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Figure 1.1� Mosaic image of the Orion Nebula constructed

from fifteen Hubble Space Telescope pictures. (Figure cour-

tesy of Dr C. Robert O’Dell, Vanderbilt University, Nashville,

Tennessee.)
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Figure 1.2� Comparison of the emission of different blackbodies (where 1 GHz = 109 Hz). Blackbody spectra

are shown for three perfect emitters at three different temperatures: an interstellar dust grain at 20 K, a human

body at 300 K and the effective surface temperature of the Sun at 5770 K [15].
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Figure 1.3� Opacity of the atmosphere of the Earth. The rainbow represents the visible spectrum and the solid

red band represents the region observed by the Herschel telescope. (Original figure courtesy of Jet Propulsion

Laboratory, California Institute of Technology, Pasadena, California.)
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Figure 1.4� Computer rendering of the Herschel

Space Observatory. The primary mirror (shown

in gold) is mounted above the cylindrical cryostat,

which houses the instrument payload, and the oc-

tagonal service module. A solar shield is located

behind the telescope. (Figure courtesy of the Eu-

ropean Space Agency.)
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Figure 2.1� Fourier transform of a symmetric function. Panel (a) shows an infinite even function with a frequency

of 5 cm-1. Panels (b) and (c) show the real and imaginary components, respectively, of the Fourier transform of

Panel (a).
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Figure 2.2� Fourier transform of an asymmetric function. Panel (a) shows an infinite function composed of even

and odd terms. Panels (b) and (c) show the real and imaginary components, respectively, of the Fourier transform

of Panel (a).
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Table 2.1� Symmetry properties of Fourier transform pairs, where �(�) is any function, and F [�(�)] is the Fourier

transform of �(�).
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Figure 2.3� Fourier transforms of the boxcar and triangle functions. Panel (a) shows a boxcar function with

its Fourier transform, a sinc function, shown in Panel (b). Panel (c) shows a triangle function with its Fourier

transform, a sinc2 function, shown in Panel (d).
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Figure 2.4� Example of the superposition theorem. Panel (a) is the sum of two infinite cosine functions oscillating

at 4 and 5 cm-1. Panel (b) is the Fourier transform of Panel (a).

��� ����� �� ����� /�2 �� 7��
�� <"�" (���� �� ����� /�2� ��� 7�
���� ��������� �� Λ(�) ��

F [Λ(�)] =
∫

∞

−∞

Λ(�)�−��πσ��� = K�������(<πσ�). /<"<.2

��� 	��	������ �� �����(<πσ�) ��� ������� �� ��� ���� �
������" +������� ����� �����(<πσ�) ��

	��������������� ��� ���σ � �� �� ��� ��������� ��&��
� ���� ���
�� �� �.��
�� " ;�������� ��� ��	���
���

�� ��� ��� ��������� ��#�� ��� ���
���D ��� ��	���
�� �� ��� ��������� ��&��
� �� ���� K"M! ��

��� ������� ��&��
� P 0� HQ"

&/&/( ��2���� "�����# 

����� ��� � ������ �� �������� �
��������� �� 7�
���� �������� ���� ������#� ��� ������ ����

������� �� � �
������ ���� �� ��� 7�
���� ���������" ���� ������� �
������ ����� ��	������ ��������

��	����� �� ���� ������4 �$��
��������� ���#��$���� ��� ��
��#��" /7�� ���������� ��������� ��� ������

�� �������� �� A�������� P 0Q� A������ P �Q� ����	���� P .Q ��� F���� P KQ"2 7�� ��� ���������

�� ���� ���	���� ((σ) ��� )(σ) ��� ��� 7�
���� ���������� �� 
(�) ��� &(�)� ���	��������� ��� ����

	������� ���9
������ ��� ����� �� � �	����
�"

�&) �)������� �- �� #

7�
���� ���������� �#�� ��� �
	��	������� ������� PK-�  0Q� ����� �� �&	������ ������

��������� ��

F [
(�) + &(�)] = F [
(�)] + F [&(�)] = ((σ) + )(σ). /<"<02

�������� ��� ������ �
������� /��� �9
����� <"-2 ����������� �� �	����� ���9
������ �� σ� ��� σ�"

