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DISCLAIMER 
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Executive Summary 

The purpose of the soft x-ray interferometry workshop held at Lawrence Berkeley 
Laboratory was to discuss with the scientific community the proposed technical design of the 
soft x-ray Fourier-transform spectrometer being developed at the ALS. Different design 
strategies for the instrument's components were discussed, as well as detection methods, 

• signal processing is!?ues, and how to meet the manufacturing tolerances that are necessary for 
the instrument to achieve the desired levels of performance. Workshop participants were 
encouraged to re~rt on their experiences in the field of Fourier transform spectroscopy. 

There are a number of problems in the physics of atoms and small molecules that challenge 
the resolution of the diffraction grating spectrometers that are traditionally used for vacuum
ultraviolet (VUV) and soft x-ray experiments at synchrotron radiation facilities. An interesting 
example is the helium absorption spectrum in the region from 60 to 80 eV near the double 
ionization threshold. Helium is the archetypal electron-exchange and three-body system and 
its spectrum exhibits many Rydberg series that correspond to the possible two-electron. 
excitations with both negative and positive parity states involved. Fundamental studies of 
photoabsorption processes in helium go back to the 1960's.1 Using the monochromators of 
today, however, scientists can only resolve about twenty of the infinite number of members of 
the double-excitation Rydberg series below the N=2 threshold of He+. Furthermore, the 
transitions from the negative parity states can hardly be seen because of very small natural line 
widths even though they are believed to have very high oscillator strength. Although the 
present technology has been pushed to the limit 2.3 (resolving power == 16000), it has allowed 
only limited studies of the interactions between the Rydberg series that should show an 
interesting transition to chaotic states at sufficiently high values of the principal quantum 
number. Similarly, the study of the lowest-order negative-parity states, which are predicted to 
have widths in the microvolt range or lower, has been severely restricted by present day 

. monochipmator performance. The information from these studies is needed for comparison 
with the many theoretical analyses of the helium spectrum. 

To address the types of problems described above, the ALS is developing a Fourier 
transform spectrometer that is intended to operate up to 100 eV. The motivation is solely 
improved resolution and not the throughput (Jaquinot) or multiplex (Fellgett) advantage, 
neither of which apply for the sources and detectors used in this spectral range. Our proposed 
implementation of this is via a Mach-Zehnder geometry that has been (1) distorted from a 
square to a rhombus to get grazing incidence of a suitable angle for 100 eV and (2) provided 
with a mirror-motion system ~o make the path difference between the interfering beams 
tunable. The experiment consists of measuring the emergent light intensity (I(x» as a function 
of the path difference (x). The resolving power of the system is limited by the amount of path 
difference obtainable that is 1 em (one million half-waves at 200Awavelength) in our design 
thus allOwing a resolving power of one million. The free spectral range of the system is limited 
by the closeness with which the function 1 (x) is sampled. We propose to illuminate a helium 
absorption cell with roughly 1 %-band-width light from a monochromator thus allowing one 
hundred aliases without spectral overlap even for sampling of I (x) at one hundredth of the 
Nyquist frequency. 

1 
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Discussion Notes: 

Mirrors and Beam Splitters. Anne Thome asked if beam dispersion had been considered. 
Malcolm Howells replied that a milliradian is ok and typical of synchrotron radiation. A 
question arose about the thickness of the mirrors. Howells pointed out that molybdenum is 
only used as the optical coating, while the material used for the substrate must be thick enough 
to polish. Madden asked if the phase changes of the light upon reflection had been considered. 
Wenbing Yun replied that theta-critical is such that phase changes.are small. 

Anne Thome reported that they originally Used two separate pieces for beam splitters. Then 
they tried a solid piece of silicon which worked as both beam splitters-this worked well. 
When they tried a solid piece of magnesium fluoride, they had problems because of 
inhomogeneity. Now they are back to using two separate pieces 'with th~ drift of the system 
requiring adjustments every few hours. The moral of the story being that the beam splitters 
should be adjustable so that they can be realigned easily. 

Flex Hinges. Robert Madden suggested considering vertical design as an alternative. One 
drawback of this is that second order terms become important. Dave Shirley brought up the 
possibility of making the translation system three-dimensional (3D). This prov19-es improved 
stability for motion along one dimension. Anne Thome suggested making the optical system 
3D by adding a roof to the structure to reduce the influence of pitch. 

Inchworm. Drive. Roger Carr said with inchworm drives the thermal drift is quite high and the 
creep can reach 10% per second. Robert Madden reported that the space-based VUV systems 
had abandoned the use of inchworm drives because of creep. Anne Thorne said that a 
magnetic drive doesn't jerk and has very smooth motion. 

Position Indexing. Someone pointed out that you can expect [(1.25 nm) x (lin" factor)] 
resolution at the lower limit, but polarization alignments muSt be done very carefully or non
linearities will drive the value of "n" way up. 

Data Sampling. Anne Thorne said one must measure the amplitude and phase and "both" 
sides of the interferogram because absorption lines are not symmetric. 
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Post-Workshop Comments from Anne Thorne 

Two problems discussed-how to avoid pitch error on the moving mirrors and how to 
keep the beam splitter and recombiner aligned to within the micro-radian tolerance-are 
obviously crucial. Interestingly, the microradian alignment tolerance is almost identical with 
ours, since we have 10 times the beam diameter at 10 times the wavelength. But we do have 
the advantage that our two beam-splitter elements are immediately adjacent. 

As regards scanning and sampling, I do think YOll will have to get a laser reference beam 
through your interferometer somehow, close to and parallel to the signal beam so that it sees 
exactly the same path differences. Sub-dividing the laser fringes to the r€qu~red accuracy I do 
not see as an enormous problem. I think it will turn out to be not very different from what we 
already do, although the sampling tolerance does depend on the signal to noise ratio you are 
aiming to achieve. I'suggest that you consider continuous scanning so that you can put your 
signal frequency where you want it, within limits, and make yourself a nice sanitary digital 
filter to eliminate the out-of-alias noise. You can then make up your time integration by co
adding, with the laser fringes as reference. Admittedly you lose the "fly-back" time, but you 
save on settling-down time, and most importantly you do not rely on everything staying in 
perfect alignment with perfect performance for hours on end. If something goes wrong or 
breaks down you can save the pile you already have, start again next day, and co-add the 
spectra, whereas if the same thing happens 5 hours through a 6 hour scan you lose everything. 
The criterion for continuous scanning is a smooth scan velocity-it does not have to be very 
constant. I think you should look at the possibility of a magnetic drive. We have found that 
linear motors work well. 
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The Scientific Origins of the LBL Soft X-Ray Interferometer Project 

David Shirley 

Pennsylvania State University 
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ever, the upper entries in the families re
aWn physically meaningfuI.--identiDed, in 
fact, by an experimental arnmgement that 
detects the electIOn at infinity together 
with the state of excitation of the residue- , 
whereas the lower enaies are now no longer 
eigenstates. The diJference lies in that, for 
the top enaies, the twO electrons are sepa
rated to infinity where e1/T 12 vanishes, 
whereas for the bottom enaies T 12 is finite, 
thus invalidating the independent ,electron 
labels. BottOm enaies drawn from different 
families in Eq. 2 that share the same {S, L. 
]. 'If} but differ only in N and n are mix~ by 
the electron-clectrOn interaction with the 
result that the physical eigenstates are lin
ear combinations of various independent 
particle con6gurations. (Incidentally. only 
the nonseparable portion of the interaction 
is responsible for this mixing and therefore 
for the contrast between top ~nd bottom 
enaies.) T uming to ,the quark famiiies, we 
see again that the top members are un
changed. (this is a standard choice), only 
the bottom ones getting mixed as in Eq. 3 
upon the superposition of electroweak and' 
strong interactions. The analogy may sug
gest a dynamical explanation in terms of an' 
undedyhg substructure of quarks ("ur
quarks"?). Suppose, as in the atomic exam
ple of three charged particles, the quarks 
themselves are corilposites of three ur
quarks. A distinction can then be made 
between two types of composites of the 
three ur-quarks, depending on whether one 
pair of relative distances vanishes (recall an 
inversion in the natuTc of chromodynarnics 
relative to electrodynamics, that t.~e inter· 
action vanishes when distances go to zero 
rather than to infinity). One type, with a 
pair of ur -quarks having zero separation., 
would correspond to the u, c, and t, while 
a second, in which all pairs are finitely 
separated, to the d, s, and b. In the lan
guage of atomic physics, the switching on of 
interactions between the ur-quarks causes 
"configuration mixing" of the d, s, and b as 
given by the KM matrix in Eq. 3. 

