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In the present work, multilayer reflection coating analysis has been employed 
for design and simulating diode-pumped solid state (DPSS) laser system with 
second harmonic generation (SHG) using composite crystal (DPM010X). It 
was found that the optical reflection greatly depends on the refractive index, 
optical thickness and number of anti-reflection coating layers used. The 
calculated refractive index was found to be 1.949 for phase matched angle of 
23.2° for the KTP non-linear crystal. 
 
Keywords: DPSSL, SHG, KTP, Nonlinear crystal, Optical pumping 
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1. Introduction 
Diode-pumped solid state (DPSS) lasers are 

the ideal laser tools for machining, material 
processing, spectroscopy, wafer inspection, light 
show, medical diagnostics and other 
applications. The DPM composite crystals, 
which combine the vanadate Nd:YVO4 and KTP, 
are mainly used for low power applications, for 
example, green laser pointers [1]. Here are some 
systems that will get you some green light 
without either expensive crystals or the need for 
complex mounting and infinite alignment 
fiddling, as shown in the Fig. (1), where a hybrid 
(also called composite) vanadate-KTP crystal, 
and a 100 to 500mW, 808nm pump diode are 
needed. The resulting laser should be capable of 
5-10mW of green light with DPM010X 
composite crystal [1]. 

 

Fig. (1) Schematic diagram of the DPM1101 
composite crystal [1] 

 
2. Theory 
Second harmonic generation (SHG) occurs 

when an intense light beam of angular frequency 
ω passing through an appropriate crystal (e.g. 
KTP) and generates a light beam of double the 
frequency (ω2). If E is the electric field in the 
light wave, then the induced polarization P
becomes a function of E and can be written as 

−= )sin(010 tEP ωχε

030020 2
1)2cos(

2
1 EtE χεωχε + (1) 

where χ1, χ2 and χ3 are the linear, second-order 
and third-order susceptibilities 

SHG is based on a finite χ2 coefficient in 
which the effect of χ3 is negligible. The first term 
is the fundamental, second is the second 
harmonic and third is the dc term. The second 
harmonic (2ω oscillation of local dipole 
moments generates secondary second harmonic 
(2ω) waves in the crystal as shown in Fig. (2). 

However, the crystal will normally possess 
different refractive indices n(ω) and n(2ω) for 
frequencies ω and 2ω. The condition that the 
second harmonic waves must travel with the 
same phase velocity as the fundamental wave to 
constitute a second harmonic beam is called 
phase matching and requires n(ω)=n(2ω). One 
method is to use a birefringent crystal as these 
have two refractive indices: ordinary index no
and extraordinary index ne. Suppose that along a 
certain crystal direction at an angle θ to the optic 
axis, ne(2ω) at the second harmonic is the same 
as no(ω) at the fundamental frequency: 
ne(2ω)=no(ω). This is called index matching and 
the angle θ is the phase matching angle. To 
separate the second harmonic beam from the 
fundamental beam, something like a diffraction 
grating, a prism or an optical filter (such as anti 
reflection coating ) will have to be used at the 
output as [2]. The optical matrix approach was 
employed for N-layer design of antireflection 
coating the main idea of this method is matching 
the E and H fields of the incident light on the 
interfaces of the multilayer optical coatings. The 
matrix relation defining the N-layer 
antireflection problem is given by [8] 
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where B and C are total electric and magnetic 
field amplitudes of light propagation in the 
medium. Thus optical admittance is given by the 
ratio 
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B
CY = (3) 

As n is the refractive index of the layer, then 
the phase thickness (δ) is given by 

λ
π

δ qnd2
= (4) 

With the physical thickness of the layer being 
dq, then the reflection coefficient r and the 
reflectivity R are respectively given by [8] 

∗×= rrR (5) 
where r is the reflectance 

Yn
Ynr

+
−=

0

0 (6) 

 

Fig. (2) Induced polarization vs. optical field for a 
nonlinear medium (a), Sinusoidal optical field 
oscillations between E0 result in polarization 
oscillations between P+ and P- (b), The polarization 
oscillation can be represented by sinusoidal 
oscillations at angular (c) 

 
3. Experiment 
DPM1101 composite crystal in DPSS laser 

system has been chosen for designing the 
required model. The use of hybrid or composite 
crystals represents by far the easiest way to 

construct a low power green DPSS laser. They 
virtually eliminate fiddling as a pastime since the 
HR, Nd:YVO4 (vanadate), KTP, and OC mirrors 
are all permanently aligned. For many 
applications, no additional optics is required. 
Such systems are used mainly for SHG, which 
involve two fundamental mode photons [9]. 

The dimensions of DPM0101 crystal is 
approximately 1x1x2.5mm. Vanadate doping and 
thickness: As well, the Vanadate doping is 
probably 3% and the thickness is 0.5mm. The 
main features and optical properties of vanadate 
are: 
1- Low lasing threshold and high slope 

efficiency 
2- Large stimulated emission cross-section at 

lasing wavelength 
3- High absorption over a wide pumping 

wavelength bandwidth 
4- Optically uniaxial and large birefringence 

emits polarized laser. Its fluorescence 
spectra curves are shown below in Fig. (3) 
[3] 

 

Fig. (3) Fluorescence spectra of the vanadate 
 

Because of its large stimulated emission cross 
section at 1.34mm, Nd:YVO4 is also an efficient 
laser crystal for diode laser-pumped 1.3mm laser 
[3]. 

By using the compact design of 
Nd:YVO4+KTP crystals, high power green or 
red light output can be generated in a diode laser 
pumped Nd:YVO4 laser and the optical 
properties of the vanadate are shown  in table (1) 
[4]. 
• HR mirror: The coating is on the rear face of 
the vanadate and is HT at 808nm and HR 
@1064nm 
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KTP: The KTP is cut to provide the critical Type 
(2) phase matching for the 1064nm to 532nm 
conversion and the output 532nm light will be 
polarized at +45 or -45 degrees as usual. The 
shape of the KTP matches the vanadate and its 
optical properties are listed on the table (2).  
 

Table (1) optical properties of the vanadate [4] 
 

Lasing wavelengths 914nm, 1064 nm, 1342 nm 
Crystal class positive uniaxial, no=na=nb,

ne=nc

Sellmeier equation (for pure YVO4 crystals): 
no

2=3.77834+0.069736/(λ2 - 0.04724) - 0.0108133λ2

ne
2=4.59905+0.110534/(λ2 - 0.04813) - 0.0122676λ2

Thermal optical 
coefficient: 

dna/dT=8.5x10-6/K, 
dnc/dT=3.0x10-6/K 

Stimulated emission 
cross-section 

25.0x10-19cm2, @1064nm 

Fluorescent lifetime 90µs (about 50µs for 2atm% 
Nd doped) @808nm 

Absorption coefficient 31.4cm-1 @808nm 
Absorption length 0.32mm  @808nm 
Diode pumped 
optical-to-optical 
efficiency 

>60% 

Table (2) optical properties of the KTP crystal [4] 
Transmitting 
range 

350nm~4500nm 

Refractive 
indices 

 nx ny nz

1064nm 1.7400 1.7469 1.8304 
532nm 1.7787 1.7924 1.8873 

Thermal 
optical 
coefficient: 

dnx/dT=1.1x10-5/°C 
dny/dT=1.3x10-5/°C 
dnz/dT=1.6x10-5/°C 

Stimulated 
emission 
cross-
section 

25.0x10-19cm2, @1064nm 

Absorption 
coefficient 

a<1%/cm @1064nm and 532nm 

The refractive index of the SHG was measured 
by using equation below: 

( )eoo nnn ωωω +=
2
1

2
(7) 

• OC mirror: The coating on the front face of 
the KTP is HR at 1064nm and AR at 532nm. 
Pump power for the low power DPM crystal is 
suggested to be less than 300mW, and the 
generated green output power could be less than 
10mW. 

The simulation of the reflection in MATLAB 
have been the main assignment of this work. The 
reflectivity of both rear and output coupler 
mirror have been simulated with multilayer 
antireflection coating after choosing the proper 
material for both high and low index of reflection 
which should have suitable absorption, good 
adhesion, low stress, hardness, low cost and easy 
preparation. The program optimize at λ0=500nm 
central wavelength for visible and near infrared 
spectral region. The parameters of antireflection 

are optical thickness for each layer and refractive 
index for each layer coating and substrate [5] 

 
4. Results and Discussion 
Reflection was taken as function of the 

wavelength for different coating materials for 
both rear and coupling mirror, as shown in the 
two parts below. Figures (4-11) shows the 
simulated results of reflection as a function of 
wavelength for different low and high refractive 
index of materials used for coating layers for two 
different values of optical thickness. 

 
Part 1: Rear mirror 
In this part, the Nd:YVO4 was taken as 

substrate material with refractive index of 1.9573 
and reflection has been simulated with central 
wavelength (500nm) in the range from visible to 
NIR in multilayer anti-reflection technique. 

 

Fig. (4) Reflection as function of wavelength for ZnS 
as high index and MgF2 as low index coating 
materials. Simulated figures with optical thickness 
of 0.25 (above) and 0.5 (above) for both high and 
low coating layers, respectively 

 

Part 2: Output coupler mirror 
In this part, the KTP birefringent crystal was 

taken as substrate material with measured 
refractive index of 1.949 and reflection has been 
simulated with central wavelength (500nm) in 
the range from visible to NIR in multilayer anti-
reflection technique. 
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Fig. (5) Same as Fig. (4) but for SiO as high index 
and MgF2 as low index coating materials. Simulated 
figures with optical thickness of 0.25 (above) and 
0.5 (above) for both high and low coating layers, 
respectively 

 

Fig. (6) Same as Fig. (4) but for ZnSe as high index 
and NaF as low index coating materials. Simulated 
figures with optical thickness of 0.25 (above) and 
0.5 (above) for both high and low coating layers, 
respectively 

Fig. (7) Same as Fig. (4) but for PbF3 as high index 
and NdF3 as low index coating materials. Simulated 
figures with optical thickness of 0.25 (above) and 
0.5 (above) for both high and low coating layers, 
respectively 
 

Fig. (8) Same as Fig. (4) but for ZnS as high index 
and MgF2 as low index coating materials. Simulated 
figures with optical thickness of 0.25 (above) and 
0.5 (above) for both high and low coating layers, 
respectively 
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Fig. (9) Same as Fig. (4) but for SiO as high index 
and MgF2 as low index coating materials. Simulated 
figures with optical thickness of 0.25 (above) and 
0.5 (above) for both high and low coating layers, 
respectively 
 

Fig. (10) Same as Fig. (4) but for ZnSe as high index 
and NaF as low index coating materials. Simulated 
figures with optical thickness of 0.25 (above) and 
0.5 (above) for both high and low coating layers, 
respectively 

 

In all simulated figures, N values strongly 
affected the reflectivity. Increasing N is a proper 
choice to reach the required situation of the rear 
mirror to be HR for the 1064nm and 532nm and 
HT for the 808nm [5]. 

This can be taken with N=8, as shown in 
figures of part 1 (data 3 curve), and from the 
figures of the two parts, clear differences are 
seen when comparing them to those resulted 
from the change of N-value. Also, there is much 
difference in the reflectivity behavior resulted 
from changing optical thickness of the anti-
reflection coating. This has a limiting effect on 
important design requirements. 