A� ��	������ ������������� ����������� ��� ���
����� �
������ �� ��� �
� �� ����� ��� ���������

	���
��� �  ��� �����
� ����� #�


σ�
(�) + 
σ�

(�) = <���(π�(σ� −σ�))���(π�(σ� +σ�))� /<"<<2



(������ <"<4 ���
�����	 �� 7������ ����	���
	 0 

X

-3L -L 0 2L 7
2/ L

Z Z Z Z Z

Figure 2.5� Example of the convolution theorem. The lower portion shows a trapezoid, the result of the convo-

lution of two boxcar functions of different widths. The integration over z at each point in x (see Equation 2.23)

is shown in the upper portion, where the hatched regions indicates the overlapping area of the two boxcars and

the arrows indicate the direction of the shifting boxcar function.
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Figure 2.6� Schematic of a Michelson interferometer. Arrows indicate the direction of motion of light rays. The

dotted section of the moving mirror corresponds to a movement of ∆x in the position of the mirror.
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Figure 2.7� Example of a discretely sampled cosine wave. The solid line denotes a infinite cosine wave with a

frequency of σo = � cm-1 sampled every 0.1 cm, where the red circles represent the samples.
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Figure 2.8� Example of aliasing. The solid line corresponds to a cosine function with a frequency of 12 cm-1;

the dotted line corresponds to a cosine function with a frequency of 2 cm-1; the red circles represent the 0.1 cm

sampling of the waveforms.
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Figure 2.9� Example of finite path difference. Panel (a) shows a cosine waveform with a frequency of 10 cm-1

measured over a finite optical path difference from -0.5 to 0.5 cm. Panel (b) is the Fourier transform of the

waveform, a sinc function centered at 10 cm-1.
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Figure 2.10� Example of a broadened line profile. Panel (a) shows a broadband spectrum given by Equation 2.40

and Panel (b) is its Fourier transform.
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Figure 2.11� Phase correction by the Forman method. Panel (a) shows an asymmetric single-sided interferogram

of a model spectrum of atmospheric transmission [78]. The blue box marked “1” denotes the double-sided

component. Panel (b) shows the interferogram around ZPD. Panel (c) shows the Fourier transform of the

double-sided interferogram. From the phase in Panel (d), the phase correction function is calculated in Panel (e).

Panels (f) and (g) show the phase corrected interferogram. The spectrum of the phase-corrected interferogram

is shown in Panel (h).
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Figure 3.1� Schematic of the SPIRE spectrometer [81,82]. The dotted arrows denote the direction light travels;

the dark blue boxes denote mirrors; the dark green boxes denote filters; the light blue boxes denote the spec-

trometer mechanism and the 1.7 K enclosure (from left to right); the orange boxes denote the bolometer detector

assemblies; the pink box denotes the spectrometer calibrator; and the red/green boxes denote the beamsplitters

(red corresponds to the inductive side and green to the capacitive side of the beamsplitter). The SM6 mirror is

dashed to indicate its location on the photometer side of the focal plane unit. (Figure courtesy of Dr Douglas

Griffin, Rutherford Appleton Laboratory, Oxfordshire, England.)
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Figure 3.2� Physical and optical layouts of the SPIRE spectrometer [66,81]. Panel (a) shows an optical raytrace

of the Herschel primary and secondary mirrors with the optical path of the SPIRE photometer shown to scale.

Panel (b) shows a computer rendering of the spectrometer side of the SPIRE focal plane unit with the cover

removed; the red conic sections represent the beams. Panel (c) shows the optical path of the spectrometer; the

symmetric lower half is generated by reflection about an imaginary line joining the two beamsplitters (SBS1 and

SBS2). In Panel (c), common optics (prefixed by C) are located on the photometer side of the FPU. (Figures

courtesy of Dr Douglas Griffin, Rutherford Appleton Laboratory, Oxfordshire, England; and Dr Kjetil Dohlen,

Laboratoire d’Astrophysique de Marseille, Marseille, France.)
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Figure 3.3� Compensation at the first output port. The interferogram representing the spectrometer calibrator

port is offset by 2 units while the interferogram representing both ports is offset by 2.5 units.
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Figure 3.4� Photograph of the first proto-flight model of spectrometer

calibrator (without the black coating) [99]. A redundant pair of sources

is visible next to the primary pair; all four sources are thermally isolated

from one another by the cross shape in the middle of the cavity. (Figure

courtesy of Dr Peter Hargrave, Cardiff University, Cardiff, Wales.)
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Figure 3.5� Transmittance and reflectance of the SPIRE beamsplitters. Panels (a) and (b) shows the reflectance

and transmittance, at 300 K, for the flight model beamsplitters SBS1 and SBS2, respectively. The dotted lines

denote the long wavelength array band edges and the dashed lines denote the short wavelength array band edges.