'Experimental Data on 
Doubly Excited Atoms 

This'section gives a brief review of experi
ments on doubly excited states over the last 
20 years. It is designed to highlight those 
key features of the data that will be picked 
up in the next section to draw lessons on 
the family structure and on the hierarchical 
coupling between families of states of the 
three-body atomic system. 

Excitation Iry phowr.s. The simpl.: sketch 
in Fig. 1 of two-electron states also shows 
how they may be excited and observed in 
the laboratory. One method is photoab· 
sorption from the ground state of H -, or 
He, in an energy range below the detach·. 

1446 

ment or 10ruzaticin thresholds H(N) or 
He+(N): Against the backgroUnd of the 
absorption into the one-electron continu
um of the first family, StruC't11re5 appear in 
the absorption cross section at specific en
ergies marlcing the positions of doubly ex
cited stateS. The first doubly excited states 
in atorns were observed in this way in He 
(13), utilizing synchrotron light from elec
tron synchrotrons that provide photons of 
the.requisite energy (=60 eV or 20 nm). 
States of Ip 1° symmetry of the N = 2 family 
in Eq. 2 were observed as a Rydberg se
quence of resonances converging to the 
He+(N = 2) limit, which lies 24.6 + 
54.4(1 - 114) = 65.4 eVabove the ground 
state of He. Experiments with synchrotIOn 
light in many other atonl$ have since been 
designed to study such sequences of doubly 
excited stateS, typically with relatively 
small values of N (14). TIle most recent 
data (IS) through N = 6 are shown in fig. 
3. StateS of much larger N have not ,been 
observed. nus is noc because of any lad: of 
photon energy in synchrotron sources but 
mote a refleCtion of the weakness of excita
tion to such N as will be discussed.. 

Lasers provide much higher resolution, 
and stepwise absorption of multiple laser 
photons has reached doubly excited states 
in mote complex atorns;particularly in the 

Ag. 3. (A) He(N = 3. ri). 
A (8) He(N =4. ri). and (e) n,,3 

He(N = S. ri) and He(N ~ 
6. n) 'po doubly excited 
states seen in photoab-
sorption wilh syndlro:ron 
fight Panels (A) and (8) 
include on the right a mag. 
nified high n region: [From 
( 15). with pennissionj 

69 70 

B 

, alkaline earths such as barium. However, 
the lowest quasi-bound states within a &m
ily when N is large have ~ out of 
reach. As typical examples, when N is 4 or 
5, the ,states observed can be attributed to 
principal quantum nutnhetS n larger than 10 
for the second electIOn (16), oc, when. N is 
20, the values of n are 40 or Iaeger (I7). 
That is, the doubly excited states of high. 
excitation that have been studied through 
multiple laser photoabsorpcioa. have a very 
unequal energy sharing becweea the cwo' 
electrons. StateS in which the twodectrons 
have comparable radiaf exciatioa., which . 
are the lowest members of each column in 
Eq. 2 or in Fig. 1, have remained dusive to 
such laser experimental sean:hes, the best 
~ults being those in (1S). 

The longest sequence of comparably ex
cited states seen m photoabwrption is from 
a very recent study on H- at LAMPf (3, 
4). (In such particle physics Ia..'-oratories, 
H- is often the initial charged species that 
is accelerated. Later, upon stripping of the 
two electIOns, proton beams and subsidiary 
meson or neutrino beams are generated.) In 
a very innovative use of the relativistic 

. beam ofH- (=800 MeV) foc atomic phys
ics Studies, Howard' Bryant and: his col
leagues have studied various aspe<:ts of this 
atomic negative ion (19). The recent ex-
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1) Wavefront Dividing Beamsplitters. 

Interferometry in the IR at the Synchrotron at BNL. 

Projections for Interferometry in the X-ray region. 

2) High Resolution Spectroscopy in the IR. 

Folding the spectrum. to reduce the number of points • . '.~":.-~ . 

Errors from unequal sampling int~rvals • 

. 3) Interferometers without moving parts. 

Interferogram displayed in Space. 

Michelson and Mach-Zender Array Interferometers. 

Array Interferometer with Gratings. 
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· . MICHELSON INTERFEROMETER: 
AMPLITUDE DIVISION 
STANDING WAVE PATTERN 

CONSTRUCTIVE INTERFERENCE: MAX~ AT DETECTOR: 
DESTRUCTIVE INTERFERENCE: MAX. AT SOURCE 

SPECTRAL RANGE DEPEND ON BEAMSPLITTER 
RESOLUTION DEPEND ON DISPLACEMENT OF M11R1R0.R 

SOURCEl 

DETECTOR 
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LAMELLAR GRATING INTERFEROMETER 
WAVEFRONT DIVISION 
DIFFRACTION PATTERN 

CONSTRUCTIVE ·INTERFERENCE: MAX. ATD.ETECTOR 
DESTRUCTIVE INTERFERENCE: MAX. AT FIRST ORDER 

DIFFRACTION 
SPECTRAL RANGE DEPEND ON REFLECTION 
PROPERTIES OF REFLECTORS. 

RESOLUTION DEPEND ON DISPLACEMENT OF MIRROR 
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AMPLmIDE DMSION 

t BEAMSPLn"IER 

(C C C 

,,(. " .. ~ •• . t:) 

. BEAMSPLlTIER 1 
WAVEFRONT DMSION (FRESNEL DIFFRACTION) 

INCIDENT UGHT 

WAVEFRONT DMSION (FRAUNHOFER DIFFRACTION) 

TWO REFLECTORS 

FOCAL PLANE 
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FROM 

SYNCHROTRON 
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f------'?I 
M3 

MOST IMPORTANT: THE SUT 
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TWO MIRROR WAVEFRONT DIVIDING 
INTERFEROMETER 

reflected 

incident 

path difference . 

DIFFRACTION PAlTERN FOR VARIOUS PATH 
DIFFERENCES 

CONSTRUCTIVE INTERFERENCE 1.---------~---------, 

PATH DIFFERENCE n.A 

DESTRUCTIVE INTERFERENCE 

PATH DIFFERENCE n.i.J2 

OTHER PATH DIFFERENCES 

A/6, 2A/6, 4A/6, 5i.J6 
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MIRROR 
BEAMSPUTTER 

-
_~-:--___ ;;.,...;..------- - BEAMSPUTTER 

MIRROR MIRROR 

MOVABLE TABLE 

BEAMSPUTTER: WIDTH OF SlOTS SII 
----------------------------------"-----

1011 ------------------------
SEPARATION OF ZEROTH AND FIRST ORDER AFTER 1 METER 

d 
x 

Y= (XI d». 
Y=4mm . 

WIDTH OF EXIT sur OF MONOCHROMATOR IS .6mm. 
X-RAYS OF 1 A AT 5 MICRONS GRATING GAVE F:RINGES 
MOVEMENT OF TABLE WITH VARIOUS METHODS 

FOR VERY HIGH RESOLUTION AND NARROW BAND WIDTH 
SAMPUNG OF THE ENVELOPE 
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FAR INFRARED FOURIER 
INT~RFEROMETER USING 
GRID BEAMSPLITTER 

TRANSFORM 
CAPACITIVE 

SCHEMATIC 

BEAMSPLITTER 
CAPACITIVE GRID 
WITH 3 :nu:n DOTS 
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POaNT"UKE SOURCE 

EXIT APERTURE DETERMINES 
SPECTRAL RANGE FOR 
MO,DULATION 

LIGHT OF A. 

, . 