 

Fig. (11) Same as Fig. (4) but for PbF2 as high index 
and NdF3 as low index coating materials. Simulated 
figures with optical thickness of 0.25 (above) and 
0.5 (above) for both high and low coating layers, 
respectively 
 

Accordingly, an optical thickness value of 0.5 
seems the suitable value in this work. Finally, the 
proper choice for the antireflection layer material 
is critical point because its refractive index 
affects reflectivity, as well as limits the lifetime 
of the design due to several properties, such as 
stress, hardness, ability to survive in different 
environments, cost and preparation ability. 
 

5. Conclusion 
From these results, it can be said that the best 

choice for the N-value is 10 with 0.5 optical layer 
thickness by which the design reaches its 
optimum and the SiO/MgF2 is the best, but as 
ZnS and MgF2 is much more available, lower in 
cost, easy in preparation and make design nearly 
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approaches what needed, they were suitable for 
the design presented in this work. 
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Magnetic Barkhausen noise measurement (MBN) is a relatively new non-
destructive detection technique. Its working principle is based on 
Barkhausen discontinuities or noise when a ferromagnetic material is 
subjected to a varying magnetic field. MBN is being used to characterise 
the stress state of a ferritic stainless steel (AISI 430). Other magnetic 
parameters such as saturation induction (BMax), remnant induction (BR), 
coercive field (HC) and maximal relative permeability (PMax) derived from 
the hysteresis loop have also been used to support the results achieved 
using MBN. Microstructural changes due to cold working and heat 
treatments were characterized by the applied magnetic measurements. The 
MBN technique was proved to be a useful non-destructive and quantitative 
method for microstuctural investigation of the investigated ferritic 
stainless steel. 
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1. Introduction 
High stress corrosion resistance and relatively 

low production costs are the main reasons for the 
increasing applications of AISI 430 ferritic 
stainless steels [1]. But problems such as loss of 
ductility and toughness when exposed to elevated 
temperatures, for instance during welding, is a 
main concern [2]. The use of a non-destructive 
evaluation technique to characterise the post-
welding microstructural state of a material, could 
be of use in determining the optimal levels of 
heat input and welding speeds. 

For characterisation, ferritic stainless steel 
(AISI 430) samples were plastically deformed 
and heat treated to various degrees and measured 
using Barkhausen sensing techniques. In a 
ferromagnetic material, Barkhausen noise (BN) 
is generated by the discontinuous movement of 
irreversible domains walls. This movement can 
be induced by applying a time varying magnetic 
field across the sample. This noise can be 
detected in the form of voltage pulses which are 
induced in a coil placed near the surface of the 
material. Magnetic Barkhausen noise (MBN) 
results from the irreversible displacement of 
domain walls. The applied mechanical stresses 
can increase the magnetic anisotropy of the 
material and can modify the domain wall 
mobility. Therefore, mechanical stresses can 
affect the magnetic Barkhausen noise. 

Barkhausen noise can also be affected by 
pinning sites which act as barriers to domain 
movement. Pinning sites are attributed to various 
physical parameters such as grain boundaries, 
voids, inclusions and dislocations. 

Amongst the wide range of techniques 
available for NDT evaluation of stresses, 
magnetic Barkhausen noise measurement has 
become very popular for stress analysis. 
Macroscopic magnetic properties such as 
differential permeability are well known to be 
stress-dependent [3]. The stress-dependence of 
differential permeability carries through to 
micro-scale effects to cause MBN also to be 
stress-dependent [4]. For detailed structural 
investigation of stainless steels several 
sophisticated electron microscopic techniques are 
available [5] but these techniques require 
destructive specimen preparation in contrast to 
the magnetic methods. 

 
2. Experiment 
Flat specimens have been cut from a sheet of 

AISI 430. The as-received chemical composition 
of the material included 14.19% Cr, 0.9% Mn, 
84.91% Fe. These samples were deformed to 
various degrees of strain within the plastic range 
(i.e. from the yield point of the material to the 
ultimate tensile strength point.). Standardised test 
specimen dimensions (120mm x 10mm x 
1.5mm) were used, and strain was measured 
using an extensometer with a gauge length of 
50mm. Tensile tests were completed on seven 
samples to determine yield point and ultimate 
tensile strength of the specimens. 

Samples plastically strained to 17.5% were 
subjected to annealing heat treatment for the 
purpose of stress relief. Heat treatments were 
completed for 100ºC to 1100ºC with a soaking 
time of 30 minutes. Samples removed from the 
furnace were air-cooled.  
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Seven specimens were elongated at each 
plastic strain percentage. Five measurements of 
each measurement technique were completed on 
each specimen across the surface. The standard 
deviation of the results from each specimen was 
then calculated using conventional formulae.  

 
4. Applied Measuring Techniques 
Magnetic Barkhausen noise (MBN). The 

magnetic Barkhausen noise utilised a sinusoidal 
(10 Hz) exciting magnetic field produced by a 
function generator and a power amplifier. The 
applied measuring head contained a U-shaped 
magnetising coil and a pick-up coil, which is 
perpendicular to the surface of the specimen. The 
signal of the pick-up coil was processed by a 0.3 
kHz-38 kHz band pass filter and amplified with a 
gain of 50. A commercial data acquisition device 
with a sampling rate of 600kS/s was utilised and 
special software was used for processing the 
noise signal. The maximum magnetic field 
induction of the excitation was 2 mT. The Root 
Mean Square (RMS) value of the noise signal 
was determined and was used to characterise the 
microstructural state of the material. 

A complex magnetic property analyzer was 
developed at the Department of Materials 
Science and Engineering of the BUTE. The 
magnetic hysteresis loop was measured by using 
sinusoidal (0.1 Hz) exciting magnetic field 
produced by a function generator and a power 
amplifier. The applied measuring head contains a 
"U" shaped laminated Fe-Si iron core with a 
magnetizing and a pick-up coil. The current and 
the voltage signals were measured by a data 
acquisition card. The number of measured points 
in a magnetizing cycle was 1000. The applied 
maximal excitation field strength was 5600 A/m. 
Saturation induction (BMax), remnant induction 
(BR), coercive field (HC) and maximal relative 
permeability (PMax) were derived from the 
hysteresis loop. 

Microhardness. Vickers hardness (HV) 
measurements were completed using a Buehler 
MMT-3 digital microhardness tester. All tests 
were completed using a load of 2000 gf 
(19614mN). 

Microstructural analysis. For microstructural 
examination, the etching of the ferritic AISI 430 
stainless steel was carried out using swab etching 
with a solution of HCL, HNO3 and H2O with a 
ratio of 1:1:1. The etching time varied between 
4–8 minutes. The revealed microstructures will 
be shown later in figures 6-a, and 6-b. 

 
4. Results and Discussion 
The dependence of MBN (RMS), the 

coercivity and Vickers hardness on the 
deformation of AISI 430 ferritic stainless steel is 
shown in figures (1) and (2).  
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Fig. (1) Dependence of MBN and coercivity on 
percentage plastic strain for AISI 430 
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Fig. (2) Dependence of hardness and coercivity on 
percentage plastic strain for AISI 430 
 

It can be seen at the lowest level of plastic 
strain 0% (as-received condition), where no 
permanent deformation of the material has 
occurred, the MBN is seen to be its highest (Fig. 
1). With increased straining, MBN continuously 
reduces while the coercivity and the hardness 
increases (Fig. 2).  

It is known that plastic deformation causes 
the increase of dislocation density and the 
distribution of dislocations. The magnetic 
domain walls get pinned or held in place by 
dislocation interactions. Because of increased 
domain-wall dislocation interactions at increased 
plastic deformation, the magnetizing force is not 
high enough to set them free and reduced domain 
movement results in decreased BN and increased 
coercivity. This also results in increased 
hardening of the material with increased strain. 

Figure (3) shows that the inverse of MBN 
(RMS) and HC are linearly proportional to 
hardness, i.e. an increase plastic strain with a 
corresponding increase in hardness, results in an 
increase in 1/MBN and HC.

Figures (4) and (5) show the effect of 
annealing on hardness, HC and MBN. These 
specimens were uniformly plastically strained to 
17.5% before heat treating. An examination of 
the plot shows that the MBN has low level 
between 100ºC to about 500ºC where the 
material is in its hardest state. This would 
correspond to the high dislocation density levels 
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within the material and associated domain-wall 
interactions. The slight increase in the MBN 
measurement at 300ºC was due to superfluous 
material distortion brought about during material 
preparation. 
 

AISI 430

R2 = 0,8944

R2 = 0,9685

0,002

0,003

0,004

0,005

0,006

0,007

150 160 170 180 190 200 210

Vickers hardness

1/
M

B
N

R
M

S
(1

/m
V)

2

3

4

5

6

7

8

9

10

11

12

H
c

(A
/c

m
)

1/MBN
Hc

Fig. (3) Dependence of the inverse of MBN and 
coercivity on Vickers hardness for AISI 430 
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Fig. (4) MBN and HC as a function of heat treatment 
temperature for AISI 430 
 

AISI 430

130

140

150

160

170

180

190

200

210

220

100 300 500 700 900 1100

Temperature (oC)

Vi
ck

er
s

ha
rd

ne
ss

1

3

5

7

9

11

13

H
c

(A
/c

m
)

HV
Hc

 
Fig. (5) Hardness and HC as a function of heat 
treatment temperature for AISI 430 
 

Above 500ºC temperature, the MBN 
increases, Hc decreases and the annealing of the 
material can be seen to begin from the hardness 
measurements. The recovery process of the 
dislocations in which they begin to rearrange 
themselves occurs here. But it is between 700-
800ºC that the material is fully annealed. In this 
range, the dislocation density of the specimens is 
relatively low and additionally large carbide 
grains appear within the ferromagnetic grains 
(Fig. 6a). These large carbides can not delay 
effectively the dislocation and domain wall 
movement as well. Thus the domain wall-
dislocation interactions are at their lowest, 
leading to greater MBN. Therefore, this is the 
state where the minimum hardness and 
maximum ductility, toughness, and corrosion 
resistance of the material occurs. 
The increase in hardness above 800ºC occurs 
because of austenite-martensite embrittlement. 
Because these samples were cooled in air, they 
become brittle due to small volumes of austenite 
transforming to martensite [6]. 

5. Conclusion 
Magnetic Barkhausen noise (MBN) and 

conventional magnetic measurements were used 
to characterise the microstructural state of ferritic 
stainless steel. The 1/MBN and HC values were 
found to be inversely proportional to hardness. In 
both the plastically strained and heat-treated 
samples, the magnetic Barkhausen noise (MBN) 
measurement and the magnetic parameters 
derived from hysteresis loop are seen to be 
comparable. Barkhausen noise measurement can 
be used as an effective means for ferritic 
stainless steel microstructural characterisation. 
 

References 
[1] W.S. Brandão et al., Welding Int., 6 (1992) 
713. 
[2] V.T.L. Buono, B.M. Gonzalez and M.S. 
Andrade, Scripta Materialia, 38(2) (1998) 185-
190. 
[3] D.C. Jiles and D.L. Atherton, J. Phys. D: 
Appl. Phys., 17(6) (1984) 1265-1281. 
[4] M.J. Sablik, J. Appl. Phys., 74 (1993) 5899. 
[5] J. Dobránszky and P.J. Szabó, Mater. Sci. 
Forum, 414-415 (2003) 189-194. 
[6] ASM Handbook, "Metallography and 
Microstructure", Vol. 9 (1988). 
 