(Data courtesy of Dr Peter Hargrave, Cardiff University, Cardiff, Wales.)
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Figure 3.6� Photograph of the spectrometer mechanism development model, showing the double parallelogram

structure with the translation stage and the back-to-back roof-top mirrors underneath. (Figure courtesy of Dr

Dominique Pouliquen, Laboratoire d’Astrophysique de Marseille, Marseille, France.)
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Figure 3.7� Photograph of a SPIRE bolometer detector assembly unit. The figure shows the photometer medium

wavelength unit with the filter stack removed; the spectrometer arrays employ a nearly identical design. The

hexagonally packed holes are the circular apertures of the feedhorns. (Figure courtesy of Dr James Bock, Jet

Propulsion Laboratory, California Institute of Technology, Pasadena, California.)
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Figure 3.8� Transmittance of individual spectrometer low-pass filters. Panels (a) – (d) show the transmittance

for individual filters CFIL1, SFIL2, SFIL3L and SFIL3S, respectively. Panels (e) and (f) show the combined

transmittance for the long and short wavelength filter stacks, respectively. (Data courtesy of Dr Peter Hargrave,

Cardiff University, Cardiff, Wales.)
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Figure 3.9� Total transmittance of the spectrometer low-pass filters. Panel (a) shows the transmittance for

the first input port (astronomical source and Herschel primary and secondary mirrors) and Panel (b) shows the

transmittance for the second input port (spectrometer calibrator). For clarity, the short wavelength transmittance

is not plotted below 28 cm-1 in either panel. (Data courtesy of Dr Peter Hargrave, Cardiff University, Cardiff,

Wales.)
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Figure 3.10� Pixel maps of the spectrometer arrays. Panel (a) shows the long wavelength pixels and Panel (b)

shows the short wavelength pixels. In both panels, the blue pixels indicate the pixels that overlap in both arrays

and the red pixel indicates the central pixel. (Figures courtesy of Dr Tanya Lim, Rutherford Appleton Laboratory,

Oxfordshire, England.)

Figure 3.11� Cross section of a feedhorn block and an integrating cavity. The left-hand panel shows the close-

packed feedhorns each with a circular opening of diameter �. The right-hand panel shows an integrating cavity fed

by a circular waveguide of radius �. (Figure courtesy of Brooks Rownd, Smithsonian Astrophysical Observatory,

Hilo, Hawaii.)
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Figure 3.12� Cylindrical coordinate system

for a circular waveguide.
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Table 3.1� Feedhorn and circular waveguide properties for the two SPIRE spectrometer bands.
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Figure 3.13� Example of aperture efficiency. The figure shows a spectrometer long wavelength feedhorn and the

Airy profiles of two wavelengths within the SLW band.
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Figure 3.14� Microscope photograph of an array of SPIRE bolometers. The neutron transmutation doped

germanium thermistor (in white) is located on the edge of the metallized silicon nitride micromesh absorber. For

a scale reference, note the pen in the top left-hand corner of the image. (Figure courtesy of Dr James Bock, Jet

Propulsion Laboratory, California Institute of Technology, Pasadena, California.)
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Figure 3.15� Transfer function of the six-pole Bessel filter of the first proto-flight model electronics. Panel (a)

shows the gain of the transfer function while Panel (b) shows the phase.
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Table 4.1� Description of SHIFTS modules.
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Figure 4.1� Order of execution of the SHIFTS master control program (from left to right). Each box represents

a distinct component of the simulator.
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Figure 4.2� Data cube representation of a simulated

astronomical source for a five-by-five pixel section of

sky. The values α� and δ� define the initial positions of

the right ascension and declination, respectively. The

variables ∆α and ∆δ define the spatial spacing between

each pixel; the spectral step size is given by ∆σ���. The

red pixel represents the center of the sky section.
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Figure 4.3� Model profile of velocity error from the spectrometer mechanism. The profile was determined from

the velocity error spectra of eight scans taken at 452 µm s-1 during the first proto-flight model test campaign

conducted in 2005 at the Rutherford Appleton Laboratory in Oxfordshire, England (see Appendix B-1).
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Figure 4.4� Model profile of temperature error from the spectrometer calibrator. The profile was determined from

19 temperature measurements of SCAL-A taken at 38.15 K on March 24, 2005 during the first proto-flight model

test campaign conducted at the Rutherford Appleton Laboratory in Oxfordshire, England (see Appendix B-2).
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the feedhorn apertures and the crosses represent the spatial
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Figure 4.6� Optical path of an electromagnetic wave in the SPIRE spectrometer [81]. The arrows denote the

direction light travels; the blue boxes denote mirrors (where the blue cross in the center represents the back-

to-back rooftop mirrors of the spectrometer mechanism); the red/green boxes denote the beamsplitters (red

corresponds to the inductive side and green to the capacitive side of the beamsplitter). (Original figure courtesy

of Dr Douglas Griffin, Rutherford Appleton Laboratory, Oxfordshire, England.)
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Figure 4.7� Transmission efficiency for the input and output ports of the SPIRE spectrometer. These profiles

include the effects of the feedhorn, aperture and main-beam efficiencies of the detection system; the beamsplitters;

the low-pass filters; and the mirrors.

