories in Santa d ara. QCLs are constructed so that
the active region is layered wth several thin-Iayer
materials [17-18].

1. Solid-state D ode Laser Conpared to QC Laser
Figure 10 shows the l|ayer structure and operation
contrast between a quantum wel | based di ode and QCL [ 16].

Conducti on Band Conducti on Band
. [

Val ence Band |5 *® L \Li._.J\

]

Diode QC Laser
Laser
Fi gure 10. Operation of a diode and QC | aser (After
[16]).

D ode |asers have only one material in the active region
which effectively splits the available energy into val ence
bands heavily populated by holes and conduction bands
popul ated with electrons. Such a population inversion is
achi eved either by electrical or optical punping [17]. A
photon is then introduced with the specific energy of the
bandgap and an electron fromthe conduction band is dropped

to the val ence band creating a photon which is identical to

the incident photon (stinulated em ssion). This process
continues to produce an anplified light beam from the
di ode.

In a quantum cascade |aser, the aforenentioned |ayers
create three subbands within the conduction band as seen in

Figure 11 under an external bias. The upper subband is
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infjected with electrons and subbands between adjacent
active regions are aligned during operation as illustrated
in Figure 11. In this case, one electron can tunnel
t hrough the adjacent active regions creating a photon each
time it travels through them The advantage in using a QCL
is one electron can emt several photons and increase the
optical output power many tinmes over conpared to the diode
| aser.

The energy separation between the first tw energy
states in an active region is usually made to be resonant
with optical phonon energy to enhance the depopul ation
rate. This reduces the punping current needed to maintain
the popul ation inversion between the 2% and 3¢ states of

each active region.

Energy
A
2 LI ! | |
} E
| I\ .
injector
active 24
region I]
Figure 11. Conduction band structure for QCL (After

[19]).
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2. 3.4 THz QCL Operation
Experinments in this research were nmade using a 3.4 THz
| aser with a 200nm by 14nm active region as seen in Figure

12. The | aser operates at high currents and voltages to

overcome the relatively small non-radiative lifetime (~1
ps) for achieving population inversion. It has a substrate
of sem -insul ating (Sh) Gal l'i um Arseni de (SI - GaAs)
followed by a |ayer of ndoped RAs. In the area |abel ed

“MMW in Figure 12, over 100 layers of GaAs and Al GaAs are
present to create a nultiple quantum well active region.

The details of the design can be found in Ref. [20].

Ge/Au/Ag/Au

2 7 I *T45um
_ 200um fﬁi
12/27/50/400nm / [ '

/ | Ge/Au
alloyed contacts / | /13nm
" | alloyed
contacts
4 : i#;uu
300nm
n+ GaAs 250pm
{inﬂlﬂﬂn—ﬂ SI GaAs
Figure 12. Schematic of 3.4 THz | aser (After [20]).

Due to the small energy |evel separations involved,
THz QCLs usually operate in pulsed node with tenperatures
bel ow 50 K. The typical electrical pulses used are several
hundr eds of nanoseconds wi de with a duty cycle of |less than
10% to avoid excessive heating of the active region. One
of the nost inportant paraneters is the inpedance of the

| aser under operating conditions. This is obtained using

17



the low tenperature |-V characteristics of the |laser. The
details of the I-V neasurement wll be presented in the

next chapter.
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[ 11. EXPERI MENTAL SET- UP

A LASER HOLDER

The | aser holder used in this research was designed by
Agil ent Laboratories. It is made of copper, which
transfers heat quickly from the |aser. Exact replication
was essential to fit the QCL, a parabolic mrror, and flat
mrror so that the optics maximze the power output QCL
beam Figure 13 depicts the laser holder and Figure 14
shows a size conparison for the laser, laser holder wth

parabolic mrror conpared to a quarter.

Fi gure 13. Laser holder with parabolic mrror.
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Figure 14. Laser and | aser hol der size conparison with
quarter.