_____________________________________________________________________________________ 
 



Iraqi Journal of Applied Physics Letters 

 

ALL RIGHTS RESERVED        PRINTED IN IRAQ 12

Majed A. Al-Barzanchy 
Ibrahim K. Hama 
Golan M. Najeeb 

Temperature-Dependent 
Birefringence Properties 
of Be3Al2Si6O18 Crystal 

Department of Physics, 
Alsulaimaniyah University, 

Alsulaimaniyah City, 
Kurdistan Region, Iraq 

 
The temperature dependence of the refractive indices for ordinary 
and extraordinary rays of mercury spectrum three lines and laser line 
independently one from the other were measured in temperature 
interval 20-600°C. It was obtained that the refractive indices increase 
along with the temperature growth and this dependence has 
quasilinear character. Emerald has quite low birefringence values 
that increases slightly along with the temperature growth and 
decreases with wavelength growth. The thermooptical coefficients for 
every wavelength were calculated. They have greater values for the 
extraordinary  beams than for the ordinary ones. The dispersion 
curve for refractive indices  was obtained. 
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1.  Introduction 
Light is the ultimate means of sending 

information to and from the interior structure of 
materials - it packages data in a signal of zero 
mass and unmatched speed. However, light is, in 
a sense, ‘one-handed’ when interacting with 
atoms of conventional materials. This is because 
from the two field components of light - electric 
and magnetic - only the electric ‘hand’ 
efficiently probes the atoms of a material, 
whereas the magnetic component remains 
relatively unused because the interaction of 
atoms with the magnetic-field component of light 
is normally weak [1]. 

Metamaterials, that is, artificial materials 
with rationally designed properties, can allow 
both field components of light to be coupled to 
meta-atoms, enabling entirely new optical 
properties and exciting applications with such 
‘two-handed’ light. Among the fascinating 
properties is a negative refractive index. The 
refractive index is one of the most fundamental 
characteristics of light propagation in materials. 
Metamaterials with negative refraction may lead 
to the development of a super-lens capable of 
imaging objects and fine structures that are much 
smaller than the wavelength of light. 

Other exciting applications of metamaterials 
include antennae with superior properties, optical 
nanolithography and nanocircuits, and 
‘metacoatings’ that can make objects invisible. 

Emerald is a green beryl with the following 
chemical formula of Be3Al2Si6O18 with Cr 
impurity responsible for its green color. The 
crystal belongs to the hexagonal system and is 
optically positive. Si6O18 rings form structure 
channels, which are parallel to unique axis. 

Octahedral positions occupied by Al in the beryl 
structure, may be substituted by Cr, Fe3+, Fe2+,
Mg and Li; alcali and alcaline earth ions occupy 
the centers of Si6O18 rings and water molecules 
lie centrally between the Si6O18. The limited 
amount of Cr is necessary for creation gem 
quality emerald (0.2-0.3%) [2]. 

The filling of the channels in the beryl 
structure with alcali ions and water molecules is 
the main cause of the variation in refractive 
index and density of natural beryl and emerald. 

The increase of activity in the area on 
synthetic emerald appears to be due both to its 
utility as a gemstone and its reported use as a 
solid state maser crystal. Besides emerald can be 
used in low-noise microwave amplifiers as well 
as serve as the most effective laser medium in 
the range 450-600nm. 

Single crystals of emerald were grown from 
flux melt [3] on oriented seeds in dynamical 
regime. Double system oxides of lead and 
vanadium was used as a flux. As numerous 
experiments on crystal growth in flux melt with 
correlation V2O5/PbO from 8/2 to 2/8 showed, it 
is preferably to use solvents with the equal or 
slightly shifted to the side V2O5 ratio of oxides. 
The cuts of single crystals, grown by the method 
of spontaneous crystallization, parallel to the 
natural prism )0110( and )0211( faces and 
pinacoid (0001) faces served as seeds. The seeds 
were arranged parallel each other in the planes 
oriented perpendicular to the flux melt surface 
and fixed to specially shaped platinum holders. 
Such configuration provides continuous washing 
of the growing crystal face and stirring of the 
melt at optimal rotation rate 30rs/min. The total 
area of the seed plates varied from 600mm2 to 
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2000mm2 depending on the crucible volume and 
the flux melt mass. The optimal experiment cycle 
lasted, in the average, for 3-4 months. The best 
single crystals grown in the experiment were 
almost perfect in terms of the optical parameters 
weighting as much as 150 carats. 

 
2.  Experimental  
Refractive indices of the ordinary and 

extraordinary rays were measured during 
continuous heating or cooling of prisms cut out 
from crystals in such a way that the optic axis 
was parallel to the prism edge and the light beam 
propagated through the prism perpendicular to 
the optical axis. The size of prism was nearly 
6x6x7x4mm, where 6 and 7mm was the sides of 
the triangular basis of prism and 4mm was its 
height. The least deviation method is used. He-
Ne laser and a mercury lamp were  sources  of 
light. The temperature dependence of the 
refractive indices of mercury spectrum three 
lines and laser line independently one from the 
other was measured. The measurements were 
performed for the next wavelengths of mercury 
emission lines: violet, 4647Å; green, 5461Å; 
yellow, 5852Å and for laser line, 6328Å with a 
step 4°-5° using a GS-5 goniometer-
spectrometer. The heating (cooling) rate did not 
exceed 0.5K/min and the sample temperature 
was measured with a platinum-rhodium 
thermocouple with an accuracy of 0.1K. 

 
3.  Results and Discussion 
Temperature dependences of refractive 

indices for ordinary and extraordinary rays at 
different wavelenghts are shown in Fig. (1). It is 
obtained that the refractive indices increase along 
with the temperature growth and this dependence 
has quasilinear character. Emerald possesses the 
following refractive indices at the room 
temperature: 

for λ=464.7nm ne=1.5770; no=1.5731; 
for λ=546.1nm ne=1.5673; no=1.5635; 
for λ=585.2nm ne=1.565.6; no=1.5619; 
for λ=632.8nm ne=1.5646; no=1.5612, 

where no and ne are ordinary and extraordinary 
refractive indices. 

Curve n1 belongs to ordinary rays of red laser 
line, and curve n2 belongs to extraordinary rays 
of red laser line; curves n3, n5 and n7 reflect the 
temperature dependence of refractive indices of 
ordinary rays for green, yellow and violet lines 
of mercury spectrum, and curves n4, n6 and n8 
are the temperature dependence of refractive 
indices of extraordinary rays for green, yellow 
and violet lines of mercury spectrum 
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Fig. (1) Temperature dependence of refractive 
indices of ordinary and extraordinary rays for four 
different wavelengths 

We should note that emerald refractive 
indices just slightly change along with the 
temperature growth. The temperature 
dependence curves (images of collimator slit) for 
all the spectral lines are practically parallel. That 
means that the thermooptical coefficients are 
almost the same for all wave lengths of both 
ordinary and extraordinary rays. They are 
slightly greater  for the extraordinary rays than 
for the ordinary ones, 1.45-1.5x10-5  and 1.2-
1.4x10-5 accordingly. Emerald has a very low 
birefringence value which does not change while 
temperature grows. Fig. (2) shows the graph of 
the temperature dependence of the birefringence. 
 

0 200 400 600
0,0038

0,0040

0,0042

0,0044

Temperature, 0C

B
ire

fri
ng

en
ce

Fig. (2) Temperature dependence of birefringence 
(ne-no) value, where no is refractive index of ordinary 
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The birefringence value does not practically 
change while the wave length increases, i.e. the 
birefringence dispersion is absent. At the time 
the dispersion for refractive indices appears 
normal because refractive indices decrease along 
with wave length incease, Fig. (3). 
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Fig. (3) Dispersion of the extraordinary rays 
refractive index 
 

4.  Conclusion 
We should note that emerald's behaviour is 

quite similar to one of the inert gases or noble 
metalls i.e. it does not practically interact with 
external medium if compared to other crystals 

such as ferroelectrics, nonlinear crystals, 
semiconductors and quartz. The slight increase 
of refractive indices monitored while 
temperature increases is likely to be caused by 
the thermal expansion  of the lattice. 

The main particularity of this crystal is 
supposed to be the absence of any particularities 
in the optical properties measured by us. We can 
consider that absence as the main positive 
attraction of emerald upon its employing in 
dirreferent optical devices as the sinthetical 
emerald is much cheaper than the natural one. 
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In this work, polymer-on-silicon solar cells were fabricated by coating 
different silicon substrates with conductive polyaniline layers. Different 
substrates with different resistivities were used to control the diffusion 
length of such configurations. Electrical measurements were performed in 
both illumination and dark conditions to study the characteristics of photo-
generated carriers in the polymer layer contributing to the output of such 
solar cells. They show good agreement with the “hole mobility only” model 
for intensities ranging from 1% of AM1.5 up to AM1.5. In addition to low-
cost fabrication and less-complex technology, such design interestingly 
compete the conventional and advanced configurations of solar cells. 
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1. Introduction 
After 20 years of work on the 

characterization of amorphous silicon and 
amorphous silicon solar cells, there has been no 
definitive, quantitative model for how the cells 
work, even under restricted conditions such as 
the as-deposited state [1]. The beginning of 
amorphous-silicon photovoltaics (PV) goes back 
to 1965, when Sterling et al. [2] reported 
deposition of silicon onto a substrate using a 
silane glow discharge. Hydrogenated amorphous 
silicon nitride layers have been intensively 
investigated during the last decade. The big 
interest in these layers is caused by their 
exceptional physical properties [3]. The 
improved set of measurements involves the use 
of a thickness series of cells and of a near-
infrared laser to obtain uniformly absorbed 
illumination [4]. The solar conversion efficiency 
of as-deposited pin a-Si:H solar cells can be 
explained surprisingly well from hole mobility 
and optical absorption measurements on the 
intrinsic layer material [5]. 

Both solar cell materials (c-Si wafers, 
polycrystalline and amorphous thin films) as well 
as solar cells itself are investigated by 
photoconductivity methods in view of their 
recombination parameters characterisation. The 
efficiency of a solar cell is influenced by 
recombination parameters, e.g., the bulk minority 
carriers lifetime, the emitter saturation current 
and the effective surface recombination velocity 
[6]. 

Since its first successful application to 
amorphous semiconductors in the early 1980’s 

[7], exponential-bandtail multiple-trapping 
(usually abbreviated as simply “multiple-
trapping” or “MT”) has become the standard 
approach to analyzing most transport 
experiments in hydrogenated amorphous silicon 
(a-Si:H) and related materials such as amorphous 
silicon-germanium alloys. The model assumes an 
exponential bandtail of localized states lying at 
the bottom of the conduction band, or at the top 
of the valence band. The application to transport 
also assumes the existence of a “transport edge,” 
with the property that the only carriers that 
contribute to electrical transport are those 
occupying electronic states lying above this edge 
(for electrons) or below it (for holes); it has 
generally been assumed that this edge is the 
“mobility-edge” dividing localized and extended 
electronic states [8]. Perhaps 20 or more 
parameters are required if all possibly relevant 
electronic transport and trapping processes are 
treated, and veteran scientists might well despair 
of gaining insight from the daunting exercise of 
matching so many parameters to such simple 
measurements [9,10]. 