/1 LIGHT OF 'A/2 

!VV\ 
For shorter wavelength more light of destructive interference 
enters the exit slit and reduces "modulation". 
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FOUR REFLECTOR LAMELLAR GRATING 
"MINIGRATING" 

reflected 

incident . 

path difference 

DIFFRACTION PATTERN FOR VARIOUS PATH 
DIFFERENCES 

l~------"or-------" 

CONSTRUCTIVE INTERFERENCE 

PATH DIFFERENCE n.A, 

DESTRUCTIVE INTERFERENCE 

PATH DIFFERENCE n.A/2 

OTHER PATH DIFFERENCES 

A/6, 2A/6, 4A/6, 5A/6 
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EXTENDED SOURCE 

SIZE OF APERTURES LIMIT 
MODULATION 

LIGHT OF A FROM ONE POINT 

LIGHT OF A FROM TWO POINTS 
OF THE SOURCE 

When light from two points separated by a diStaAe9 eAter 
the exit slit, more light of destructiYe ~t$(o'Iee· 
arrives at the detector and reduces "n:tOCil!JtatrGfii". 
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ZERO . ORDER FIRST· ORDER -- GAP 

._ .......... -.1 

.. ~J 

0.00J2 o.am 0.C004 0.0005 
0.(0)15 0.00)25 0.C0035 0.00045 
Y ~OINATE (difr.D:In angle) 

DEPENDING ON WAVELENGTH (0 == 1, N = 4, X == 8000-) 

00 0.00:>1 0.00J2 o.am 0.C004 0.0005 
SE.{)5 0.(0)15 0.00)25 0.C0035 0.00>45 

Y -COORDINATE (diffladion angle) 

NUM SER OF REFLECTORS: N-1, N-4, N-20 
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SPACIAL INCOHERENT LIGHT 

TO ENLARGE THROUGHPUT AND SPECTRAL RANGE 

WE NEED TO DISTRIBUTE THE DIFFRACTED UGHT 
OF DESTRUCTIVE INTERFERENCE 

NOT AT A SPECIFIC ANGLE 

BUT OVER A RANGE OF ANGLES IN SPACE 

INTERFERENCE FOR REGULAR AND DECREASING DISTANCES OF 
SOURCE POINTS 

SAME DISTANCE BETWEEN SOURCE POINTS 

6, - ~ - 6:, - 6. - ~s - d Sin (e) 

PHASE DIFFERENCES ·ARE AU. 
EQUAL . 
SUPERPOSITION Wll..LADO UP IN 
A CONSTRUCTED WAY 

O:=CREASING DISTANCE BElWEEN SOURCE POINTS 
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DISK AND 3 RINGS 

reflected 

~. incident 

~ i 
. path difference 

DIFFRACTION PAITERN FOR VARIOUS PATH 
DIFFERENCES 

CONSTRUCTIVE INTERFERENCE 

PATH DIFFERENCE n."

DESTRUCTIVE INTERFERENCE 

PATH DIFFERENCE n.iJ2 

OTHER PATH DIFFERENCES , . 

iJ6, 2.A/6, 4iJ6, 5A/6 
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MOVABLE MIRROR 

MIRROR BEAMSPUTTER 

DETECTOR 

CONCENTRATION 
MIRROR 

PERIODIC BEAMSPLXTTER 

DIAMETER OF SECTION 

3 TO 5 xnic:::ron 

RANDOM PATTERN BEAMSPL:I:T-TER.. 

OPENINGS SMALLER OR EQUAL TO 

3 TO 5 nun 
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X X 

X X 

GG 
HH 

3.5" 
4% 

fourier transform with randomly unequal sampling intervals. 

We superimpos~ :~o cos-waves with frequenci~13/1:H and 17/128: 

wh~re ~ runs ~~Q~ 1 to lZa (Lengthl and 6 is ini~iall~ equal 1. 

The sampling i~terval {equal 11 may be 2ultiplied ~y 6 unequal i to 
~epresent changes of ~he sampling ~nterval. We take the following 
different values for 6: 

A = ( 1 - .005: AA = ( 1 + .005) 
S" = ( 1 - .011 BB ( 1 + .011 
c = ( 1 .015: CC = ( 1 + .015) 
D = ( 1 - .02) DO = ( 1 + .02) 
E ( 1 - .025: EE = ( 1 + .025) 
F = ( 1 - .031 FF ( 1 + .03) 
G ( 1 - .035: GG (1 + .035) 
H = ( 1 - .04 I HH = (1 + .O·U 
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used· is given ir. histogram A. 
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grating: 10 Vmm 

spectrum folded 
6 times 

1024 points 
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grating: 20 Vmm 

spectrum folded 
9 times 
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~t . . 
A -~rf--- ······--··----r--·----·-··-·--·--·-----· 

81 B2 

M3 

M1 

81 

~f . . 

D 

()= 2(t - 1') tan6/2 

sampling: Af2 

M4 

M4 

Points 1', 1, 1" have saine optical path difference 

.Points 2, 1, 3 have different optical path differences 

At 2 and 3 beams meet which are "counter parts" 
of splitting at B 1. 
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Optical path difference introduced at B2 

..... ...... 
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/: X 

~PTICAL PATH DIFFERENCE S-

Introduction of optical path difference by'tilting 
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MIRRORS HORIZONTAU. Y OMDED 

, Mirrors with horizontal steps (large) 

MIRRORS VEAllCAU..Y DMOED 

M1 M2 

...... ----- ... _--.,.._----... _----_ ...... ----------
81 . 

M3 

Mirrors with vertical steps; (small) 
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Toward a Soft X-Ray Fourier Transform Spectrometer 

Malcolm Howells 

Lawrence Berkeley Laboratory . 
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TOWARD A SOFf X-RAY FOURIER TRANSFORM 

SPECTROMETER 

P ARTICIP ANTS: 

CONTENTS: 

K. Frank 
M.R. Howells 
Z. Hussain 
E. Moler 
D. Moller 
T. Reich 
D.A. Shirley 

Scientific motivation 

LBL 
LBL 
LBL 
LBL 
Fairleigh Dickenson 
LBL 
Pennsylvania State 

Description of method and advantages 

LBL technical proposal 

Optical system and components 

Mechanical motions 

Signal processing 

Model calculations 

Noise estimates 

.Summary of main challenges 
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MOTIVATIONS FOR CONTINUED STUDIES OF HELIUM 

AND FOR ATTEMPTS AT MUCHIDGHER RESOLUTION 

1. THE GENERAL IMPORTANCE OF HELIUM EXPERIMENTS IN 
STUDIES OF ELECTRON CORRELATION INTERACTIONS 

• Important advances mad~ following the SURF experiments in the 1960's 
(new quantization scheme and selection rules for two~lectron systems) 

• Generally high level of interest and activity following the BESSY 
experiments in the 1990's 

2. PRACTICAL GOALS NOT YET ACHIEVED DUE TO RESOLUTION 
LIMITATIONS 

• Quantitative measurements on the Rydberg series for higher Nand n 

• More detailed study of the interferences between an N=n term and an 
N-l series 

• Observe and measure Fano parameters for higher members of the 
antisymmetric series and for the" d" series (not yet done at all) 

• Detection and measurement of parameters for corresponding series for 
N>2 (hardly seen so far) 

• Effects of applied fields 

3. DESIRE TO USE MEASUREMENTS OF HIGHER ORDER EFFECTS AS 
SENSITIVE TESTS OF THEORETICAL TREATMENTS 
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FATIGUE·PROPERTIES OF CANDIDATE FLEXURE MATERIALS 

Class of material Tool steel Alloy steel Maraging steel 
(Vascomax) 

Type S7 4340 C-300 
Tempering temperature (Of) 

Temper designation 
Tensile strength (ksi) 
0.2% Yield strength 
Elon~tion (%) 
Reduction in area (%) 
Elastic modulus (Msi) 
Strain range(IO"5) universal slopes 
Strain range(IO"7) universal slopes 
Fati~e endurance limit (ksi) 

STRAIN 
RANGE 

66 

.4 

.2 

1000 200 

264 287 
200 270 

10 11 
33 39 
30 29 

0.008314 0.009356 
0.004488 0.005048· 

140 

.OOIl....-_..L..,.;-_-L.,-_.....J..,;---I.-=--J...:--..l.-:--....I 

where 

<Tu 

D 

RA 
NJ 

.= ultimate tensile strength, psi 

- ductility, In 1 _ 
1 
RA 

- reduction in.area, percent 
= number of cycles to failure 

120 

900 

294 
287 
.10 
47 

27.5 
0.010160 
0.005457 

125 

Aluminum· 

7075 

T651 
77 
67 
6 

12.7 
10.3 

0.006874 
0.003801 

23 



MANUFACIURING TOLERANCES FOR A SOFf X-RAY INTERFEROME1ER 

1(0) - , 
l(x)=-+jB, (a)cos(2n-ox)dO" 2 . 

o . . 