�#���� �� ���
��� ���� ���� ��� ���� ���� 	��	������ �� ��� ��������� ������ P00K� 0<<Q" 7��

���	������ /��� �
� �� ��� ���8 �� #����#��� ��	������ ����2� �� ���
��� � �������� ��������

��������� �� ."M P � 00��00K�00-Q"

A� ����
���� ��� ��� �#��� ������������ �� ���������� � ���
� �� η� ��� ���� ��	
� ���

�
�	
� 	��� ��� ��� �����
�#��� σ�" ��� ��
� ����������� ���� ������ �� ����#������ ���� ��� ���

����� �� 7��
�� K"M" 3� ��� #� ����� ��� ������������ ��� ������ ��� ��� ������ ��	
� 	��� /�"�"�

��� (�3
 	���2 ����� ����� ���� ���� �	����� ���	������ /������ ��� �������2 �� ��� 	��� P1M� 00.Q"

��� 	���
�� �� η� ��� ����� ���	������ �������� ����� /����� #� ������ �9
����� K"0K �� K"0 2 �������

��� �������� ���� �� �����
�#�� � �������� �� ���� #�������� 
 �� � ������ ���� �������� %"

3/;/3 ��"�-��"��- "�� 1�,��

7�������� ������������ ����
�� ��� �����
� �	����� 	���� �� ��� (�$'� �	�����������

#����#��� ��������� ��� �������� �� ��� #���������" �� ��������� ��� ����� 	���� �������� ��

���� #��������� �� ���#���� �������� �������� �� �9
����� <"<H ��� <"<M" 3� �
��� ��� 	����

�������� �� #�������� 
 �� � ������ ���� �������� % ��� ����� #�

1�
 = ∆σ�	�

σ	

∑
σ�

(
<,�

�ε�
7∗�
�7�
�

)
� P*Q /K"0M2

����� 7�
� ��� ��� �������� ���� �� � �����
�#�� � �������� �� #�������� 
 �� � ������ ���� ��������

% /�� ,�−� /��−�2−�2D ∆σ�	� ��� ��� ���� ����� �� ��� (3( �	����
� /�� ��−�D ��� (������ K"<2D

σ� ��� σ
 ���� ��� ����� ��� 
		�� #�
���� ���	��������� �� ��� �����
�#�� ���� /�� ��−�2D ,�



(������ K"14 ��
����� �� ��� 
���� �������� �� ��� ����
����	 H-

��� ��� ���� �� ��� ����
��� �	���
�� �� �������� 
 /�� ��D ��� ��#�� �"02D � ��� ��� �	��� �� �����

��� ε� ��� ��� 	����������� �� ���� �	��� /��� ��#�� 3�02" >��� ���� �� �������� �� �9
����� <"<H�

�9
����� K"0M ��� ������ �� ����� �� ���� ������� �� 	�������"

��� �
������� �� �9
����� K"0M ��� ��� ���� ���	 �� ���� �������� �� ��� ��������� 	���

���� ������
��� �� ��� #�������� �� (������ K"1" 7�������� ��� ������������ ��� ������ ���� ��������

��� ����������� �� % + 0" 3� ��� ��&� ������ ���� ��������� ��� ;�� �� ��� (;�� ������ ��� ����

	����
�� �� (�3
 ��� ��� +������� 	������ ������� ��� ��� 	������ �� ��� +(6 ���� ��� ���������"

��� ����
������� �� (������� K"1"0 �� K"1"K ���� ��	����� ��� ��� ������ ���� �������� ��� ����

����������� �����" ���� ��������� 	������ ������
�� 
���� ��� 	���� �������� �� ���� #��������

��� ����
����� ��� ����� ������ ���� ��������" ��� ���
�� �� ����� ���������� ��� ����������� � ��������

7�
���� ��������� /�7�2 �� ��� ��������������� ����� �������� ��� ��� ��	
� 	����" $� ��� ���

	����#�� �� ��8� ��������� �� ��� ���	
������ �	��� ����� �� ��� ���� 7�
���� ��������� /77�2 ��

�
� ���� #���
�� ��� ;�� ��� ��� ������ �	���� ��� ��� �	����� �������� ��� ��	
� 	���� ������ ��

���� P �Q"