It is highly required to obtain a set of cell 
measurements using intense, near-infrared, 
monochromatic laser illumination that is 
uniformly absorbed in the cell [11]. Under white-
light illumination, a good deal of the power 
generated by a single-junction cell is due to 
strongly absorbed illumination; models for such 
cells are quite sensitive to the absorption 
spectrum of the intrinsic and p-layers, but are 
less sensitive to transport and recombination 
properties of the intrinsic layer than are 
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measurements with uniformly absorbed 
illumination [12]. 

For thicker cells, the internal electric field no 
longer extends across the cell, and some holes 
photogenerated in the “back” of the cell (i.e., 
closer to the n/i interface) are lost to 
recombination. This “collapse” of the field [13] 
is just a consequence of the buildup of slowly-
moving, positively charged holes near the p/i 
interface. We gain some confidence in this view 
because we find that reducing the incident flux 
by a couple of orders of magnitude noticeably 
improves the fill-factor. The qualitative 
explanation for this effect is that, for lower 
incident flux, there are fewer drifting holes, and 
less positive space-charge to collapse the 
voltage. The simulations agree fairly well with 
the measurements for fluxes in the range 1015-
1017 photon/cm2 [14]. 

The open-circuit voltage (VOC) is nearly 
independent of thickness and this essential result 
also emerges from the bandtail-only simulations, 
although there are some subtle differences in the 
behaviors. The hole drift mobilities and valence 
bandtails are the main elements determining the 
solar conversion efficiency of a-Si:H based solar 
cells in their a-deposited state. It is also plain that 
the conversion efficiency in the light-soaked 
state is markedly reduced from the as-deposited 
state [15]. 

There have been several reports of drift-
mobility measurements in microcrystalline 
silicon in the last decade or so since it became 
clear that this material could be prepared with 
properties that are interesting for solar cells [4-
8,16]. There is, of course, an enormous range of 
possible structures in microcrystalline silicon 
materials. For each sample there is a spectrum of 
sizes for the component nano- and micro-
crystallites. Even more poorly understood, for 
each sample there is also a jumble of non-
crystalline material that lies between the 
crystallites [17]. 

It is worth noting that disorder affects holes 
and electrons very differently. The conduction 
bandtail in amorphous silicon has a width around 
22meV [18]. Electron properties in samples 
similar to those used in this work have been 
studied using post-transit time-of-flight [19]; 
bandtail multiple-trapping did not apply for these 
transients. 

 
2. Experiment 
Simple solar cells were fabricated by coating 

a layer of conductive polyaniline onto a silicon 
substrate. Two kinds of silicon substrates were 
used in this experiment: (i) n-type, orientation 
(100), R=2Ω.cm and (ii) n-type, orientation 
(111), R>3000Ω.cm. Large area, 50nm thick 
aluminum contact was evaporated onto the back 

(unpolished) side of the wafer. Immediately 
before the polymer film was applied, the silicon 
wafers were etched in a 2.5% HF solution. The 
solvent is dichloroacetic acid (DCA); the dopant 
is 2-acrylamido-2-methyl-1-propanesulphonic 
acid (AMPSA). The polyaniline solution was 
made following the procedure of Adams et al. 
[20]. The area of spin-cast doped polyaniline 
film was around 0.5cm2. The films were 
annealed in air at 80°C for 6 hours after casting. 
A circular nickel contact (50nm thick) was then 
evaporated onto the polyaniline film. The 
polyaniline films were typically 5µm thick and 
the resistivity of the doped films was about 
0.1Ω.cm. 

The current-voltage characteristics were 
measured at room temperature with a Keithley 
616 meter. The intensity-dependent 
measurements were done using illumination 
from a 632.8nm laser. The transient 
photocurrents were measured in the pin diodes 
following illumination by 532nm laser pulses 
(SHG Nd:YAG) through the n-layer. The photo-
charge was independent of the applied voltage, 
and a transit-time was discernible in the 
transient. Additionally, the photocurrent at short 
times was linear in the applied voltage, which is 
consistent with transport that is linear with 
electric field. 

Measurements were recorded over a wide 
range of illumination intensities. The more 
definitive set of measurements shows good 
agreement with the “hole mobility only” model 
for intensities ranging from 1% of AM1.5 up to 
AM1.5. 

 
3. Results and Discussion 
Figure (1) shows two current-voltage (I-V) 

curves for two different diodes from the same 
batch, using the 2Ω.cm substrate. The current-
voltage (I-V) characteristics are highly 
asymmetrical as expected for a p-n 
heterostructure device; the reproducibility is 
fairly good. Figure (2) illustrates the I-V curves 
observed in one diode at several times up to 
about 2 weeks after its fabrication; the diode was 
stored in a desiccators when not under study. 
Interestingly, the diode’s forward bias current 
first increases, and then recovers to nearly the 
initial state. As the origin of these effects; both 
room-temperature curing of the polymer and also 
room-temperature changes at the polymer-Si 
interface may be envisioned. Aging effects have 
been noted for polyaniline/c-Si diodes in 
previous work [21,22]. 

Figure (3) illustrates the effect of changing 
the c-Si substrate doping level. It was presumed 
that the higher resistance of the 3000Ω.cm 
substrate affected the diode principally via the 
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series resistance of the substrate; obviously, this 
effect is modest. 

0

0.002

0.004

0.006

0.008

-2 -1.5 -1 -0.5 0 0.5 1

Voltage (V)

C
ur

re
nt

(I)

D1
D2

Fig. (1) Current-voltage (I-V) characteristics for two 
diodes from the same batch 
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Fig. (2) Current-voltage (I-V) characteristics for c-
Si/polyaniline diodes repeated at three intervals 
following fabrication 
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Fig. (3) Current-voltage (I-V) characteristics to c-
Si/polyanile diodes with different c-Si substrates 
(#1, 2Ω.cm and #2, 3kΩ.cm) 

 
The standard diode equation was fitted to 

these I-V characteristics. If the following 
standard diode characteristic equation is applied: 

( )



 −= SIRV
nKT

qII exp0
(1) 

where q is the electronic charge, n is the ideality 
factor, and RS is the series resistance, then a 
straight line by a graph of I(dV/dI) vs. I is 
obtained from: 

SIR
q

nKT
dI
dVI += (2) 

The fit to this form for the 2Ω.cm substrate 
for lower currents (<10mA) yielded n=1.8, 
R=49Ω; the fit for the 3000Ω.cm yielded n=1.8, 
R=77Ω.

Two diodes were prepared with varying 
polyaniline thickness on the 2Ω.cm substrate and 
the results are illustrated in Fig. (4). The 
illuminator was a 250W ENH tungsten-halogen 
bulb and the diode was illuminated through the 
polyaniline. The dark currents are fairly similar; 
there is slightly less dark current for the thicker 
diode. Under illumination, both diodes show a 
saturated reverse-bias current. It is surprised that 
the diode with the thicker polyaniline film has a 
larger saturation current. 
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Fig. (4) dark and light I-V characteristics of two 
diodes with different thickness of polyaniline 
(10µm, 30µm) made from the same solution 

Although a serious analysis of these diode 
properties was not conducted, it should be 
presumed that photo-carriers generated 
throughout most of the polyaniline should not 
contribute to the saturation current, and indeed 
the thicker film might have optically filtered 
some of the photons. It may be that the 
polyaniline film has different properties for the 
two thicknesses, at least near the c-Si interface. 

Two diodes were made from two different 
silicon substrates. The polyaniline thickness of 
both diodes was 5µm. The current-voltage (I-V) 
characteristics of the two diodes under 
illumination are shown is Fig. (5) and they are 
quite different. Under forward bias, the principal 
effect appears to be that the high resistivity 
substrate led to a significant series resistance. 
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Interestingly, under reverse bias the high 
resistivity substrate shows a substantially larger 
reverse bias current. This presumably 
corresponds to an increased diffusion length in 
the higher resistivity substrate. 
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Fig. (5) Light I-V characteristics of two polyaniline/c-
Si heterostructure diodes made on c-Si substrates 
with 2 different (n-type) resistivities (#1, 2Ω.cm and 
#2, 3kΩ.cm). The doped polyaniline layers were 
about 5µm thick 

4. Conclusion 
Current-voltage characteristics of polymer-

silicon p-n heterojunction solar cells showed that 
such low cost and simple design devices show 
good agreement with the “hole mobility only” 
model for low intensities up to AM1.5 condition. 
The ideality factor of the prepared samples was 
ranging over accepted values at low illumination 
condition. Results explained that the substrate 
resistivity highly affects the electrical 
characteristics of such heterojunctions. Under 
reverse bias, the high resistivity substrate shows 
a substantially larger reverse bias current. 
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A luminosity upgrade of the CERN Large Hadron Collider (LHC) is 
planned to coincide with the expected end of life of the existing inner 
triplet quadrupole magnets. The upgraded inner triplet will have much 
larger heat loads to be removed from the magnets by the cryogenics 
system. As part of the LHC Accelerator Research Program (LARP), a 
design study has been completed to investigate the required 
characteristics of the cold mass cooling system within the framework of 
a design temperature profile. These characteristics are the beam pipe 
annulus, collar radial cooling channels, yoke radial cooling channels, 
yoke longitudinal cooling channels, and heat exchanger connecting 
pipe. Using these parameters in conjunction with energy deposition 
calculations, longitudinal and radial temperature profiles for an entire 
inner triplet are calculated and presented. 
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1. Introduction 
The inner triplets of the CERN Large Hadron 

Collider (LHC) are expected to reach their end of 
life after several years of operation due to 
radiation damage. Subsequent replacement of the 
inner triplets it expected to coincide with a 
luminosity upgrade of the accelerator. Such an 
upgrade would result in increased heat loads to 
the inner triplet magnets, requiring a new design 
instead of simply replacing them with another 
identical triplet. A number of possible upgrade 
scenarios are being considered: Nb3Sn coil 
magnets [1], NbTi coil magnets [2], and ‘slim’ 
quadrupole magnets placed very close to the 
interaction point (IP). 

Cold mass cooling studies are required to 
ensure the heat load deposited by the beams can 
be removed from the cold mass within 
acceptable temperature limits. Inadequate 
cooling of the magnet coil would result in 
quenching when operating at high luminosity. 
One such cold mass cooling study is presented 
here for a luminosity of 1035/cm2-s, a factor of 10 
higher than the nominal luminosity of the LHC. 
This paper details the cooling study of an inner 
triplet consisting for four main quadrupoles and 
four correctors.  The four main quadrupoles are 
Q1 (closest to the IP), Q2a, Q2b, and Q3 
(farthest from the IP). The four corrector 
magnets are MCBX-1 (a nested horizontal and 
vertical dipole orbit corrector at the non-IP end 
of Q1), MCBX-2 (a nested horizontal and 
vertical dipole orbit corrector between Q2a and 

Q2b), MQSXA (a skew quadrupole in line with 
nested skew octupole, octupole, and skew 
sextupole coils at the Q3 IP end), and MCBXA 
(an MCBX package with nested sextupole and 
dodecapole coils at the Q3 non-IP end). This 
inner triplet would be placed on either side of the 
IP at the position of the existing inner triplet. The 
cold mass magnetic lengths are 6.3 m for Q1 and 
Q3, and 5.5m for Q2a and Q2b. The coil aperture 
is 90mm. The beam pipe is made of the tungsten-
rhenium alloy W-25 Re with a thickness of 
11.5mm in the Q1 and 2.5mm elsewhere. The 
inner triplet operates in a stagnant bath of He II 
that is cooled by a He II heat exchanger located 
outside the cold mass. The external heat 
exchanger currently used in the inner triplet is 
described elsewhere [3,4], as are initial heat 
exchanger studies for the upgraded inner triplet 
[5]. 