B. OPTI CS

The optics designed for the laser holder included an
8mm x 8mm flat, gold plated mrror and a 90° off-axis, 1
inch diameter, parabolic mrror, also gold plated. The
parabolic mrror was attached to the |aser holder with two
SCrews. The flat mirror was attached to the holder with

epoxy. Figures 15 and 16 depict the optics layout and
resulting beam fromthe | aser.
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Fi gure 15. Laser holder with QCL and optics. Arrows
show | aser beam path (After [20]).

Ther mal
Sensor

aser

:

Fi gure 16. Laser holder with optics nounted.
C. QCL
The QCL described in Chapter Il was mounted first on a

metal strip and then onto the laser holder using two snmall
SCrews. It was then connected to ground and power wres

were attached to the laser holder as shown in Figure 16
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The netal strip contains tw lasers which <can be
di stingui shed in Figure 18. The smaller one is 100mm w de
by 14mm deep and the |l arger one, which was actually used in

the experinents, is 200mm w de by 14nm deep (see Figure

18).

Figure 17. 3.4 THz Laser, pads, and netal hol der.
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Fi gure 18. Cl ose-up of the |aser.
D. LASER COOLI NG SETUP

A closed-cycle refrigerator (seen in Figure 19) from
Janis was used to cool the laser system to 10K The
cryodyne system uses helium as refrigerant; evacuating air
from the chanber surrounding the cold head (where the |aser

i s housed) is needed before operation [21].

| medi ately behind the | aser hol der connection to the
cooler is the thermal sensor (see Figure 16). The system
requires approximately two hours to cool down before
operation of the Jlaser can conmence. The system
tenperature is continuously nonitored at the LakeShore 321

Aut ot uni ng Tenperature Controller (Figure 20).
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Figure 19. Cl osed cycle refrigerator head where | aser
i s housed.

Temparsium

- Sponi T

bt B, 2 X1 At i
Ol koSHONS e tamsis

Fi gure 20. LakeShore 312 Autotuning Tenperature
Controller set to 10K

E. Pl CARI N W NDOW AND CAMERA LENS

A picarin window and canera lens was used in this
research because of the high THz frequency transm ssion.
Using a Fourier transforminfrared spectroneter (FTIR), the
picarin w ndow was analyzed to determine its transn ssion
conpared to the manufacture’s specifications. Figures 21
and 22 conpare the two transm ssion spectra and show good
agreenment. Figure 23 depicts the picarin Iens used on the
m crobol onmeter canera for imaging the THz beam from the

| aser.
24



100

—— Picarin (2 mm)
—— Polyethylene (2 mm)
80 - data accounts for reflection loss
£ w-
40 -
-
+]
o
Frequency (THz)
Fi gure 21. Manuf acturer’s data depicting percent THz

transmtted through picarin window (From]|[18])

Fi gure 22. THz transmission through picarin measured
wth FTIR.
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caner a.

D. PULSED POVNER TO THE LASER

The operation of the laser requires electrical pulses
of about 500 ns wide with a 100 kHz repetition rate. The
QCLi s a nonopol ar device and has about 347W inpedance at
its operating point as given in Reference [20]. The pulse
generator and the cabl es have i npedance of 50 W and require
i npedance matching to deliver the high current pulses to
the | aser. This was achieved by fabricating a step-down
transfornmer. By selecting the nunber of turns of primry
and secondary coils, the two inpedances were matched as

shown bel ow The transfer characteristics of t he
transforner give:

\/in = IinZin (3 1)
Vou = lowZou (3.2)
Vinlin :Voutlout (3 3)
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IinNin = IoutNout ( 3 4)

ou (3.5)

where Z, is the input inpedance of 50W, Z, is the |aser

i npedance of 347W, V is voltage, | is current, and N is
the nunber of turns on the transformer. Next, equations
3.1 and 3.2 are substituted into equation 3.3 for V:

(Zinlin)lin:(zoutlout)lout (3 6)