3/;/6 ���"�� ��� �

6��� � ��� ������������� ��� ���������� ��� ���� #��������� (+$7�( ����� ��� 	�����

�����" 3� ��������� �� (������ �"H"�� ��� 	����� ����� ���� ��� ������� �������� �� (�3
� ��� ���

+������� 	������ ��� ��������� ������� �� �&	����� �� #� ��� ������� ��
��� �� ����� �� ��� (�$'�

�	���������� P � 0<MQ" ���	�������� �� ��� �9
��� ���� �� ��� �
�#�� �� 	������� ��� 	����� �����

�� ����� �� �9
����� �"M �� � �������9
������� 	���� />��2 P000�0�.Q" $� (+$7�(� ��� 	���� �� ���

	����� ����� ��� ��������� #�

∆1�
 =

√(
<��σ�

∆�


)
1�
� P*Q /K"012

����� � ��� ��� �����8 ��������� � ��� ��� �	��� �� ����� /��� ��#�� 3�02� σ� ��� ��� ������

�����
�#�� �� ���� #���� ∆�
 ��� ��� ������ ���� �������� /��� (������ K"�2 ��� 1�
 ��� ���

	���� �������� �� #�������� 
 �� � ������ ���� �������� %" 7�� ��� (
* ��� ((* �������σ� ��� ���

�� <<"< ��� K. ��−� /K . ��� < . µ�2� ���	��������"

������ ����� ������� ������� ���������� ������ ��� ����� 	����� ��
���� ��� #� �		��&��

����� #� � @�
����� ������#
���� P0�1� 0KM� 0K1Q" ���� ���
� �� ∆1�
 ��� �
���	���� #� ������

@�
����� ����� �� ���
���� ��� ������ ������� ���� �� ���� 	�����" @�������� ���� ��� $�
 ����

��
� ��
����� ��� @�
����� ����� ��� � ���� �� =��� ��� � �������� ��������� �� ��� /��� (���

���� K"M2 P0�HQ" ���� ���
����� 	����� ����� ��� ����� �� ��� ��� �������������� 1�
� ����������

�� ��� 	�����
� �������" >����� �� ��� ���� �� �������� ���������� ������ �� ����
���� �
����� �� (���

���� K"-"<" 3� �&��	�� �� ��� 	����� ����� ����
������ �� ����� �� (������  "H"



M. ���
��� K4 (+$7�(4 ��� (�$'� 	
�����
���� 	�
������

10-1 100 101 102 103

Frequency (Hz)

10-1

100

G
ai

n

(a)

10-1 100 101 102 103

Frequency (Hz)

-100

-80

-60

-40

-20

0

20

P
ha

se
 (

de
gr

ee
s)

(b)

Figure 4.8� Transfer function of the resistor-capacitor filter response of a bolometer with a time constant of

5.1 ms. Panel (a) shows the gain while Panel (b) shows the corresponding phase.
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Figure 4.9� Impulse response function for a thermal time constant of 5.1 ms.
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Table 5.1� Summary of modules tests.
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Figure 5.1� Analysis of the velocity error from a single simulated spectrometer mechanism scan. Panel (a) shows

four simulated high resolution scans taken at a speed of 452 µm s-1. The blue box marked “b” represents the

3.3 cm segment under analysis. Panel (b) shows the velocity of the segment from Panel (a). Panel (c) shows the

distribution of the velocity error of the segment; the bin size is 4 µm s-1. Panels (d) and (e) show the phase and

magnitude, respectively, of the Fourier transform of the velocity error. For clarity, only every fifth point is plotted

in Panel (d).
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Figure 5.2� Comparison of measured and simulated spectrometer mechanism stage position data. Panel (a)

shows the velocity error distribution for a bin size of 4 µm s-1. Panel (b) shows the root-mean-square average of

the measured and simulated velocity error spectra. For clarity, the spectra were smoothed by a ten point wide

averaging function.
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Figure 5.3� Analysis of the temperature error from simulated spectrometer calibrator data. Panel (a) shows the

simulated SCAL-A temperature sampled at 1 Hz (σN = 0.5 Hz). The distribution of the simulated temperature

error in Panel (b) has a bin size of 3.2 mK. Panels (c) and (d) show the phase and the magnitude, respectively,

of the Fourier transform of the simulated temperature error.
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Figure 5.4� Simulated temperature of the Herschel primary mirror.
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Figure 5.5� Simulated pointing errors of the Herschel telescope. Panels (a) and (c) shows 500 iterations of

the absolute and relative pointing errors, respectively, simulated by the pointingHSO module. Each black dot

corresponds to a single iteration of the module. Panel (b) and (d) shows the distribution of the right ascension