This paper presents the methodology used to 
calculate the values for the critical cooling 
parameters for this particular configuration. 
Radial and longitudinal temperature profiles are 
then calculated for single magnets and the entire 
inner triplet from the beam pipe annulus to the 
magnet heat exchanger. 

 
2. Design and Magnet Temperature Profile 
A design temperature profile was established 

as a starting point for the cold mass cooling 
studies. The design temperature profile takes the 
total temperature drop in the cryogenic system, 
from the magnet beam pipe to the cryoplant cold 
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compressors, and partitions it into segments with 
the ultimate goal of ensuring the magnet coil 
remains in He II. 

There were several considerations in arriving 
at the design temperature profile. An initial study 
examined the thermal limitations of the existing 
inner triplet and identified thermal bottlenecks as 
the heat load is increased [6]. These bottlenecks 
were then allocated a relatively larger 
temperature drop. 

Another consideration is possible upgrades to 
the LHC cryogenics system. For example, 
upgrading the cold compressors and moving 
them closer to the inner triplets would increase 
the available temperature drop and reduce the 
pressure drop in the piping between the inner 
triplets and cold compressors. 

Finally, CERN work in the Next European 
Dipole (NED) program and interaction region 
upgrade studies also provided input for the 
design temperature profile [7,8]. 

The design temperature profile used for this 
design study allocates a 150mK temperature drop 
(2.15-2.00K) from the beam pipe annulus to the 
heat exchanger connecting pipe, and a 50mK 
temperature drop (2.00-1.95K) within the heat 
exchanger connecting pipe. The envisioned heat 
exchanger connecting pipes are illustrated in Fig. 
(1). 
 

Fig. (1) Illustration of heat exchanger connecting 
pipes, which transfer heat from the cold mass He II 
volume to an annular He II volume around the heat 
exchanger pipe. Results presented here assume a 
connecting pipe at each end of each cold mass, as 
shown 
 

The existing inner triplet has one connecting 
pipe per interconnect, whereas it is assumed the 
upgraded inner triplet will have a connecting 
pipe at each end of each main cold mass. 

A required input to calculate temperature 
profiles is the longitudinal heat deposition. 
Figure (2) shows the calculated dynamic heat 
load to the He II as a function of distance from 
the IP [9]. The locations of the four main 
quadrupole cold masses are indicated. The four 
corrector magnets are also shown, each indicated 
by a single vertical bar outside the brackets of 
the main quadrupoles. The heat is assumed to be 
deposited equally in the horizontal and vertical 
planes. Radial variations in heat deposition are 
also not taken into account. Whether heat is 
deposited in the beam pipe, the inner coil, or the 
outer coil, it is assumed that all heat reaches the 

He II of the beam pipe annulus. 
 

Fig. (2) Dynamic heat loads to the He II system of 
the upgraded inner triplet. Increasing the LHC 
luminosity would substantially increase the He II 
heat loads, requiring careful design of the cold 
mass cooling system 
 

The thermal center is the longitudinal 
position where there is a change in the direction 
of heat flow. On the IP side of the thermal center, 
heat flows toward the IP. On the non-IP side of 
the thermal center, heat flows away from the IP. 
The thermal center provides a zero heat flux 
boundary condition for subsequent calculations. 

A first estimate of the longitudinal position of 
the thermal center of a cold mass is calculated by 
(1), where q(x) is the heat flow at a given 
position, L is the length of the cold mass, and xTC 
is the longitudinal position of the thermal center. 
The cubic exponent is characteristic of He II heat 
transfer. Equation (1) assumes the longitudinal 
temperature drops from the thermal center to 
each end of the cold mass are equal. 

∫∫ =
L

x

x

0 TC

TC

dx (x)qdx(x)q 33 (1) 

Based on the calculated location of the 
thermal center of each main quadrupole cold 
mass, Figure (3) shows the amount of heat to be 
removed from each end of each cold mass. The 
numbers in parentheses are the heat loads 
deposited in the corrector magnets. The numbers 
without parentheses are the heat loads deposited 
in the main quadrupoles. 

There are a number of critical design features 
that must be specified in order to adequately 
remove heat from the cold mass coils: beam pipe 
annulus, collar radial cooling channels, yoke 
radial cooling channels, yoke longitudinal 
cooling channels, and heat exchanger connecting 
pipe. The sensitivity and effect of each individual 
parameter can be studied using (2), where q" is 
the heat flux, L is the cooling channel length, f -

1(T,P) is the He II thermal conductivity function, 
and T is temperature. 

31
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Heat exchanger connecting pipes transfer 
heat from the ends of the cold masses to the 
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external heat exchanger. Each inner triplet now 
has five connecting pipes: one at the IP end of 
Q1, one between each pair of cold masses, and 
one at the non-IP end of Q3. Those at the Q1 IP 
end and at the Q3 non-IP end have an inner 
diameter of 82.8mm. Those in the interconnects 
have an inner diameter of 95.2mm. The 
maximum size of this connecting pipe is limited 
by the geometries of the cold mass and cryostat 
piping. The cooling scheme presented here uses 
pipes having a 168.3mm (6.625in) outer diameter 
and a 3.4mm (0.134in) wall thickness. 

For the Nb3Sn magnets being studied here, 
[1] has specified 400cm2 of yoke longitudinal 
cooling channels. The existing inner triplet 
magnets have 113cm2.

Yoke radial cooling channels are required to 
transfer heat from the yoke lamination inner 
diameter to the yoke longitudinal cooling holes. 
These cooling channels may be created by 
removing a small portion of the full thickness of 
the yoke lamination at the parting plane or by 
machining cooling channels into the surface of 
the laminations. Whichever method is used, it 
must be ensured that the heat load is able to be 
distributed among the yoke longitudinal cooling 
holes. The cooling scheme described here 
considers 2.4% of the yoke inner diameter open 
for cooling channels. 

Fig. (3) Heat loads to be removed from each end of 
each inner triplet quadrupole. These values result 
from estimating the locations of the cold mass 
thermal centers using (1) 
 

Collar radial cooling channels are required to 
transfer heat from the beam pipe annulus to the 
iron yoke. Collar cooling channel size is 
expressed as a percentage of the collar pole tip 
open for He II heat transfer. The current LHC Q2 
quadrupole magnets have a cooling channel 
equivalent to 4% of the inner pole tip area, or 
one missing 1.5mm thick collar lamination in 
each quadrant per 38mm of length. If the second 
generation magnets are constructed similarly to 
the first generation magnets, it is recommended 
to have a collar cooling channel area equivalent 
to 7% of the pole tip area, or one missing 1.5mm 
thick lamination in each quadrant per 21mm of 

length. 
A heat load due to secondary particles 

produced by the proton-proton collisions at each 
IP is deposited in the beam pipe and the coils, 
concentrated in the horizontal and vertical 
planes. This heat is transferred to the He II and is 
conducted 45o circumferentially through the 
beam pipe annulus to the collar pole tips. The 
existing inner triplet has a 1mm annular gap 
between the beam pipe and the coils. The same 
1mm annular gap is used here. 

This is one possible combination of 
parameters and is summarized in Table (1). The 
value of each parameter is noted along with the 
calculated radial temperature drop near the non-
IP end of Q1, where the heat loads are largest. 
The maximum calculated temperature is 2.089K, 
leaving a significant temperature drop available 
from the coil to the He II bath. 
 

Table (1) Cold mass cooling system parameters 

Design parameter Value 
Calculated 

temperature 
range [K] 

Beam pipe 
annular gap 1 mm 2.089 - 2.061 

Collar radial 
cooling channels 

7% of collar pole 
tip open 2.061 - 2.008 

Yoke radial 
cooling channels 

2.4% of yoke 
inner diameter 

open 
2.008 – 2.000 

Yoke longitudinal 
cooling channels 400 cm2 2.000 

Heat exchanger 
connecting pipe 

161.5 mm (6.357 
in) inner diameter 2.000 - 1.971 

3. Results and Discussion 
Once these parameters have been specified, 

the longitudinal and radial temperature 
distribution of one half of the cold mass (from 
the thermal center to the cold mass end) can be 
calculated. A finite difference model using 
temperature-dependent properties of He II was 
constructed to calculate the temperature profiles. 
Figure (4) shows the resulting temperature map 
of the non-IP half of Q1 where the heat loads are 
the highest, resulting in substantial temperature 
gradients. 

It was assumed that all heat transfer is radial, 
except in the yoke longitudinal cooling holes. 
The beam pipe annulus allows a slight 
redistribution of the heat load, permitting it to 
find a path of least resistance through the cold 
mass cooling channels. The result would be a 
slight smoothing of the calculated magnet 
temperature profiles. Neglecting this effect is 
therefore conservative in that a larger 
temperature range is calculated. This 
redistribution of the heat load has been 
calculated to be 3W/m or less, which is small 
compared to the dynamic heat loads presented in 
Fig. (2). 
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Fig. (4) Temperature profile of the non-IP half of Q1. 
All locations within the magnet remain in He II, 
below the lambda point of 2.17K. The yoke 
longitudinal cooling channels are 2.00K at the non-
IP end of the cold mass as specified by the design 
temperature profile. At the thermal center, the 
temperature gradient in the yoke longitudinal 
cooling channels is zero 

These calculations can be extended to 
calculate the radial and longitudinal temperature 
profiles of the entire inner triplet. The finite 
difference model was applied to each half of 
each cold mass to calculate the temperature 
profiles after additional iterations to more 
precisely locate the cold mass thermal centers 
and generate better curve fits of the longitudinal 
heat load distribution. This and the temperature-
dependent properties of He II account for the 
difference at the non-IP end of Q1 between Fig. 
(4) and Fig. (5), which presents the calculated 
temperature profile of the specific inner triplet 
configuration considered here. Discontinuities in 
the temperature curves are the result of small 
errors in determining the exact thermal centers of 
the magnets. 

 
8. Conclusion 
A methodology for calculating longitudinal 

and radial temperature profiles of an inner triplet 
has been presented. A complete thermal analysis 
also requires consideration of the heat exchanger 
and heat transfer between the coil and the He II. 
While results for one specific inner triplet 
configuration and cold mass geometry are 
detailed here, this approach can be used to 
investigate other inner triplet configurations. One 
such alternate configuration is the use of heat 
exchanger tubes internal to the cold mass [10]. 
Convergence on a magnet design will ultimately 
require iteration on both thermal and mechanical 
analyses. 