Z12=27 12 (3.7)

in'in out " out *

Equation 3.7 is solved for Z,:

Zos =Zm(|| )2, (3.8)

out

Finally, equation 3.8 is nodified to include the nunber of
turns:

Zout = Zin(%)2 ' ( 3. 9)

in

Plugging in the appropriate nunbers for Z yields a squared
turn ratio of CNEQZ to be approxinmately O0.26. For this
experinment, a transfornmer from a conputer power supply with
slight nodifications to the nunber of turns to the
secondary coil was used. Appendi x B describes the
procedure and data (Table 2) used to construct the correct
turn ratio.

F. STEP- DOAN TRANSFORVMVER
The above analysis yielded a squared ratio of turns
equal to 0.28 to match the inpedances. This transl ates

into approximately a 2:1 ratio of voltage and 1:2 ratio of
27



current. The input voltage was twice as large as the
output voltage and the input current was half as |arge as
the output current. The current through the [|aser was

measured with a Pearson Current Monitor [23].

The current nonitor measures the change in flux of the
magnetic field and converts it to a voltage. Using the
conversion factor specific to the nonitor of 0.1V=1A, the
output current is easily neasured. Figure 24 depicts the

transforner as well as the current neasurenent device.

Fi gure 24. Transfornmer and current nonitor.

G PULSE GENERATOR AND OSCl LLI SCOPE

The pulse generator used in this experinment was an
Agil ent 8114A 100V/ 2A Progranmmabl e Pul se Generator, which
is depicted in Figure 25. The oscilloscope used to nonitor
the input and output pulses was the Agilent Infiniium
Gscil | oscope as shown in Figure 26.
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Fi gure 25. Pul se Generator.

Fi gure 26. Gsci | | oscope.
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| V. EXPERI MENTAL PROCEDURE

The laser holder was assenbled with the parabolic
mrror, flat mrror, and | aser. This assenbly was nount ed
on the cold head of the cryogenic cooler. The resistance
of the laser was neasured using a Fluke multinmeter and
found to be about 7.2W at room tenperature. The vacuum punp
was activated to renove the air in the shroud and the

cool er was started.

The cryogenic cooler requires at least two hours to
cool the assenbly down to 10K The tenperature sensor was
nonitored the entire tine, and when it read 10K the
resistance of the electrical circuit was again nmeasured.
This is necessary because the thermal sensor does not lie
on top of the |aser. Once the Fluke neter had stopped
changing (resistance was a stable value of 01IMW), the
tenperature at the |l aser was approxi mately 10K

The m cr obol onet er I nfrared canera was pl aced
approximately six inches from the cold head w ndow. Its
germani um optics were renoved and replaced with the picarin
| ens. The canera’s RF output was connected to a conputer
using a franmegrabber (Video Capture Essentials) to record

the | aser beam

Next, the pulse generator and oscilloscope were
activat ed. The pul se generator was checked to ensure the
correct pulse paraneters were set. The | aser was pul sed

with a square wave whose frequency was 100 kHz. The pul se
width was 500 ns and duty cycle was 5% The pul se had a
negative slope (top contact to the |aser being positive)

and was driven between 100 nA to 1 A. It was observed that
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the tenperature of the cold head was increased from 10K to
about 20K when the pul se generator was turned on. This was
primarily due to the dissipation of about 10W of peak power
or 0.5 Wof average power during the operation. The output
pul se settings are sumarized in Table 1. The i nput
current, output current, tenperature, and inages were
recorded. Figure 27 depicts the overall equi pnent set-up

o0

1 - —
— -Cr yogeni ¢
== COI er

Tr ansf or mer

- | Cold head

------

| Picarin -
| W ndow

¥ - Bk ] . L] J o ! !
S M crobol onet er .
S | Caner a
] [ i L] i L] ¥ ' ’ :

Fi gure 27. Experi ment set -up.