and declination for the 500 iterations, for bin sizes of 0.4 and 0.04 arcsec, respectively.
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Figure 5.6� Simulation of Herschel Space Observatory scanning. This figure shows an unresolved 105 MJy sr-1

source drifting across the field-of-view of the spectrometer short wavelength array. The red line shows the motion

of the source, where the diamond represents its initial position and the arrow its direction. The black circles

represent the circular apertures of the feedhorns.
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Figure 5.7� Incident signal due to the simulated scanning of the Herschel Space Observatory. This figure shows

the power incident on the bolometers of the spectrometer short wavelength band due to the simulated scanning

shown in Figure 5.6. The scale for each panel is identical to Panel G4.
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Figure 5.8� Simulation of ideal compensation. Panel (a) shows the spectrum of the simulated astronomical

source. Panel (b) shows the transmittance of the two detector bands. Panels (c) and (d) show the simulated

long and short wavelength interferograms, respectively, due to the SAS spectrum and the blackbody emission

of the Herschel primary mirror. Panel (e) shows the spectra corresponding to Panels (c) and (d). Panel (f)

shows the simulated SLW and SSW interferograms due to the SAS and the blackbody emission of the Herschel

primary mirror and the spectrometer calibrator. The blue box marked “g” represents the 0.2 cm segment shown

in Panel (g). Panel (h) shows the spectra corresponding to Panel (f).
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Figure 5.9� Simulation of realistic compensation. Panels (a) and (b) show the long and short wavelength

interferograms, respectively, where each plot corresponds to a different emissivity of the Hershel primary mirror

(denoted by εtel). For clarity, each interferogram (except the 4% emissivity case) is shifted horizontally relative

to one another; the central peak of each interferogram is actually located at zero path difference. Panel (c)

shows the spectra corresponding to the interferograms in Panel (a) and (b). In all three panels, the SCAL-A and

SCAL-B sources were heated to 13 and 105 K, respectively, and the Herschel primary mirror was heated to 80K.
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Figure 5.10� Transmission bandpass for absolute power calibration.
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Figure 5.11� Simulation of photon noise. Panels (a) and (b) show the long and short wavelength interferograms,

respectively, for a telescope emissivity (denoted by εtel) of 0.01 %. Panels (c) and (d) show the SLW and SSW

interferograms, respectively, for a telescope emissivity of 0.0001 %. The blue boxes denote the 0.6 cm segments

shown in Panels (e) and (f). The numbered blue boxes in Panels (e) and (f) represent the mean photon noise

values shown in Panel (g). Panel (h) shows the SLW photon noise at each emissivity value.
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Figure 5.12� Simulated response of the bolometer and warm electronics. Panel (a) shows a raw interferogram and

an interferogram convolved by the impulse response function shown in Figure 4.9. Panel (b) shows the simulated

and theoretical phase associated with the convolved interferogram; as well as the difference between the two.

In Panel (b), the black and red curves follow the left-hand ordinate while the blue curve follows the right hand

ordinate.
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Figure 6.1� Photograph of the test cryostat at the Rutherford Appleton Laboratory in Oxfordshire, England [43].

The figure shows the cryogenic qualification model of SPIRE mounted inside the cryostat during the CQM test

campaign in 2004. For a scale reference, note the cotton-gloved hand (circled in red) on the far left of the

photograph. (Figure courtesy of Dr Tanya Lim, Rutherford Appleton Laborary, Oxfordshire, England.)
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Table 6.1� Summary of the first proto-flight model results measured in 2005. For the errors on the speeds, see

Table B-1; for the errors on the spectrometer calibrator temperatures, see Table B-2.
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Figure 6.2� Real and synthetic SLWC3 interferograms due to the cryogenic blackbody. Panel (a) shows a single

SLWC4 interferogram measured on March 8, 2005 during the first proto-flight model test campaign. The blue

box marked “1” denotes the channel fringes (explained in the text) while the blue box marked “b” denotes the

region of the interferogram shown in Panel (b). Panel (b) shows all sixteen real SLWC3 interferograms; Panel (c)

shows all sixteen synthetic SLWC3 interferograms.
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Figure 6.3� Real and synthetic SSWD4 interferograms due to the cryogenic blackbody. Panel (a) shows a single

SSWD4 interferogram measured on March 8, 2005 during the first proto-flight model test campaign. The blue

box marked “b” denotes the region of the interferogram shown in Panel (b). Panel (b) shows all sixteen real