 

Fig. (5) Calculated longitudinal and radial 
temperature profiles of the inner triplet. The cooling 
system presented here would result in sizable 
temperature drops in the Q1 cold mass but very 
small temperature drops in the other cold masses. 
The positions where temperatures are calculated 
are the same as those identified in the Fig. (4) inset 
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1. Introduction 
Current interest in direct energy conversion 

devices has led to renewed research in the area of 
materials for such devices [1-3]. Cadmium 
sulfide thin films can be prepared by different 
methods such as vapor deposition, sputtering, 
chemical spray deposition and chemical bath 
deposition. CdS has been widely accepted as one 
of the most sensitive photoconductors and its 
status as promising thin film solar cells material 
is sustaining continued interest in this material 
[4]. In the context of the need for a simple yet 
reliable technique for producing large area cells 
of CdS of high stoichiometry, this report on the 
preparation of chemically bath deposited films 
would appear to be topical. Various factors 
affecting the deposition process have been 
studied in order to understand the process of 
deposition and thus to improve the characteristics 
of the films. 

The basic mechanism of the film formation in 
this technique is an ion-by-ion condensation of 
Cd2+ and S2- ions on the substrate from an 
aqueous basic medium, pH>10, containing 
thiourea and cadmium ions. The cadmium ions 
are present in the form of a complex species in 
solution, the dissociation of which causes the 
slow release of Cd2+ ions for the formation of the 
thin film [4]. In the case where thiourea is 
employed in an alkaline medium, the sulfide ions 
are released as follows [5]: 
Sc(NH2)2 + OH- = CH2N2 + H2O + SH- (1) 
SH- + OH- = S2- + H2O (2) 

Using CdSO4 with ammonia (NH4OH) will 
form cadmium complex [Cd(NH3)4]2+ according 
to the following equation [6]: 
CdSO4 + 2NH3 = [Cd(NH3)4]SO4 (3) 

Then CdS will form according to the 
following equation: 
[Cd(NH3)4]2+ +S2- = CdS + 4NH3↑ (4) 

Our major interest in this work was the 
development of CdS thin films of high 
photoconductivity to serve as window material in 
heterojunction solar cells [7,8]. 
 

2. Experiment 
2.1 Chemical deposition of the films 
Substrates of borosilicate glass slides were 

used for deposition. They were first cleaned in 
distilled water in order to remove the impurities 
and residuals from their surfaces then rinsed in 
chromic acid for 24 hours to introduce functional 
groups called nucleation and/or epitaxial centers, 
which form the basis of the thin films growth [9]. 
Then the samples were washed repeatedly in 
deionized water and finally put in ultrasonic 
agitation with distilled water for 15min then 
dried. 

The deposition of CdS films is achieved from 
dilute solutions. Sulfide ions are released in the 
bath by the hydrolysis of thiourea, in the 
presence of OH- ions. Cd2+ ions are complexed 
with one or more of the complex agents like NH3
[directly added as NH3(aq)], or NH4Cl. This 
ensures slow release of Cd2+ ions in the solution 
[10]. Films were deposited on glass slides using 
slowly-mixed 0.1M (3CdSO4.8H2O), NH3 solved 
in distilled water at room temperature with 
continuous stirring. Substrates were then 
immersed in a beaker containing the reaction 
mixture. The beaker was placed in a water bath 
at temperature of (80±2°C). It was heated with 
continuous stirring to the required temperature of 
deposition. The solution was stirred with a 
magnetic stirrer type (MSH-300). Then 30ml of 
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0.2M thiourea solution was added with 
continuous stirring. The pH was measured with 
pH-meter type (BIBBY 211). After 20 minutes, 
substrates were then taken out and washed with 
distilled water and ultrasonic agitation to remove 
the porous cadmium sulfide over layer, then 
dried. 
 

2.2 Measurements 
In order to measure the electrical properties 

of 2cm2 samples, ohmic contacts were made by 
vacuum evaporation of high-purity (99.999) 
indium wire. Evaporation process was started at 
a pressure of 10-5torr and the best condition for 
good ohmic contact was satisfied by a layer of 
200nm, which was determined by weighing 
method. 

In illumination measurements, a halogen 
lamp connected to a variac and calibrated by 
power meter, was used. The bias and current 
measurements were performed using Keithley-
602 electrometer and d.c. voltage source. The 
bias was 10V in all cases. The photocurrent 
response was measured for total duration of 
1600s for each sample as follows: the first 200s 
in dark, the subsequent 400s under 300W.m-2 
simulated solar radiation and the last 1000s with 
the illumination shutoff to facilitate the dark 
decay of the photocurrent. All measurements 
were done at room temperature (24°C). 

A Cecile CE-7200 spectrophotometer 
supplied by Aquarius company was used to 
introduce the optical transmission for CdS thin 
films deposited on glass substrates in the 
wavelengths range (375-900) nm. 
 

3. Results and Discussion 
3.1 The optical transmission 
The spectra shown in Fig. (1) represent the 

transmittance of the films deposited at different 
pH values. It was found that the transmittance of 
the deposited films is high at long wavelengths 
(70-80%) and decreases to 10% at short 
wavelengths. This is mainly because of the 
increased abundance and/or size of the single 
crystallite overgrowth. The increase and decrease 
in the transmittance during the continuous 
increase of [pH] is attributed to the transition of 
CdS phase from mixed cubic and hexagonal to 
hexagonal structure. With this result, pH of 11.5 
is thought to be the optimum value to deposit 
CdS films used for photovoltaic applications. 
 

3.2. The dark conductivity 
The photocurrent response of the films 

deposited at different pH values are shown in 
Fig. (2). Some small random variation in the dark 
current level was observed. However, the stable 
dark current levels in all cases in Fig. (2) were 
found at about 10-11A at 10V bias. The variations 

in deposition time do not cause any significant 
change in the conductivity and this emphasizes 
the preference for stoichiometry of the 
chemically deposited CdS thin films. This aspect 
was earlier studied by Danaher et al. [11], whose 
x-ray photoelectron spectroscopy studies yielded 
a normalized Cd:S ratio of 1.04±0.08 in the 
chemically deposited CdS films. 
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Fig. (2) Photocurrent response of the CdS films 
deposited for different pH value 
 

3.3 The photoconductivity 
The effect pH value on the photoconductivity 

of the chemically deposited CdS thin films are 
very significant, as seen in Fig. (2). The variation 
in the photoconductivity with pH values is 
explicitly shown in Fig. (3). 

It is generally accepted that the 
photoconductivity in CdS thin films follows the 
models of Orton et al. [12]. On the basis of these 
models, the photoconduction in CdS films is 
mainly ascribed to photogenerated electrons. The 
photogenerated holes make a rather indirect 
contribution by enhancing the electron mobility 
when the trapping of photogenerated holes at the 
inter-grain barriers reduces the barrier height, 
thereby promoting the electron transport [14]. 
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Fig. (3) Photoconductivity of the CdS films recorded 
at the end of 10 min of illumination (300 W m-2 
simulated solar radiation) for different pH value 
 

The variation in the photoconductivity in 
different films under the same illumination 
condition, as in the present work, can arise from 
the variation in either the electron mobility (µn)
or the free lifetime (τn) of the photogenerated 
electrons in the equation [13] 
σph = eGµnτn (5) 
where σph is the photoconductivity, e is the 
electron charge and G is the photo-carrier 
generation rate, which in the present case 
(300W.m-2) is estimated to be about 1020 
electron-hole pairs.cm-3.s-1. The maximum 
photoconductivity of 1.32(Ω.cm)-1 (at 90oC) 
observed in this work yields the mobility-lifetime 
product for electrons as µnτn~0.1cm-1V-1.

Since the measurement of the mobility was 
not performed, it was not possible to ascertain if 
the increase in the mobility-lifetime product with 
the decreasing bath temperature is due to the 
increase in mobility or due to an increase in the 
carrier lifetime. In polycrystalline CdS films, 
there is an increase in electron mobility due to 
increase in grain size [14]. The higher mobility-
lifetime product increases the diffusion length 
(L) and leads to an increased short-circuit 
current. Also, since the series resistance of the 
cell is inversely proportional to the carrier 
mobility, as well as to the carrier concentration, 
higher carrier mobilities are desirable in such 
applications. The variations in mobility-lifetime 
with pH values are shown in Fig. (4). 
 

3.4 The photocurrent decay time 
Figure (5) shows the variations in the 

photocurrent decay time with pH value. The 
decay time refers to the time required for the 
photocurrent value attained at the end of 
exposure (400S, 300W.m-2 illumination) to 
decay to 1/e of this value. 
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3.5 The photocurrent-to-dark current ratio 
Figure (6) shows the photoconductivity-to-

dark conductivity ratio (σph/σd) for the deposited 
films as a function of pH value. Values of the 
above ratio are among the highest reported for 
CdS films. 
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Fig. (6) Photocurrent to dark current ratio of the 
CdS films with pH value 

The best value reported for the chemically 
deposited CdS films prior to our results appears 
to be 106 by Danaher et al. Even though a high 
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value of σph/σd is not a crucial factor for solar cell 
applications, it is a primary requirement for 
photodetector applications. CdS is one of the two 
most sensitive photoconductors and hence it has 
established its place in numerous photodetecting 
devices [13,15]. 
 

4. Conclusions 
In this paper, it was reported that the pH 

value of the solution has significant influences 
on the photoconductivity characteristics of 
chemically deposited CdS thin films. High 
quality of CdS thin films was obtained by the 
chemical deposition technique. It was reported 
that CdS films of conductivity greater than 
13(Ω.cm)-1, required for heterojunction solar 
cells, can be achieved without any doping. This 
improvement was made possible merely by 
varying the chemical bath parameters, so that it 
contains the cadmium salt and thiourea in the 
molar ratio 1:1. 
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1. Introduction 
The use of SiC/SiC composite as structural 

material in a fusion reactor is attractive based on 
its low induced radioactivity and afterheat. 
Several issues have been identified for the 
SiC/SiC material, including the cost of 
fabrication, the joining methods, and factors 
limiting the range of operation [1]. Chief among 
these are the rather low thermal conductivity at 
high temperature and under irradiation, and the 
maximum allowable operating temperature [2]. 

A liquid metal breeder provides the potential 
for developing a high performance, high 
temperature blanket system and is the breeding 
material of choice in this study. Two interesting 
candidates are LiPb and the recently proposed 
LiSn, both being significantly less reactive than 
pure Li. Both self-cooled and dual coolant 
options (with He as first wall coolant) are 
considered [3]. 

This paper describes the results of an 
exploratory study of blanket concepts based on 
SiC/SiC and the above liquid breeders. An 
assessment of the performance of these concepts 
for advanced power plant application is 
presented, key issues are identified, and 
constraints relating to the SiC/SiC properties are 
discussed. The major objective of the study is to 
determine the attractiveness of such a high 
performance blanket for an advanced fusion 
device and to choose the most promising concept 
for detailed design study. 

 
2. SiC/SiC Parameters 
Some of the major parameters influencing the 

attractiveness of SiC/SiC as an in-vessel 
structural material include: thermal conductivity; 
parameters limiting the temperature of operation, 
such as swelling under irradiation and 
compatibility with the liquid metal; maximum 

allowable stress limits; lifetime parameters; and 
fabrication and joining procedures [4].  