.Following Chamberlain [2] we represent wavefront errors by allowing x in (2) to be a function of 
the position (u, v) in the aperture and summing the contributions of all the separate "elementary 
interferometers" corresponding to each area dudv. Thus the to~ effect when (2) is evaluated is 

l(x) = 1(0) + j dO" B (a) If [1 + cos(2zrox(u, v»}:iudv 
. . 2 0 A A 

where B(O") fA is the power per unit area per unit bandwidth in the exiting beam. If we representx(u,v) 
as x+o (u, v) then (3) can be written 

1(0) -
l(x) = -+ jD(a)B(a)cos(2n-ox)da 2 . o . 

where 

. D(a) = 1: If cos [21rao(u, v)}fudv 
A A . . 

D(a) is called by Chamberlain the "spectral distortion factor": a name which makes sense in view of the 
flI'Stof equations (4). 

GENERAL TOLERANCE: 

D(a) > 0.9 for a = 106fcm (same as A. = l00..\.) and R = Imm 

TILT OF ONE OF 1HE INTERFERING WA vEFRONTS Wl1H RESPECT TO TIlE OrnER: 
Consider a wavefront tilt of e so that 0 (v)=ve. Substituting again into the second of equations 

(4) we find . . 
1 R ,JR'-~ 

D(a) = A j dv j cos(21rove)du . 

-R -JR'-y' 

;~ jR ~(l-(~r)COS(21rove)dV 
= 2 J} (21rO"eR) 

(21raeR) 

Where the last line is obtained using a standard integral representation of the Bessel function [3]. Now 
'lJ}(x)/x equals 1 atx=O and falls to 0.9 atx=O.911 Thus the condition on e is 

0.911 
e<--

2n-O"R 

which for our stated tolerance (5) gives e<1.5~dians. This must be respected during initial alignment 
of the instrument and held during the motion of the table. 
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IV 
.j:::. 

SUMMARY OF TOLERANCES 

ITEM 
Incoming beam: 

Angle 
Width 

Relative tilt of int~rfering .wavefronts 
Mirror surfaces: . 

Slope 
Sphericity . 

Beamsplitter surfaces: 
Slope 
Sphericity 

Moving table: 
Pitch 
Roll 
Yaw 

TOLERANCE 

±2.2mradian 
2mm (full width) . 
1.5Jlradians 

±O.5J.1iadian (1.0 peak to valley) 
Radius>4.6km 

±1.0Jlradian (2.0 peak to valley) 
Radius>2.3km 

± 1. OJlradian 
large 
large 

.. 
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s; ftfvt·~·L( J0".G- TH[DR.EMS 

fi (f) 
Pi(!) ./ B{f) 

'{ . , 

' i 
./- ... - . .. " :. , ........ . 

/. 
'>-

-fo 
Po (1) 

fo 

Theorem I: 
A function F(t) which is bandwidth-limited within a range 2W centered on zero is fully defined by . 

its values F(t.) at an infinite series of points t" where n is an.integer and 
n 

t =-
II 2W 

and 
n=-4-

F(t) = LF(tll )sinc[2W(t-tll)] 

where sinc(x) is defined as sin(nx)lnx. 
Theoremll: 

A function F(t) which is bandwidth-limited within ranges W centered onlo and -fo is fully defined . 
by its values F(t,,) at an infinite series of pOints t" where n is an integer and . 

n 
t =-
II W 

and 
11=-4-

F(t) = L, sinc[W (t - til)] {F (tll)cosV' 0 (/- tll)]+ F (tn)sinV' 0 (t - til)]} 
II=--

11=-4-

= L,sinc[W(t-tll)J.J F(tllr + F(tnY cos [ro(t-t~}-~II ] 

¢ = tan-I(F (til»)· 
II F(tll») 

where F(t) is the Hilbert transform of F(t}. 
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Si Photodiode 
(Gigahertz-Opticks 

XUV-I00C) 

•~ =I>- . I O-IOV 

Keithley Current Amplifier 
and 

Low Pass Filter 

• I. . Data Storage 

. 1111 I • "Real-Time" Display 

Real-Time Digital Signal Processor 
(Adjustable Band Pass Filter and 

Data Compression) 

-y.rrrrr 
Analog-to-Digital 

Converter 
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1 0.5000 -
0.4995 

Gaussian Distribution 
@65.35 eV, Sigma=0.05 eV,50 JleV Point Density 
With He Resonance Absorptions, 10% absorption 

2n+ series, peaks 9+ to 60+ 
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Energy(eV) 
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Path Length Difference (pm) 
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SUMMARY OF MAIN ISSUES 

OPTICAL COMPONENT ALIGNMENT 

BEAM SPLITTER 

MOTION QUALITY 

MOTION DRIVER 

DETECTOR: SHOT-NOISE LIMITED? 
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Some Technical Issues in Implementing 
the ALS Fourier Transform Spectrometer 

Zahid Hussain 

Lawrence Berkeley Laboratory 

/ 
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'VUV ISOFT X-RAY INTERFEROMETER 
(ENERGY RANGE = 30-120 eV) 

• BEAMLINE DESIGN (lJ c... '.3.2.) 

• MECHANICAL MOVING STAGE 
FLEXURE mNGES (M H) 

• DRIVING MOTOR 
INCHWORM (2 Cm TOTALTRA VEL) WITH 
ADDITIONAL mGH RESOLUTION PZT· (12 J1 m TRAVEL . . . 

WITH A RESOLUTION OF BETTER THAN 10 A) 

• INDEXING 
MITUTOYO LASER HOLOSCALE LINEAR ENCODER 

RESOLUTION = 10 nm 
INTERFEROMETER (lip OR ZYGO) 

RESOLUTION = 1.25 nm 

• BEAM SPLITTER (GRADING) 
25 J1 m REFLECTING AND TRANSMITTED WIDTH 
THICKNESS - 0.5-1.0 mm 

• MIRROR 
DIMENSION = 5"x1 "xl" 
FLATNESS < 1 ~ m 

o 

ROUGHNESS < 5 A (RMS) 

• DETECTOR 
SI BASED VUV/SOFT X-RAY PHOTODIODE 

• SIGNAL CHARACTERISTICS (EM) 

• MEASURING SCHEME 
LOCK-IN METHODS (EM) 

• DATA ANALYSIS 
FT TECHNIQUES (EM) 
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SCHEMATIC 
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(JS~J t-1oLoG.fl4 PHIl.' F),FFMt.:n·~.N (; 1l~'1lue (l.o.:)~~\o, 

HICI<4 flE So l.. v 71~ t-I := I~ h"'rY\ (10 -0 ,q) 
PaES~1't.Y f!.:~T vuv CrJH~1}7/~<-(; 

FIGURE ". SCALE ALIGNMENT 
.' 

LDH-3 

READ HEAO 7' 

NE~f) ~ trtV AIl3VSTt1~ 

10 j:)t.t./6~ .. 

SCALE VERnCALPOSrTlON 1 iDch r ...... 1IIc 1IIOUIIIizIc base ± ISO ,.iach 

PITCH ±111f'Cmin 

ROU. ±2S If'Cmin 
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Fourier Transform Soft X-Ray Spectroscopy (Fr -SX) 
\ 

E.]. Moler 

Lawrence Berkeley Laboratory 
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Fourier Transform Soft X-Ray
Spectroscopy· (FT -SX) , 

E. J. Moler 
Workshop- June 25, 199J 

OUTLINE 

• Expected Signal-Characteristics 

• Fundamental Requirements for Absorption 
Spectroscopy'in the 65 eV Region (He N=2 
double excitation series &. more) , 

• Data Collection & Analysis 

.• Signal Collection .. Scheme 
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Fundamental Requirements· 
for He N=2 Double Excitation Series 

·-65.5 eV 

Sampling Rate/Energy Range 

• "Beat" Envelope Max. Frequency 
till = 0.17 e V(n=~+ to IP2) => 
A = 1.24 eV-fl,m10.17 eV= 7.3 J.Lffi _ 

~ Nyquist Sampling Rate 
7.3 JlmJ2 = 3.6 fl,m 
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Sampling Range/Resolving Power 

• 1 cm travel => 
Res. = 1.24 eV·fJ,m1(2*10,OOO fl,m) 

= 65 fJ,eV 
• E/ Llli = 65 fJ,e V /65 e V = 1 million ! 

Maybe can double using mirror symmetry 
Resolving Power. Ilmax Observable . 

1,000,000 -71 (21 current max) . 
. 750,000 65 
500,000 56 . 