Frequency | Period | Delay |Duty W dth |Anplitude |Pul se
Cycl e Sl ope
100kHz 10ms Ons 5% 500ns Current - | Negative
200mA
Tabl e 1. Pul se generat or output settings.
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V.  RESULTS AND RECOMMVENDATI ONS

A CURRENT AND SI GNAL OUTPUT

The input signal described in Chapter 1V ran fromthe
power generator through the step-down transforner. The
current through the laser and output voltage of the
transformer were both nonitored and recorded and are shown

in Figures 28 and 29, respectively.

Current Through 3.4 THz QCL at 10K

0.0 |-

0.2 fLth _ i

04 | 5 _

08 | " ' . il
i el |

08f | S e rﬁ

Current (A)

‘1D B . e { I!I

=12 -

-16

_1 a i 1 i | i 1 i | i | i
0 100 200 300 400 500 600

Time (ns)

Fi gure 28. Current as a function of tine in steps of 50
mA t hrough | aser.
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Output Signal for 3.4 THz QCL at 10K
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Fi gure 29. Vol t age across the output of the

t ransf or mer.

It can be seen that the output voltage oscillates at
the edges of the pulse primarily due to the inductance of
the ferrite <core, transformer coupled wth the cable
capaci tance and inpedance of the pul se generator. Furt her
refinement of the electrical circuit is needed to mnimze
such ringing. However, a mjor portion of the pulse is
relatively flat. The ringing was not seen in the current
traces in Figure 28 due to the integrating done with the
current monitor. The data in Figures 28 and 29 were used
to generate the 1-V characteristics of the laser at the

operating tenperature of about 10K as depicted in Figure
30.
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-V CHARACTERISTICS

16 -
14 |
12 |
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0.0 05 1.0 1.5 2.0
Current (A)
Fi gure 30. | -V Characteristics for 3.4 THz | aser for
i nput current greater than 100 mA. The bl ue
circle represents the current range over which
the |l aser | ased.
B. | MAGES OF LASER BEAM

The input electrical pulses of 1 A and 10 V along with
a cryogenic cooler tenperature of approximately 20K
produced THz rays that were captured by the m crobol oneter.
The followng pictures were captured with Video Capture
Essential s software.
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1.5A 9V 1.0 A 7V

750 mMA, 6.5 V

Figure 31. Three i nages of THz radi ati on captured by
m cr obol onet er.

The inmage of the THz beam is approximately 20nm x 5mm
It is not circle in shape due to the multinode nature of
the | aser em ssion.

It was observed that the |aser power reduces with the
nunmber of electrical pulses due to heating of the active
region of the laser. As nentioned before, the use of high
current and voltage pulses generate about 10 W of peak
power. In addition, the |aser power is strongly dependent
on the pulse current as illustrated by the inmages in Figure
31. As expected, the THz light was transmtted through
clear plastics (see Figure 32).
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Fi gure 32. Clear plastic in front of THz beamat 1.2 A
7.5 V.

In summary, during the course of this project a
cryogeni cally cool ed quantum cascade | aser operating in THz
frequenci es was successfully inplenented. The output of
the laser was inmaged using an wuncooled mcrobol oneter
infrared canera fitted with a picarin lens, which has a
good transm ssion in THz frequencies. The initial results
indicate that such a setup can be wused for real-tine

imaging in the THz spectrum

C. FUTURE WORK RECOVMENDATI ONS
The followng are recommendations for future work in
the field of terahertz imaging using a QCL and uncool ed

m cr obol onet er caner a.