Two major factors limiting the maximum 
operating temperature of SiC/SiC are irradiation-
induced dimensional changes and compatibility 
with the liquid metal. Three distinct irradiation 
swelling temperature regimes can be identified 
[5,6]:  
1. An amorphous phase at low temperature 

(<150°C) with high irradiation swelling; 
2. A point defect swelling regime where 

swelling decreases with increasing irradiation 
temperature and reaches saturation at 
relatively low irradiation dose; and  

3. A void swelling regime at high temperature 
where swelling keeps increasing with 
irradiation levels. 
Clearly, the maximum SiC/SiC temperature 

limit must be set to avoid the void swelling 
regime. It is not clear at exactly what 
temperature the transition from point defect 
swelling to void swelling occurs but from the 
results summarized in Refs. [5] and [6], this 
transition temperature is about 1000°C. 

The derivation of SiC/SiC stress limits for 
SiC/SiC was addressed as part of the ARIES-I 
study [1] which recommended maximum 
primary and secondary stress limits of 140 MPa 
and 190 MPa respectively (effectively based on a 
fraction of the computed tensile strength of 286 
MPa for SiC/SiC with 60% fiber volume 
fraction). For the purpose of this study, these 
values are adopted with the understanding that 
they would need to be updated as improvement 
in the fabrication method allows for higher 
quality SiC/SiC material. Another factor which 
would need to be considered in a more detailed 
study is whether traditional Von Mises stress 
calculations are adequate or whether a new 
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approach should be used to account for the 
material orthotropy as suggested in Ref. [7]. 

The SiC/SiC fabrication and joining methods 
affect the cost of the blanket, the quality and 
performance of the SiC/SiC and the possibility of 
rejoining when replacing a component at its end 
of life or due to failure. Progress has been made 
in this area such as in the brazed joint proposed 
in Ref. [8].  However, much remains to be done 
to ensure high quality fabrication and rebonding. 
This study assumes that a reliable bonding 
method will be developed enabling one or more 
replacements of part of the blanket during the 
plant lifetime. 

The SiC/SiC hermeticity issue can be 
mitigated by adding a SiC CVD coating to 
prevent leaks. In addition, the trend towards 
fabrication of higher quality denser multi-
dimensional composite configuration should also 
help in minimizing any leakage. However, 
hermeticity should be considered as a factor 
when making the coolant choice in particular 
when this involves high pressure helium.  

Table (1) summarizes the SiC/SiC properties 
used in this study. Note that there are other 
important parameters not considered within the 
scope of this study, such as those governing the 
tritium behavior, which would need to be 
included as part of a more detailed design study.  
 

Table (1) SiC/SiC Properties Used in this Study 
Density (kg/m3) 3200
Density Factor 0.95 
Young's Modulus (GPa) 360 
Poisson's ratio 0.16 
Thermal Expansion Coefficient (ppm/°C) 4.4 
Thermal Conductivity in plane (W/m-K) 25 
Thermal Conductivity through Thickness (W/m-K) 20 
Maximum Allowable Primary Stress (MPa) ~140
Maximum Allowable Secondary Stress (MPa) ~190
Maximum Allowable Operating Temperature (°C) 1000
Max. Allowable SiC/LiPb Interface Temp. (°C) TBD
Maximum Allowable SiC Burnup (%) 3 

3. Power Cycle 
The Brayton cycle offers the best near-term 

possibility of power conversion with high 
efficiency and is compatible with a high 
performance liquid metal blanket. For this 
reason, it is considered in this scoping study to 
evaluate the potential gain from high temperature 
operation with a SiC/SiC-based blanket. The 
Brayton cycle considered includes three-stage 
compression with two intercoolers and a high 
efficiency recuperator, as shown schematically in 
Fig. (1). Its main parameters are set under the 
assumption of state of the art components and/or 
with modest and reasonable extrapolation [9,10] 
and are as follows: 
• Lowest He temperature in the cycle (heat 

sink) = 35 °C   
• Turbine efficiency = 93% 
• Compressor efficiency = 90%  

• Recuperator effectiveness = 96% 
• He maximum temperature <~1100°C  

(extrapolation required here as the range of 
temperature of uncooled cast nickel blades is 
about 850°C) 

• He fractional pressure drop in out-of-vessel 
cycle = 0.025  
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Fig. (1) Schematic of the Brayton cycle including 
the blanket LiPb/cycle He heat exchanger 
 

Other parameters are set as part of the 
scoping parametric studies. It is assumed that the 
cycle He would be used to cool the divertor and 
first wall if applicable and would then be heated 
up to its maximum temperature through a heat 
exchange with the LiPb exiting the blanket. 
 

4. Blanket Conceptual Study 
In anticipation of the evolution of the next 

ARIES machine parameters based on advances 
in physics, superconducting magnet and 
technology, the power parameters assumed for 
the study are set to 50% higher than those of [11] 
while the fusion power is kept constant implying 
a more compact power plant. These machine and 
power parameters are summarized in Table (2). 

Table (2) also shows some of the 3D 
neutronics parameters calculated for a 
preliminary SiC/SiC+liquid breeder design 
consisting of: 
• A 25-cm inboard and a 55-cm outboard 

blanket regions with 8%SiC and 92% liquid 
breeder  

• A 5-cm FW region on the inboard and 
outboard with 40% SiC and 60% liquid 
breeder 
The resulting tritium breeding ratio was 1.1 

for Li17Pb23 as breeder and only 0.95 for Li25Sn75
as breeder, both with 90% enriched lithium. 
Based on this poor breeding performance, LiSn 
was not considered further in this study which 
then concentrated solely on LiPb in a purely self-
cooled configuration and in a dual-coolant 
configuration (He for the first wall and LiPb for 
the blanket).  
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Table (2) Machine and Power Parameters Assumed 
for the Study (OB=Outboard, FW=first wall) 

Power Parameters  
Fusion Power (MW) 2170
Neutron Power (MW) 1736
Alpha Power (MW) 434 
Current Drive Power (MW) 50 
Maximum Surface Heat Flux (MW/m2) 0.71 
Average Surface Heat Flux (MW/m2) 0.6 
Power to the Divertor (MW) 140 
From Neutronics Analysis  
Overall Energy Multiplication  1.1 
Maximum Thermal Power (MW) 2394
Outboard Maximum Neutron Wall Load (MW/m2) 6.6 
Outboard Average Neutron Wall Load (MW/m2) 5.6 
Inboard Maximum Neutron Wall Load (MW/m2) 5.1 
Inboard Average Neutron Wall Load (MW/m2) 3.8 
OB Average Heat Generation in FW SiC (MW/m3) 28 
OB Maximum Heat Generation in FW SiC (MW/m3) 33 
OB Average Heat Generation in FW LiPb (MW/m3) 21 
OB Maximum Heat Generation in FW LiPb (MW/m3) 25 
Machine Geometry  
Major Radius (m) 4.5 
Minor Radius (m) 1.13 
Outboard FW Location at Midplane (m) 6 
Outboard FW Location at Lower/Upper End (m) 4.5 
Inboard FW Location (m) 3.5 

The initial effort considered a poloidal box 
configuration for the blanket where the LiPb 
would flow in large channels whose dimensions 
would be set to accommodate the maximum 
allowable pressure and thermal stresses. In one 
option a separate first wall region consisting of 
3-cm twisted tubes was cooled by a first LiPb 
pass while in the other option the first wall 
region was cooled by a toroidal helium flow. 
These two options were analyzed in some detail 
from which the following key points emerged for 
further evolving the design: 
• Separate cooling of the blanket box structure 
with either He or an initial pass of LiPb in order 
to maintain the SiC/SiC within its temperature 
limit. The LiPb then flows in a final pass 
between the cooled structure and gets heated to 
high temperature to maximize the cycle 
efficiency. 
• Radially segmenting the blanket in order to 
save on replacement cost. The first layer 
including the FW should be about 25 cm thick 
and would be replaced at the end of the FW 
region lifetime (about 2.8 FPY based on a 3% 
SiC burnup limit). The second layer would be 
about 35 cm thick and would be a lifetime 
component. 
• For He, a poloidally-cooled FW configuration 
offers advantages of a simpler layout and 
manifolding configuration as well as a thinner 
radial build and would be preferable to a 
toroidally-cooled configuration. 

A consistent parametric comparison between 
He and LiPb as poloidally-flowing first wall 
coolant was then performed based on parallel 
tube configuration schematically shown in Fig. 2. 
For simplicity, the minimum channel wall 

thickness for both cases was set as one tenth of 
the diameter. For the He case this would 
correspond to a 100 MPa pressure stress for an 
assumed helium pressure of 20 MPa. For the 
LiPb, the pressure is much lower and the 
assumption is more conservative. 

To maximize the Brayton cycle efficiency, 
the LiPb exits the blanket at a high temperature 
of ~1150°C taking full advantage of the low 
velocity and low heat transfer coefficient of the 
final high-temperature LiPb pass to maintain the 
SiC/LiPb interface temperature in the higher 
blanket irradiation zone <~1000°. The 
corresponding maximum Brayton cycle He 
temperature in the secondary side of the heat 
exchanger is estimated at ~1100°C (see Fig. 1). 
Given this temperature and the other cycle 
parameters listed in the previous section the 
cycle efficiency would be a function of the total 
compression ratio and, in the case of the He-
cooled first wall, of the He pressure drop in the 
FW channels. The compression ratio also 
influences the cycle helium temperature at the 
exit of the recuperator (point 10 in Fig. 1) which 
affects the first wall inlet temperature in both 
cases and the corresponding FW maximum SiC 
temperature. This is illustrated in Fig. (3) for the 
He-cooled first wall case.  
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Fig. (2) Poloidally-cooled first wall configuration 
with tapering channels 
 

For a given flow rate, the pressure drop 
would vary with the channel diameter which is 
shown as an alternate variable in the figure. 

There is no fixed limit on the total 
compression ratio. Typically a higher ratio would 
require more stages which would drive the cost 
and possibly leakage rate. For a reasonable 
compression ratio of <3, the maximum FW SiC 
temperature can be maintained <1000°C for a 
channel diameter of 3 cm. The corresponding 
efficiency is ~59%.  
 



Iraqi Journal of Applied Physics Letters 

 

ALL RIGHTS RESERVED        PRINTED IN IRAQ 30

800

900

1000

1100

1200

1300

M
ax

im
um

Si
C

Te
m

pe
ra

tu
re

(°
C

)

0.475

0.500

0.525

0.550

0.575

0.600

G
ro

ss
C

yc
le

Ef
fic

ie
nc

y

1 2 3 4 5 6

Total Compression Ratio

FW Channel 
Diameter (cm):

4

3

2

43
2
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temperature as a function of total compression ratio 
for different poloidal He FW channel diameters 
(maximum cycle helium temperature=1100°C) 
 

A similar analysis was done for a LiPb-
cooled FW. In this case MHD effects tend to 
laminarize the flow even with insulated walls 
resulting in lower heat transfer performance and 
higher SiC temperature [12]. To somewhat 
compensate for this effect, the LiPb temperature 
was reduced by 50°C resulting in a maximum He 
cycle temperature of ~1050°C. The results are 
shown in Fig. 4. For a compression ratio of 3, the 
maximum SiC temperature is ~1000°C and the 
cycle efficiency ~59% for a channel diameter of 
2 cm. The corresponding pressure drop including 
MHD effects in insulated channels [12] is 
relatively high, ~1.2 MPa requiring an inlet 
pressure of about 2 MPa. 