• Min # Data Points = 10,000 Jlm/3.6 
=2778 

Positioning Accuracy and Resolution 

• Absolute Positioning Accuracy 
For envelo'pe "peak" w/in 1 % => 
accuracy-tv/22 =·7.6 Jlml22 = 345 nrn 

• Positioning Precision 
finding average freq. "peak" within 1 % 

. 0 

=> 19 nml22 = 8.6 A 
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Data Collection and Analysis 

• Measure Envelope Amplitude, 

• Use known "average" frequency as set by . 
monochromator band pass, 

• Fourier Transform 

Question: What are uncertainties introduced by assuming . 
an average frequency which may be incorrect by e.g. 

0.15% . 

. ~ 
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Signal Collection Scheme 

• Low signal/background ratio implies 
lock-in technique, 

• Noise levels cannot be known in advance, 
. but can be estimated~ 

• 5500 points in 6 hrs ,..,4 secs/point 
- acquire position, 
- "count" 
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Ff -SX Mirror Positioning and Signal Detection 
Eddie Moler June, 1993 

This note describes the important parameters and requirements for a high 
resolution (> 300,000) photoabsorption measurement of the He double excitation 
resonances at =: 65 e V using the Fourier Transform - Soft X-ray (FT-SX) spectrometer. A 
scheme for signal detection and measurement is· then proposed which will address the 
significant problems of signal/noise and signaVbackground ratios, accuracy and precision 
of the mirror positioning system, and time limitations for acquiring the full interferogram. 

Parameters and Requirements 

Two parameters of fundamental importance in FT spectroscopy is the necessary 
sampltng rate (points per unit distance) and range (total path-length-difference 
introduced) to achieve a given resolution and energy range. These parameters are 
dictated by the energies and energy differences of the expected spectral features. For 
interferometry. in the X-ray region, the practical aspeCts of achieving the required 
accuracy and precision in introducing the path-length-differences and dealing with the 
expected signal characteristics are also critical in determining the resolution and energy 
range of the instrument. In this note, I consider the requirements for measuring the 
helium double excitations below the N=2 ionization threshold. 

Sampling Rate I Energy Range 

The wavelength of light at the N=2 ionization threshold for helium, 65.4 e V, is =: 

19 run. This is the carrier wave of the absorption interferogram whose envelope we wish 
to measure. We deliberately limit the bandwidth of the ~ight source so that only the 
envelope of the carrier wave need be measured. There are also advantages in the signal/ 
background ratios when limiting the band width .. Figure 1 shows the Fano resonance 
profile for N:::2, peaks n=9+ to 60+. Note that the intensities of the peaks should all be 
the same, but in sampling a continuouscuiVe discretely leads to "missing" the peak 
position. This does not affect the qualitative features of the simulation. Constraints 
presented by computer memory and computation time prevents a higher resolution 
simulation.. Figure 2 shows the source gaussian and its expected interferogram. Figures 
3, 4, and 5 show the interferogram of the source with a 10% peak Fano absorption prome 
with ranges of 15 to 100,500, and 1000 J.1II1 path length differences, respectively. The 
envelope consists of the beat frequencies in the absorption lines which can be described 
by cos[ (a-b)x] where "a " and "b" are the frequencies of two absorption lines. This 
relationship may be used to determine the minimum expected "envelope wavelength" and 
thus the minimum sampling rate as dictated by the Nyquist theorem. I choose the n=9+ 
peak as the first peak of interest because it is within the bandwidth of a 100 meV gaussian 
source peak centered at 65.35 eV, which has significant intensity at the IP2 threshold 
(65.40 eV). The n=9+ absorption line (in N=2) is approximately 0.17 eV below the IP2 
ionization threshold. The higher "n" peaks' energies converge to the ionization threshold. 
Thus, 0.17 eV is the maximum spacing between the 9+ peak and any other peaks higher 
in energy. The "wavelength" of the shortest envelope wave is then, 

A=1.24 eV·Jl.In! 0.17 eV = 7.3 jlm. 

Applying the Nyquist theorem gives a sampling rate of, 
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L\xmax=3.6 J1m. 

Positioning Accuracy and Precision 

To obtain the envelope amplitude peak within 1 %, one would like a positioning 

accuracy of ±1I44 wavelength, or 1I220f the beat wave A. This corresponds to an 
accuracy of 332 nm for the n=9+ to IP2 threshold. To include peaks out to the n=2+ (@ 
-65.0eV) would require a sampling rate that is a factor of 30 higher (5.2 eV/.17 eV) and 
.thuswould require a positioning accuracy of 11 nm •. Relaxing the envelope amplitude 
detennination to within 3% requires an accuracy of ±1/26 wavelength, or 561 nm and 
18.7 nm for n=9+ and 2+, respectively. There is the additional problem of the precision 
of the mirror positioning because the envelope amplitude must be measured across the 
carrier wave peak. This puts our precision requirements at 1122 of 19 nm or .86 run. 

Sampling Range I Resolving Power 

The energy resolution is detennined by the maximum path length difference 
introduced. A design goal of a resolving power on the order of 1 million was taken as an t 

ideal limit. The currently proposed design allows for a path-length-difference of 6.7 mm . 
(see M. Howells, design note 1-28-93). This gives an energy resolution of, . 

&:=1.24 eV·J.LmI(2· 6.7e+3 J1m) = 92.5.J1eV, 

and a resolving power of, . 

FlAB = 65.4 eV/(92.5e-6 eV) = 700,000. 

In principle, the resolving power could be doubled by making· use of the mirror symmetry 
of ~e interferogram about the zero path-Iength-difference (ZPD) position, giving a 
. resolution of 1.4 million (!), provided that the ZPD position was at one end of the travel. 
Based on the tabulations of resolving power and the number ·of peaks . observable in 
Domke, Shirley, Kaindl, et. al. (PRL march 11.1991. p 1306) and the fact that the peak 
widths go .sIown as lIn3 I can estimate the number of peaks for N=2 we could expect to 
see with various resolving powers. 
Using, 

nmax = (0.360*resolving power)ll3. 

Resolving Power 
350.000 

·500.000 
750.000 

1,000.000 

nmax observed 
50 
56 
65 
71 

. A travel of 6.7 mm. with a sampling rate of3.6 J..lII1. means acquiring -2000 data 
points. To include peaks out to the n=2+ (@ -65.0 e V) would require 60000 data points 
at the same resolution. . 
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Requirements Summary 

For N=2 double excitations ofHe+, considering very high resolution, including 
peaks n=2+ to IP2 or n=9+ to IP2, . 

Total Travel 6.7 mm 
Sampling Rate .12 - 3.6 Jlm 
Absolute Positioning Accuracy 11-332 nm 
Positioning Resolution 0.86 nm ' . 
Total Data Points Measured 2000 - 60,000 

• 
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The Proposed Mirror Positioning and Signal Detection Scheme 

The stringent requirements on the mirror positioning and drive system, along with 
the extremely small signallbackground ratios of the absorption spectra require sUbstantial. 
deviations in design and measurement technique from previous interferometers. Because 
the signal detection scheme and the mirror drive mechanisms are inherently intertwined, 
they must be considered together. AS we will see,· there are ways of taking advantage of 
these relationships. 

. I . 

The proposed positioning and detection scheme utilizes a modulation of the mirror 
positions and a 16ck-inamplifier to extract the resulting amplitude and phase of the time 
varying signal from the photo-detector. The modulation frequency must be selected to 
mInimize the noise content of the signal while still matching the response characteristics of 
the photo detector and subsequent amplifiers. In addition to greatly increasing the 
signal/noise ratio, a problem made apparent by the simulations in figure 5, the phase of the 
signal can be used as a very precise position monitor. This will be described below. The 
reader is urged to read the attached analysis of the lock-in technique and expected outputs. 

The folloWing sections will address the methods of meeting the requirements 
inherent in obtaining a high resolution Fourier transfonn spectrum in th~ soft X-ray region. 

Signal/Noise Ratio Improvement 

Noise Sources 

The critical aspect of measuring the interferogram signal is the· uncertainty 
associated with each data point. The noise associated with the signal is. the source of this 
uncertainty. The primary sources of noise are: 

a) johnson noise, associated with thennal motions of electrons in a resistor, 
. b) shot noise, associated with the motion of the discreet electrical charges, 
c) flicker or lIf noise, resulting from variations in the electrical characteristics of 
materials which are proportional to the DC current floWing through them, and 
. d) interference, from electrical and mechanical pickup of nearby sources of em 
radiation, 
e) inaccuracy in the signal detennining parameters, e.g. mirror positions. 