SLWC3 interferograms, while Panel (c) shows all sixteen synthetic SLWC3 interferograms.
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Figure 6.4� Real and synthetic SLWC3 spectra due to the cryogenic blackbody. The left-hand panels show the real

and imaginary components of a single SLWC3 spectrum; the right-hand panels show the phase of eight SLWC3

spectra. Panels (a) – (d) correspond to real data; Panels (e) – (h) correspond to synthetic data. Panels (a), (b), (e)

and (f) correspond to forward scans; Panels (c), (d), (g) and (h) correspond to reverse scans.
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Figure 6.5� Real and synthetic SSWD4 spectra due to the cryogenic blackbody. The left-hand panels show the real

and imaginary components of a single SSWD4 spectrum; the right-hand panels show the phase of eight SSWD4

spectra. Panels (a) – (d) correspond to real data; Panels (e) – (h) correspond to synthetic data. Panels (a), (b), (e)

and (f) correspond to forward scans; Panels (c), (d), (g) and (h) correspond to reverse scans.
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Figure 6.6� Real and synthetic phase due to the detection system. Panel (a) and (b) show the phase of the

detection system for the SLWD4 and SSWC3 pixels, respectively.
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Figure 6.7� Phase-corrected spectra of real and simulated data. Panel (a) shows the SLW and SSW spectra

measured from the first proto-flight model test data; Panel (b) shows the SLW and SSW spectra simulated by

SHIFTS.
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Figure 6.8� Compensation of real and synthetic interferograms. Panels (a) and (c) represent the real SLWC3 and

SSWD4 interferograms, respectively, while Panels (b) and (d) represent the synthetic interferograms for the same

respective pixels. In each case, the SCAL-A and SCAL-B sources were heated to 38 and 6K, respectively; the

cryogenic blackbody temperatures varied. For clarity, the 11.5 and 12.5 K interferograms are shifted horizontally

relative to the 12K interferogram.
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Figure 6.9� Compensation of real and synthetic spectra. Panel (a) shows the real spectra for the three cryogenic

blackbody temperatures. Panels (b) and (c) represent the synthetic spectra generated by SHIFTS. In Panel (b),

the throughput was diffraction-limited while in Panel (c), the throughput was constant.
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Figure 6.10� Real interferogram due to the laser and the atmosphere. Panel (a) shows a single SSWD3 interfer-

ogram measured at 452 µm s-1 on April 6, 2005. The blue boxes marked “b” and “c” denote the regions of the

interferogram shown in Panels (b) and (c), respectively.
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Figure 6.11� Synthetic interferogram due to the laser and the atmosphere. Panel (a) shows a single SSWD3

interferogram measured at 452 µm s-1. The blue boxes marked “b” and “c” denote the regions of the interferogram

shown in Panels (b) and (c), respectively.
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Figure 6.12� Least-squares fit of the area under the curve of the laser measurements at different speeds. The

black line was the theoretical gain curve of the transfer function. Each diamond-square pair corresponds to a

single stage speed.
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Figure 7.1� Inclined view of the simulated disk. In this figure, the radius � is 1 parsec and the red ring represents

the region where carbon monoxide molecules were present.
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Figure 7.2� Emission and absorption in a two energy

level system. The upper energy state, ��, has a popula-

tion of �� and a degeneracy of ��, while the lower state,

��, has a population of �� and a degeneracy of ��.
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Figure 7.3� Example spectrum of the simulated molecular cloud. Located at a radius of 0.3 pc, the spectrum

represents continuum emission at a dust temperature of 27.5 K with CO line emission at a temperature of 300 K.
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Figure 7.4� Alignment of the spectrometer long and short wave-

length arrays with the simulated disk. In both panels, the blue

circles represent the entrance apertures of the feedhorns and the

crosses represent the centers of the simulated astronomical source

pixels (red crosses represent a SAS pixel with both line and con-

tinuum emission). Panel (a) shows the SLW array while Panel (b)

shows the SSW array.
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Figure 7.5� Ideal synthetic interferograms of the simulated molecular cloud. Panel (a) shows the SLWC3 inter-

ferogram and Panel (b) shows the SSWC2 interferogram.
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Figure 7.6� Ideal spectra of the simulated modecular cloud. This figure shows the spectra measured by the