These results are encouraging showing 
comparable performance for both configurations. 
The LiPb configuration is preferred at this stage 
as it helps avoid a high pressure first wall system 
and provides the possibility of integrating the 
FW and blanket without concerns about 
pressurizing the blanket box in case of leaks. It 
also provides better shielding performance in 
general as it also avoids any effective He “void”. 
 

5. Conclusions 
This exploratory study has helped assess the 

potential of a SiC/SiC + LiPb blanket for a high 
performance blanket. High cycle efficiency can 
be achieved (close to 60% for the Brayton cycle) 
by superheating the LiPb in a final low velocity 
high temperature pass while maintaining the 
SiC/LiPb interface temperature in the irradiated 
blanket region within ~1000°C. This, in addition 
with the safety premium of using SiC/SiC makes 
such a concept quite attractive as a power plant 
blanket candidate.  However, the results are 
dependent on the assumptions made which need 
to be verified through R&D. Particular  areas of 
focus include improvement in the SiC/SiC 
quality and characterization of its properties at 
temperature and under irradiation, in particular 

its thermal conductivity and its compatibility 
with LiPb. 
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1. Introduction 
The output power of CO2 lasers is affected by 

changes may occur in the optical cavity of laser 
system such as scattering losses, absorption at 
mirror edges, diffraction losses as well as 
absorption by gas molecules those being heated 
but not excited. The unexcited CO2 molecules 
inside CW laser cavity have a sever negative 
effect on the output power [1]. This effect is 
attributed to the fluctuations occuring in cavity 
losses resulted from several reasons, the most 
important one is the thermal convection 
originated from the self-absorption of radiation 
by gas molecules those heated but not 
electrically excited inside the cavity. 

The spectral linewidth relates to the value of 
population inversion achieved during operation 
throughout its dependence on gas temperature, 
which determines this value as follwos [2]: 

)exp(
TK

ENN
B

o
∆

−= (1) 

The instability condition in losses occurs at a 
certain thrshold level of output laser power. This 
threshold is determined by the initial state of 
temperature variation resulted from the rapid 
increase in absorption coefficient of CO2
molecules with increasing gas temperature. 
Above this threshold, the output laser power is 
decreased with increasing losses inside the cavity 
due to the self-absorption by heated CO2
molecules. 

The gain coefficient (α0) of active medium at 
the center of transitions band producing laser as 
follows [3]: 
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where λ is the wavelength, τsp is spontaneous 
emission lifetime, N1 and N2 are the population 
in upper and lower laser levels, respectively, g1

and g2 are the degeneracy of each level, 
respectively, g(ν0) is the normalized gain 
function, which is given by: 

νπ
ν

∆
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where ∆ν is the homogenous spectral linewidth 
(MHz) and is a function of gas pressure (p)
inside cavity and gas temperature (T), and given 
by [4]: 

T
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(4) 
The homogenous spectral linewidth of laser 

beam related directly to the absorption 
coefficient of the active medium producing the 
laser wavelength. The absorption coefficient 
αν0(J) at the central frequency (ν0) of the 
transition P(20) is given by [4]: 
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(5) 
where X is the partial amount of CO2 in gas 
mixture, N is the total density of gas molecules, J
is the rotational quantum number and F(lmn) is the 
partial fraction of the vibrational level (lmn) of 
the rotational quantum number J.

The attenuation resulted from the absorption of 
the band 10.6µm of CO2 laser by the gas medium 
was studied by many published works [5-18]. 
These works included studying the dependences 
of the absorption coefficient of pure CO2 gas as 
well as CO2:N2:He on the total gas pressure [5-6] 
and its temperature [7-12]. The absorption 
spectrum of the CO2 laser gas medium is 
instrumentated by a homogenous function at total 
gas pressure of 10torr at the central (ν0) of the 
band as given in Eq. (5). 

The intracavity attenuation resulted from self-
absorption by heated gas moleucles may affect 
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the oscillation line as the absorption coefficient 
αν0(J) – depending on the rotational quantum 
number J – is mainly affected by gas 
temperature. The value of J number, at which the 
maxiumum value of absorption coefficient αν0(J) 
is obtained, increases with gas temperature. At 
temperatures over 400K, the value of αν0(J) is 
given by an increasing function of rotational 
quantum number J for J<20. Accordingly, the 
absorption losses due to the self-absorption is 
also a function of J-number and increasing 
within the same range. 

In this work, the effect of intracavity 
attenuation resulted from the self-absorption by 
active medium molecules on the output power of 
homemade low-pressure CW CO2 laser was 
studied and discussed. 

 
2. Experiment 
A homemade axial-flow longiturenal-discharge 

low-pressure CW CO2 laser system was used in 
this work [19-21]. The discharge tube made of 
pyrex was 60cm in length and 0.8cm in diameter. 
In order to isolate the ZnSe front mirror from 
discharge region, a connection tube same as 
discharge tube was used but with 10cm long. The 
length of optical resonator was 76cm and 90cm 
without and with connection tube, respectivvely. 
The configuration of the resonator was 
hemispherical with a 5m-curvature gold-coated 
back mirror. We used four different mirrors with 
different transmission (40% ZnSe, 60% ZnSe, 
40% Ge, 80% Ge) as the output coupler to 
introduce the effect of transmission on the output 
power. 

Fig. (1) Schematic diagram of the CW CO2 laser 
system and the discharge regions with the 
intermediate connection tube 
 

3. Results and Discussion 
We consider the operation results of CW CO2

laser system described in previous works [20-
21]. They included the dependencies of output 
laser power on discharge current and total gas 
pressure inside cavity. In this work, we consider 
the laser system in presence of the intermediate 
connection tube, as shown in Fig. (1). In this 

case, the discharge cavity is divided into three 
distinct regions. 

In the first region (region C), the gas is 
electrically excited but not cooled at both ends of 
the cavity. In the second region (region B), the 
gas is electrically excited and cooled through the 
gas flow along the cavity. The last one (region 
A) is the effective region. In region C, the self-
absorption of the radiation inside cavity results in 
gas heating while the losses due to self-
absorption in other two regions are neglegible as 
the gas flow rduces heating effects. 

The output laser power was measured as a 
function of discharge current at different gas 
pressures inside the cavity, as shown in Fig. (2). 

 

Fig. (2) Variation of output laser power with 
discharge current at different pressures inside laser 
cavity 
 

The output power is increasing with discharge 
current, which represents the electrical power 
transferred to the gas active medium. This 
increasing continues to reach the maximum 
stability at which the maximum output laser 
power. The output power starts to decrease with 
increasing pumping power. This decrease may be 
attributed to the increasing heat generated from 
the electric discharge as the generated heat 
power (PH) relates to the discharge current (Id)
by PH=Id

2.R, where R is the impedance of the gas 
medium. 

Fig. (3) shows the variation of output laser 
power with the total gas pressure inside cavity at 
different values of discharge current. As shown, 
the output power increases with increasing gas 
pressure, which means increasing the 
concentration of active molecules producing 
laser. Due to the experimental conditions of this 
work, higher output power requires higher gas 
pressure taking into account the optimum value 
of discharge current, as shown in Fig. (2). 

The bahavior of output power with discharge 
current and total gas pressure in presence of 
connection tube is similar to that obtained 
without the connection tube [20] with small 
difference in the optimum value of discharge 
current. 
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Fig. (3) Variation of output laser power with total 
gas pressure at different discharge currents 
 

This similarity explains that increasing gas 
pressure inside cavity (or any of the three gases) 
leads to increase the laser output power. 
However, this continuous increasing – at 
optimum discharge current – will lead definitely 
to increase the spectral linewidth and hence the 
value of absorption coefficient (αv) of the 
gaseous medium as well as decreasing the gain 
coefficient (α0), according to Eq. (2) and (3). As 
well, reducing gas temperature leads to support 
the population inversion condition in the laser 
levels. This leads to increase the spectral 
linewidth and hence reducing the gain coefficient 
but – at the same time – reducing the absorption 
coefficient of the gaseous medium. As shown in 
Fig. (3), the optimum value of the discharge 
current is 45mA. 

Fig. (4) shows the reasonable variation of 
output power with discharge current at different 
amounts of CO2 in gas mixture. 

 

Fig. (4) Variation of output laser power with 
discharge current for different amounts of CO2
pressure in the gas mixture 

 
As the absorption coefficient of the gas mixture 

is proportional to the amount of CO2, so, it can 
be said that the threshold condition of absorption 
losses, resulted from the self-absorption by 
active medium molecules, may be affected by the 
partial amount of CO2 in gas mixture. 

The output power was measured with discharge 
current, as shown in Fig. (5), at different values 
of output coupler transmission. As the output 
power is dependent on the transmission, then an 
optimum value of 60% can be determined, at 
which the maximum power was obtained. 

Fig. (6) shows the variation of output power 
with total gas pressure inside cavity for two 
different transmission of the output coupler in 
two cases; using the intermediate connection 
tube (presence of region B) and non-using the 
connection tube (absence of region B). 

 

Fig. (5) Variation of output laser power with 
discharge current for different transmission of the 
output coupler at total gas pressures of 10torr 
 

Fig. (6) Variation of output laser power with total 
gas pressure for two different transmission of the 
output coupler at the optimum discharge current in 
case of presence and absence of absorption losses 
 

The presence of connection tube has an effect 
on output power because it creates a region 
inside cavity containing of gas molecules those 
electrically excited but not cooled because it was 
not surrounded by cooling water and the gas 
inside did not flow. In such region, the 
absorption coefficient (αv) of the gas mixture is 
increased due to increasing gas temperature, 
which is originally resulted from the electric 
discharge. This causes an attenuation for laser 
radiation produced in the active region of 
discharge (region A) as it passes region B. 
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If the intracvity losses are too small, then the 
laser efficiency at a certain value of discharge 
current is dependent on gas pressure because 
both output power and pumping power are 
proportional to the gas pressure. However, all 
laser systems, and especially CO2 lasers, include 
intracvity attenuation. Supposing intracvity 
losses due to attenuation resulted from the self-
absorption by active medium molecules, the rate 
of increasing total laser efficiency is lower than 
the case without such losses, as shown in Fig. 
(7). 
 

Fig. (7) Variation of total laser efficiency with total 
gas pressure at the optimum discharge current in 
case of presence and absence of absorption losses 
 

If the gas mixture is much efficiently cooled in 
regions B and C throughout increasing gas flow 
rate or pre-cooling the gases of the mixture 
before feeding to the cavity, then the absorption 
losses can be neglected in these regions. This is 
attributed to the fact that the value of absorption 
coefficient (αv) is too small at temperatures 
lower than 300K and hence the self-absorption 
loss can be neglected when increasing the 
cooling rate of gas mixture. 

 
4. Conclusion 
According to the conditions and results of this 

work, when the optical power absorbed by the 
active medium is high then the characteristics of 
output power are reasonably affected and the 
attenuation resulted from the self-absorption by 
active medium molecules will affect the 
efficiency of CW laser system. A compensation 
among several operation parameters, such as 
total gas pressure, partial amounts of gases, 
discharge current and output coupler 

transmission, is necessary to avoid the 
attenuation due to the self-absorption of laser 
radiation by the gaseous active medium itself. 
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