Only the frrst three, the signal noise, will be considered here. The others will be addressed 
elsewhere in this note. 

The frequency spectra of each of these three distributions is interesting. The 
johnson and shot noise are "white noise", i.e. they have equal noiSe power at each 
frequency (up to some very high limit, of course). The I/f noise has equal power per 
decade, it is sloped on a log scale and has approximately a lIf distribution. Below 100 Hz, , 
the l/f noise dominates over the others except at certain frequencies where the interference 
from nearby sources can have a very "spiky" nature. The interference signals are typically 
from the line noise, having frequencies of 60 Hz and the first few harmonics. These 
signals are particularly important to avoid and filter. . 
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· Band-width Reduction 

The method of dealing with these uncertainties in practice can be all placed under 
the strategy of "band-width narrowing". The simplest of band-width narrowing techniques 
is signal integration. Basically, the longer you count, the better your signal/noise ratio 
because while the signal grows with counts, the noise grows with ~counts. Counting for a 
time t means reducing the band-width M to lit The band-width begins at zero frequency, 

· thus the most intense portion of the noise spectrum aC(;ompanies the signal for even very 
long counting times. Ideally, one would want to 1) shift the signal of interest up in 
frequency away from the lIf and interference noise, and 2) impose a band-width that is 
centered on the signal and thus excludes all of the noise in the signal except for a very small 
contribution that is "beneath" the signal 

The Lock-in Technique 

The lock-in technique is a sophisticated form of band-width limiting. The lock-in 
amplifier multiplies the incoming signal with a reference signal and passes the result 
through a low pass filter. This results in a rejection of very large portions of the noise 
spectrum without integrating for impractically long times, mainly by avoiding the lower 
frequency noise, where most of the noise power is. The band pass is determined by the 
time constant in the low pass ruter, M=1I21tRC and the time for the filter to get within 
99.3% of its rmal value is 5RC. Thus, the expected noise characteristics and the required 
accuracy of the signal determines the desired time constant and the "acquisition" time for 
one data point· A selectable time-constant range of 1ms to 100 s is COlllID,on in commercial 
lock-in amplifiers. In addition, the phase of the signal relative to the reference can be 
measured quite accurately. 

Signal. Collection 

The proposed method to acquire one data point is as follows (assuming one begins 
- within 1 wave of the desired position. How to get there is described later): 

• Impose a triangular modulation on the mirror position via the linear piezo actuator. The 
displacement of the piezo is assumed for now to be known exactly and set to 114 A.. The 
correct phase factor in the lock-in is also assumed to be known. The modulation signal is 
also the reference signal for the lock-in amplifier, 

~ Using a lock-in amplifier in 2f mod~, move the mirrors to where the output of the lock-in 
is zero, 

• Using a lock-in in If mode, wait 5 RC and measure the output signaL This signal is 
within '0.7% of the final output value. The positioning accuracy also places the output 
within I % of the true maximum (see mirror positioning discussion, below). This method 
is far superior to the proposal to integrate the signal at several points across the wave to 
find the peak. In addition to the signal/noise ratio improvement, it also has the added 
benefit of allowing rapid determination of the carrier wave peak position by using the zero 

· crossing of the 2f mode lock-in amp as described in the mirror positioning section. . 
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Finding the correct values for the phase and peak-to-peak displacement involve 
maximizing the lock-in output by searching the phase-displacement-position parameter 
space. This need only be done once unless the voltage/expansion characteristics of the 
linear piezo actuator change drastically. It may be necessary to avoid large expansions of 
the piezo to prevent hysterisis. The search can proceed rather quickly if one is judicious in 
selection of the search method. The reader is referred to the output surfaces in the back of 
the lock-in analysis attachment 

Mirror Positioning 

. The requirements of length of travel and accuracy of positioning have been solved 
in-the past, for IR and visible Ff spectroscopy, by using a continuous drive lead-screw or 
gearing mechanisms. The relatively long wavelengths of visible and infra-red light are 
easily handled with a precision machined screw. However, the short wavelengths of X
rays demand accuracy and resolution in positioning that are not amenable to current 
machining technology. Thus, we have selected piezo-electric "inchworm" motors to drive 
our translation stage. These are readily available as they are the same drives used in STM 
for allowing the metal tip to approach the sample. Still, the position measurement is critical • 
and is addressed below. ' 

Absolute Accuracy 

By absolute accuracy, I mean how closely to a desired absolute position can the 
mirror be placed. The current solution to this is to use a Mitutoyo holoscale linear encoder 
fixed to the translation stage of the interferometer. The resolution of the encoder is claimed 
to be 10 nm and the linearity is . For the currently proposed translation stage, 10 
run travel corresponds to - 7 nmof path length difference. This easily meets the accuracy 
requirements of 332 nm for the N=2 resonances starting with n=9+. For including peaks 

. down to n=2+ the required accuracy still is sufficient The consequence of the encoder 
linearity errors on the measured spectrum will be to introduce an uncertainty in the energy 
calibration of the spectrum of the same magnitude. The inchworm motor drives are capable 

. of 4nm steps, thus allowing the desired encoder position to be achieved. 

Positioning Resolution 

Resolution refers to the smallest amount of motion we can move the mirror by 
reliably. The resolution is important because we wish to measure the amplitude of the peak 
of the carrier wave with· a wavelength of 19 nm. The linear encoder gets us to within 112 of 
a wavelength of the desired position. To allow high resolution positioning of the mirrors, 
we will use a piezo actuator with very good linear expansion characteristics. The above 
mentioned inchworm motor can clamp and hold it's position while the piezo crystal is used 
for high resolution motion. With and expansion of 12 nrnN olt, a stability of sub-angstrom 

. position is achievable. In addition, the position modulations will be easily implemented 
with high precision with a standard laboratory wave fonn generator. 

f ,. 
The signal output from the lock-in amplifier is extremely sensitive to the average 

position of the mirrors. as seen from the lock-in "output surfaces" in the attached analysis 
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of the lock-in technique. I proposed that we use the zero crossing of the output of the lock
in in 2f mode to find the exact position of the carrier wave with very high precision. The 
slope of the output With position is highest at the zero crossing, thus providing the most 
precision in maintaining that position. At the zero crossing i~ 2f mode, the If mode output 
is the amplitude of the carrier wave. This is a direct consequence of the fact that the 2f 
output is the derivative of the If signal. A lock-in output at 0.0±3.5% of the maximum 

output amplitude results in a (average XO) position within ±lJ44 or 4.3A. This meets the 
precision criteria quite well and I believe is realistically p<>ssible. It is also possible to use 
this system in a closed-loop positioning mode, maintaining the position despite creep in the 
piezo actuators real position. 

The Data Acquisition Algorithm 

The question of how to acquire the entire interferogram depends on the number of 
data points and the time scale of acquiring one data point. There are two possible methods, 
the continuos-pickoff and the step-creep-sit methods. A schematic of the data acquisition 
system is shown in figure 6. 

The Continuos-Pickoff method 

The basic idea here is to slowly scan the mirror position and when there is a zero
crossing in the 2f lock-in read the output of the If lock-in amplifier. Of course, there must 
be breaks in the scan every 10 J.U11 as the end of the piezo travel is reached. The linear 
encoder can allow repositioning within 112 a wave, so this should not be critical .. The main 
concern with this method is the trade-off between scanning rate and the low-pass ftlter time 
constant. A larger time constant gives a better accuracy of the output, but also limits the 
rate at which the amplifier can adapt to changing signals. For a scan of 7 mm to be done in 
6 hrs determines a scan rate of 324 nrn/sec or 1 wavel61 msecs. If we wish to fmd the 
peak amplitude within 1 % we can average the signal as it passes over the top 2% of the 
~_ This corresponds to 1115 of a wave and thus sets the time constant of the low pass 
ftlterto 

which give a band width of 

1J(l5 * SRC) = scan rate, 

RC = 1J(7S * scan rate) = 0.82 msecs 

df= 1/21tRC = 203 Hz. 

This is not acceptable, so this method does not Seem feasible in this "pure" continuous 
form for the high·resolution measurements. This method could have advantages where the. 
required resolution is less by a factor of 50 or more, particularly if the signal is not band
limited as it is for the He absorption experiment. Of course, the noise power per unit root 
band-width must always be taken into account in determining an acceptable time constant. 
It should be noted that a time constant of 637 msecs gives a band width of 1 Hz. 