SLWC3 and SSWC2 bolometers. For both bands, the blue curve represents the fit returned by the mpfitfun

routine.
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Figure 7.7� Example of rotation diagram analysis. The

squares are the integrated line intensities of the five lines

seen in the spectrometer short wavelength band of Fig-

ure 7.6. The blue line is a linear fit to the squares.
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Figure 7.8� Ideal spectrometer long wavelength spectra of the simulated molecular cloud. For ease of comparison,

a logarithmic scale is employed and the scale for each panel is identical to Panel E1.
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Figure 7.9� Ideal spectrometer short wavelength spectra of the simulated molecular cloud. For ease of comparison,

a logarithmic scale is employed and the scale for each panel is identical to Panel G4.
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Figure 7.10� Comparison of the theoretical and derived cloud parameters. Panel (a) shows a comparison of the

theoretical and derived dust temperatures, while Panel (b) shows a similar comparison for the line centers. In

both panels, the blue curve is a least-squares linear fit to the data.
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Figure 7.11� Spectra of simulated modecular cloud with velocity jitter included. This figure shows the synthetic

spectra measured by the SLWC3 and SSWC2 bolometers. For both bands, the blue curve represents the fit

returned by the mpfitfun routine.
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Figure 7.12� Comparison of the line shapes for the ideal

and velocity jitter cases. This figure shows Figures 7.6

and 7.11 around the 42 cm−� line.
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Figure 7.13� Realistic interferograms of the simulated molecular cloud. Panels (a) and (b) show the SLWC3 and

SSWC2 interferograms, respectively, generated by SHIFTS under nominal noise conditions. The boxes marked

“c” and “d” outline the regions of the interferograms shown in Panels (c) and (d), respectively.
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Figure 7.14� Realistic spectra of the simulated molecular cloud. The blue lines represent the theoretical locations

of the CO lines in the SSW band; the green bar represents the theoretical error bar.
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Figure 7.15� Realistic spectra of the simulated molecular cloud shown in Figure 7.14 with the gas and dust

column densities increased by an order of magnitude.
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Table A-1� Physical, astronomical and mathematical constants employed in this thesis.
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Table B-1� Spectrometer mechanism data measured during the first proto-flight model test campaign in 2005.

Values were determined from a 3.3 cm segment of each scan sampled at 226.12 Hz. The scans measured in

March used one set of feedback loop settings while scans measured in April used another set.
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Figure B-1� Analysis of the velocity error from a single spectrometer mechanism scan measured on April 6, 2005

during the first proto-flight model test campaign. Panel (a) shows four scans taken at a speed of 452 µm s-1.

The blue box represents the 3.3 cm segment used in the analysis. Panel (b) shows the velocity of the segment

from Panel (a). Panel (c) shows the distribution of the velocity error of the segment; the bin size is 4 µm s-1.

Panels (d) and (e) show the phase and magnitude of the Fourier transform of the velocity error, respectively. For

clarity, only every fifth point is plotted in Panel (d). The red and blue lines in Panel (e) denote important spectral

features.
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(c) v = 90.4 µm s-1

v = 271.3 µm s-1

v = 452.2 µm s-1

v = 633.2 µm s-1

v = 904.5 µm s-1

Figure B-2� Comparison of spectrometer mechanism velocity error under different scan conditions. Panel (a)

shows spectra from up scans taken at 452.2 µm s-1 using different feedback loop settings. Panel (b) shows

spectra from up and down scans taken on April 6 and 7, 2005 at 452.2 µm s-1. Panel (c) shows spectra measured

at different speeds between April 5 and 8, 2005. For clarity, the spectra were smoothed by a ten point wide

averaging function.
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Table B-2� Spectrometer calibrator data measured during the first proto-flight model test campaign in 2005.

Values were determined from 250 s measurements sampled at 1 Hz.
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Figure B-3� Analysis of the temperature error from spectrometer calibrator data measured on March 24, 2005

during the first proto-flight model test campaign. Panel (a) shows the temperature of the SCAL-A source; the

blue box marked 1 denotes the 250 s segment used in the analysis. Panel (b) shows the distribution of the

temperature error for a bin size of 3.2 mK. Panels (c) and (d) show the phase and magnitude of the Fourier

transform of the temperature error, respectively.
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SCAL-A at 24.2 K
SCAL-A at 6.2 K

0.01 0.10
Frequency (Hz)

100

101

R
M

S
 s

pe
ct

ru
m

 o
f t

em
pe

ra
tu

re
er

ro
r 

(m
K

 H
z-1

/2
)

(b) SCAL-A at 38.2 K
SCAL-B at 36.2 K

Figure B-4� Comparison of spectrometer calibrator temperature errors under different conditions. Panel (a) shows

temperature error spectra of SCAL-A at different temperatures, while Panel (b) shows spectra for SCAL-A and

SCAL-B at approximately the same temperature.
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Table C-1� Einstein A coefficients calculated for two rotational transitions of carbon monoxide. Given Equa-

tion 7.6, the 2 → 1 transition corresponds to a frequency of 230.64 GHz (7.690 cm-1) and the 6 → 5 transition

corresponds to a frequency of 691.91 GHz (23.065 cm-1).
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