It is easily denonstrated that the beam out put power
decays with the increase in tenperature at the lasing site.
In order to have a stronger signal sent to the canera, the
out put power of the QCL nust be enhanced. One
recommendation is to place a cold shield around the |aser
inside the vacuum shroud. More research needs to be
conpleted in this area to naximze the renpoval of heat

generated by the |aser during the operation.
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The second recomendation for future work is to
optimze the light collection optics. The beam output is
not perfectly collinmated. Wrk on correcting this involves
the use of a thinner flat mrror or nodification of the

flat mrror holder to inprove the collimation

Finally, research into characteri zi ng t he
m cr obol oneter canera’'s operation in other THz wavel engths
needs to be conpleted. The NETD analysis was started in
Chapter |11 but needs to be conpleted. The ultimate goal
of research in this field is to design an uncooled
m crobol oneter for THz imaging that is portable, cheap, and
effective. Thi s | ast research recomendat i on i's

fundanental in achieving that goal.
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APPENDI X A.

A MATLAB PROGRAM FOR PLANCK BLACKBODY RADI ATION LAW
APPROXI MATI ON

mE1e12 21810210812
k=1.38e-23

T=300

—=3Fe8

h=6. 63e—34
dnu=1e127

p=02*pi T LAY/ (C0);

figure (1), clf

plot (nu,p)

acis ([1el2 5812 0 5e-12])

x1abel ('Freguency (Hert=z)")

w1 abel EPma" (Warts)")

title ("Power Bmitted Per UMt Area Per Umt Freguency Interval ')

B. MATLAB PROGRAM FOR PLANCK BLACKBODY RADI ATI ON LAW

n=1e1? s 1ed: 8e13
h=6. 63E-34
k=1.38E-23

=300

C=3ES

dnu=1e8

2*pi*h "nu C
gt/ 03
D==um{p J*dmu
Tigure (1
P10t (i; )
xlabel ("Freguen ertz) "
Vbl ( Powr Gy )
title {'Power Bmitted Per Unmit Area Per Umt Freguency Interval')

C. MATLAB PROGRAM FOR OOWPARI SON OF EQUATION 2.1 AND
EQUATI ON 2. 4

h=6.63E—34
k=1.3BE-23

=3E8

dnu=1e9
mnu=1el0-dmus 5elz

sigmas.67e-8
Tor n=1:31

T(n)=901-1l]"n
ﬁ A3). e ;

SR ARG5S
)'“-’FUHEP{B

end

D2=( 2#pi *k*T*S 01 2A3 *1e—4) /(3 *C*C)

i

o

plot (T.02,"—")

acis ([100 400 0 1.86-3])

xlabel ('Temperature (K)' ]

(wrom2)*

vl abhel ( Power

title ('P(T1 ")
hold off
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APPENDI X B.

A PROCEDURE FOR OBTAINING CORRECT TURN RATIO ON
TRANSFCORMER

The transforner used contained five wres wapped
around a toroid. The turn ratio of all possible
conbi nati ons was found by neasuring the input and output
voltages (in nV). Using the relationships in equations 3.8
and 3.9, the voltage is related to the turn ration. From
there the nunber is squared. This is the desired nunber
Table 2 Iists the data taken.

Wre (out) Wre (in) \ij”f :hhj/f Squar ed
Vo Ny Nunber
1 2 100/ 40=2.5 6. 25
1 3 100/ 40=2.5 6. 25
1 4 100/ 40=2.5 6. 25
1 5 200/ 170=1. 18 1.38
2 1 250/ 100=2.5 6. 25
2 3 1 1
2 4 1 1
2 5 90/ 170=0. 53 0. 28
3 1 250/ 100=2.5 6. 25
3 2 1 1
3 4 1 1
3 5 81/170=0. 476 0. 23
4 1 100/ 260=0. 385 | 0. 148
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Wre (out) Wre (in) \ijf Zhhjff Squar ed
Vo Ny Nunber
4 2 1 1
4 3 1 1
4 5 90/ 173=0. 52 0. 27
5 1 210/ 260=0. 808 | 0. 65
5 2 82/ 41=2 4
5 3 78/ 37=2.1 4. 44
5 4 81/ 40=2 4
Tabl e 2. Transfornmer Data to determi ne squared turn ratio.

Applying the data from Table 2,

kept on the transforner and al
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