This method has the advantage of avoiding the uncertainties in energy position 
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associated with the properties of the linear encoder. This may not be critical, though, 
anyway. In addition, this "fringe-counting" method may be very useful in measuring the 
linearity and resolution of the encoder as well as the piezo actuator. If the linearity of the 
enCoder is known, this can be accounted for. The calibration and hysterisis measurement 
of the piezo actuator is also useful information to have. 

The Step-Creep-Sit Method 

By taking advantage of the band-limited light soUrce, we do not have to measure 
every peak (positive and negative) amplitude, but need only sample the envelope, which 
substantially reduces the required sampling rate. The acquisition algorithm here, then, 
would be to take a large step using the inchworm motor, and then creeping to the 2f zero
crossover to take the signal measurement by waiting 5 RC. If we wanted to measure 4000 
data points over 6 hrs, this allows 5.4 secslpoint to find and measure it. This should give 
very accurate results. Assuming that the peak position could be found in 1.5 sees, the 
allowable time constant of 4/5 gives a band width of 0.2 Hz, probably more than enough. 
Conversely, if we wish to have a band-width limit of 1 Hz -> RO=.64 sees, the entire high 
resolution interferogram would take under 4.5 hrs. This seems reasonable. Depending on " 
the noise characteristics of the signal, larger band-widths may be usable, allowing more , 
data points to be collected in the reasonable time frame of 6 hrs. 60,000 data points would 
mean .36 secslpoint to fmd'the peak and make the measurement. This may be very difficult 
to do with high accuracy in the measurements. 

,It should be noted that while positioning using the carrier wave as a reference is 
necessary and desirable, the exact frequency of the carrier wave is oi1ly known to within 
certain limits, since it is the weighted average of the frequency of each absorption line. 
This is where the narrow band~width of the source is particularly important. For 100 meV 
FWHM ,at 65.5 eV, the uncertainty in the possible frequency of the carrier wave is .1/65.5 
= .15%. This is not too bad, as that is then the uncertainty in the energy calibration of the 
transformed spectrum. For a 5.00 eV FWHM, the uncertainty is 7.6%. Some prior 
knowledge of the peak spacing and widths can be used to reduce the uncertainty in this 
case, though. The linearity of the linear encoder can also affect this uncertainty if the error 
in a single step is greater than the wavelength of the carrier wave. ,For a step size of 3.6 urn 
ana a carrier wave of 20 nm a linearity of 0.5% or better is required to get to the exact wave 
we want. For measuring the n=9+ and above peaks, the positioning accuracy required is 
332 nm. This is a linearity of better than 9%, which is far worse than the encoder's 
claimed value. In general, one would like to have a linearity better than 1122 of twice the 
sampling rate to measure an envelope peak amplitude within 1% of the "true" amplitude. 

Conclusion 

The very high resolution measurement of the He double excitation resonances are 
feasible using the proposed positioning and measurement scheme. The lock-in amplifiers' 
outputs provides a high'signal/noise ratio in measuring the amplitude of the signal while the 
phase'information allows very precise positioning of the mirrors, with real~e feedback if 
necessary. The data collection time is reasonable when making use of the band-width 
limited source to reduce the sampling rate and allowing a longer signal averaging of the 
lock-in output. ' , , 
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Some issues still left to consider (wrt mirror positioning and signal detection) are: 

• Detector selection: we must keep in mind the time response characteristics of both 
the detector and any amplitiers subsequent to it necessary for the modulation technique to 
work and the noise characteristics which in part determine the required low-pass fIlter time 
cpnstants, thus the acquisition time per data point, -

• Minimizing the external noise interference by use of short, low noise cables, etc .• 

,. 
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Lock-in Analysis for FT-SX 
Edward Moler June. 1993 

First. the modulation signal and interferogram signal will be considered. Then. the 
resulting modulated interferograrn signal and lock-in output will be analyzed. 

The Modulation Signal 
We modulate the mirror position with a triangle function which varies from +1 to-l 

over t = 1. The time and frequency units are arbitrary. 

Tri( f, t) := 1 - 4· f· if (mod (t,.!) < _1_ mod (t .2.,:, _1_ - mod (t. 2...,) 
f 2' f ' , 2· i} , 2' [ . 2· i} . 

For example. [ := 1 t := O •. 01 •. 2 

Tri( f. t) 0 

-l~----~----~--------~----~ 

o 2 

The Interferometer Signal 
The interferometer signal as a function of path length displacement is a small cosine like 

function on a large background. The cosine-like [uriction is the cairier wave .and we are 
interested in the amplitude of the carrier wave across one .peak. As an example, 

I s( x) := A·cos (2' n· x) + 10 

I 0 := 1 x := -2, -1.99 .. 2 A:= I 

I s( x) 1 1-

x 

The amplitude A is what we are interested in ultimately extracting. One should note that the 
signallbackground ratio in the real system will be typically < 0.1 %. 

The signal is AC coupled to the electronics and thus the time-averaged signal is subtracted 
out. This means that if the mirrors are stationary, only transient noise will be recorded with 
time. If the mirrors are moving in an oscillatory mode, the time averaged signal acrc;>ss the 
oscillation amplitude (delta-x) will drop out. 
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The Modulated Interferometer Signal 
We next explore the effect of applying the.modulation to the interferometer position to 

get a time varying output from the photo-detector. There are two parameters of interest here, 
the average X position of the mirrors,xO , and the peak-to-peak maX~mum displacement 
induced by the modulation,D. We can defme the position as a function of time by. 

. D 
X(D.XO,T) ~= XO + -·Tri(f, T) 

2 

We assume that f:= 1 for the following. 

The time varying output of the· detector can now be expressed as a function of time, 
position,.and displacement as, 

J 
1 . 

f . 
IO(D,XO) := Is(X(D,XO. T» dT 

. 0 

I mod(D.XO. T) := I s(X(D,XO, T» _. IO(D.XO) 

Where IO is the DC baseline of the detector signal over which the oscillation takes place • 
. To understand where the time varying signal comes from, refer to the picture of the" 
interferometer signal as a function of "X" below. If XO. the average position of the mirrors. 
is centered at the 1/4 period point, and the total displacement, D is +-118. then the time 
varying signal will oscillate back and forth between the points marked DI2 and -D/2. 

D := .25.-

XO := 0.25 

T := O •• 05 .• 2 

2 ..----~~---""7I 

o 
x· 

I mode D, XO, T) 0 
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Increasing the peak to peak displacement of the modulation to exactly 112 of a wave gives a 
perfect cosinusoidal signal output with time. 

D:= .5 

XO := 0.25 

T := O •. 05 .. 2 

-012 
2,,""---1'I'r---~ 

I s( x) 1 

OL---~---L--~<----' 

o 012 
x 

I mod( D, XO, T) 0 

1 
T 

2 

Shifting XO over to center on the top of the carner wave peak giv~ a time varying output 
that is twice the modulation frequency asit traces back and forth over the "hump" for each 
period of the modulating signal. 

0:= .5 

XO := 0.0 

T := O •. 05 .. 2 

XO 
2~---""""'----'" 

I s( x) 1 

I mod( D, XO, T) 0 
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The Lock-in Technique and Output 
The lock-in amplifier multiplies a reference cosine-wave. I-ref. and the AC coupled 

signal. 1-5. and gives as an output the time-averaged product Typically. the reference 
cosine-wave is locked with great precision to the periodic modulation wave imposed upon 
the experiment A phase shift between the modulation signal and the reference wave can also 
be introduced with great accuracy. The signal wave is AC coupled to a high gain. low noise 
AC amplifier and several different filters before multiplication. The lock-in technique can be 
extremely sensitive to small signals and can reject very large signals that are not of the 
frequency of interest. thus greatly enhancing the signallbackground and signal/noise ratios. 

We can write the output of the lock-in amplifier as the time average of the product of 
the phase-shifted reference cosine-wave and the modulated input signal, 

O( ff. nf, phi • D. XO) := 

[f COS (H. ff. T + phi). I mod ( D. XO. T) dT 

nf 

where ff is the reference frequency. nf is the integration limit, and phi is the phase shift of 
the reference relative to the modulation signal after adjUsting for the phase delays of the 
detector amplifiers. piezo amplifiers. and any other intervening electronics. It is assumed 
here that any frequencies close to but not exactly ff will be properly averaged after of 
periods of the reference frequency. For all calculations and examples below, ff will be set to 
f. the modulation frequency, since this is the point of introducing the modulation in the first 
place, to use the lock-in amp to extract the signal intensity. It is useful to note that 

o = A *sin(phi)/2, 

for I-mod =A *cos(2*7t*f*1). Thus. the ·output is proportional to the amplitude of the peak 
and the sin of the phase angle between the two waves. 

It is interesting to see the lock-in output as a function of relative phase angle phi for 
the optimum case of an exact cosine signal from the modulated interferometer signal, ie. a 
displacement of 112 a wave (peak to peak) and an average position 114 of a wave from> the 
top of the "hump". 

D := .5 XO := 0.25 T := 0, .05 •• 2 phi := 0 •. 5 .. 2· 7t 

1\ 1\ 
0.5 r---,.--....,....=-.,..--------, 

I mod( D. XO. T) 0 O(f. 7' phi. D. XO) 0 
-+--

-1 <--_-><-\\1_-" 
o 2 o 2 4 6 

T phi 

As expected. the output looks like sin(phi). 
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It is more interesting to observe the lock-in output as a function of average position. 
XO. since this is how it is proposed that the precise positioning of XO is done. Here we 
assume ideal phase adjustment and displacement. 

0:= .5 XO := 0 •. 1..1 T:= 0 

0.5 r---:==-----,..-------, 

O(f. 7' phi. D. xo) o 
---+--

o 0.5 
xo 

phi := 1t 

Not surprisingly, the XO also produces a sin (2*1t*d) output in the lock-in, where d is the 
fraction of a wavelength of the carrier wave. . 

If the lock-in reference wave phase is shifted 90 degrees from optimum, the output is; 
zero. 

0:= .5 XO := 0,.1.. 1 T:= 0 

O(f. 7' phi. D. xo) 
---+--

0.5 ,.-------~I----...., 

o ~~~~~I~~~~~ 
o 
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· With the hope of finding an algorithm for precise positioning of the mirrors on the 
carrier wave. below is shown the lock-:in output as a function of reference wave phase shift, 
phi =O .. 21t. and center position. XO = 0 .. 1 wavelengths . 

N := 10 i:= 0 .. N j := 0 .. N 

. Phi G) 

. _ 1 . 
xi .- N· 1 

0.476 

There are four nodal lines on this "output surface" where the output is zero. Two are 
along the constant lines XO=O and XO=O.5, corresponding to sitting at the extrema of the 
carrier wave. The other two are along lines of constant phi. at phi=1tl2 and phi=37t12. 
There are also four lines of maximum fluctuation, XO=O.25,O.75. and phi =O.1t. 
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Next consider the lock-in output surface again vs. XO and phi. but with doubling the 
reference frequency relative to the modulation frequency . 

o 
o 

XO(i)n.. 

1 

Are there nodal lines on this surface? 

D:= .5 XO := 0 •. 1.. 1 T:= 0 

0.212 

2n . Lock' -lfl output 

.212 

7t 
phi := -

2 

0.1 .------,.--1-----, 

o(2.r·7·Phi.D.XO) 0.05 -

---+:-'-

o 0.5 
XO 

/ 

-

Yes. there are nodal lines along. the constants XO=0.25.0.7 5. and phi=7tl2.3n12. 
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The four lines of maximum amplitude are XO=O.0.5. and phi=O.1t. It is useful to 
recall that using the 2f reference frequency in the lock-in gives the derivative of the If. 
output. Thus. the 2f surface is still hannonic. but shifted by 90 degrees from the If surface. 
along each axis. This means that where there is a peak in the If surface. there is maximum 
slope in the 2f. and vice versa. This will contribute greatly to the positioning precision and 
signal detection scheme 

Next we consider the lock-in output surface as a function of position. XO. and 
displacement. D. We assume optimum phase for maximum output signal at D=1I2. 

XO(i)IA. 

'1 

d. 2.0. 
j .= N·J 

phi := 1t 

xO_D_If( i.j) := O(f. I' phi. dj • xJ 

o 
o 
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Also, look at output surface for 2f lock-in reference mode, for XO and D 

o 
o 0.51 

Lock-in output 

XO(i)/A. 

.51 

1 
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Application of Hard X-Ray Interferometry 

Wenbling Yun 

Argonne National Laboratory 
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Basic principle of x-ray reflectivity technique 

Incident beam 

Reflected intensity is dependent on the 
interference of the am'plitudes reflected 
from the interfaces (two here). 
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fig. 3. Reflectivity of Cu-on-Si electrode at various potentials in borate 
. buffer solution (pH 8.4). A, S, C, 0 correspond to potentials 

indicated in cyclic voltammogram of fig. 2. 
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SOLUTION 

• 

Cu 

..... '->-....-_ ..... " ................ ' ........ " ......... ' ' ...... ,,_.- - () S i/Cu 

Si 

Fig. 4. Schematic of multi-layer model for Cu-on-Si' electrode (not to scale). 
The oxide film has been represented as Cu20. 

Table!. Par-ameters Derived from Least Squares Fit to Experimental Data. 

0 0 0 

E(V) dcu(A) dcu o(A) PCu o(g/cc) (J c(A) (Jcu o/cu (Jcu 01501 
.. .:4 2 2 2 2 

(A) (A) 
• 

-0.12 268 24 6 17 8.3 3.4 
-0.8 284 
+0.4 250 26 5'.5 26 9.4 2.2 
-0.8 275 
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I1c.U 

different frequencies. Reinforcement occtirs whenever I v: - vIIT 
is an even integer; then for a limited range of • both cosines 
oscillate together between ± 1. giving a 7 that also oscillates between 
± 1. Cancellation occurs whenever Ill: - VII. is an odd integer and 
is complete if PI = P:; otherwise the fringeS are still present but 
with reduced strength. 

The interference rringes in Figs. 6.7-6.9 continue periodically 
for all \"alues of the retardation time •. This beha\;or is unreal and 
is a property of the discrete nature of the distribution functif'ns 
that we have used thus far. 

• T' 

• T' 

• T' 
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/67. NUMBER 13 PHYSICAL REVL 

FIG. 2. Beam-path geometry of the Michelson interferome- . 
ter for x rays and thermal neutrons. S: splitter; M: mirror; A: 
analyzer components of a LLL interferometer generating 
Laue-case waves by Bragg transmission. BI.B2: grooved crys-
tals generating Bragg~se waves by surface Bragg reflection . 
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orders of Interference 
400 

FIG. 5. Spectrum measured with the new interferometer for 
the copper KalKa']. doublet. Clearly visible are the nodes occur
ring due to the slightly different wavelengths. The approxi- . 
mately 630 orders of interference appearing as fast oscillations 
in the spectrum cannot be resolved in this representation (see 
Fig. 6>. . 
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M1 Be Phase 
Shifter 

s A 

M2 

Fig. 2. Schematic illustration of the am.plitude-division Fourier transform 

interferometer to be dev.eloped. 1bis interferometer consists of a· skew symmetry 

LLL interferometer and a phase shifter. The LLL interferometer consists of a beam 

.splitter 5, two transmission mirrors/crystals Ml and M2, and an analyzer ~ The· 
relative phase difference between the··two interfering beams split by 5 is obtained·by . 

adjusting the. thickness of the phase shifter •. Real-time Fourier transform 

spectroscopy ~r Fourier transform imaging of surfaces an.d interfaces may be 

obtained by using a single wedge rotated 90 degrees from that shown above. A 

position sensitive detector is required to record the inte~ity distribution behind the 

analyzer crystal A. 
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Fig. 3 Calculated phase change 11· introduced to x-rays when they travel through 

a slab of material of thickness equal to the amplitude linear absorption length of 

the material. Calculated results for several low-Z materials are presented here . 
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x-rays 

Fig. 1 Schmatic diagram of a wavefront-division Fourier transform x-ray 

interferometer. A spatially coherent x-ray beam is incident on and physically split 

into two beams at .mirror MI' Each of the two beams is reflected by a two-mirror 

'optics. When the six mirrors are properly arranged and aligned, the two beams 

combine into one after the mirror M6~ A variable phase delay of one beam relative 

to the other can be introduced by moving one of the mirror sets' along the direction 

normal to the beamsplitter. While the spatial coherence of either beam is reserved, 

the two beams are recombined after a linear zone plate and the resultant pOwer of 

the interference of the two beams is recorded as a function of the phase delay 
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