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METHOD AND APPARATUS TO CALIBRATE INTENSITY AND 
DETERMINE FRINGE ORDER FOR INTERFEROMETRIC 

MEASUREMENT OF SMALL SPACINGS 

have access to 

large amounts of on-line disk storage. 

In disk drives, head-to-media speeds are such that an 

air bearing is generated between the head and the disk. At 

increased. speeds the air bearing separation increases. 

Thus, without means to counter the.tendency to increase the 

head/media spacing, losses will occur. 

Manufacturers of hard disk drives typically measure the 

flying height of all head/gimble assemblies before 

assembling them into drives in order to avoid reworking 

dr~ves after assembly when they do not meet specifications. 

While head/media spacings in excess of 1 micron can be 

25 rneas;ured ~sing monochromatic fringe counting techniques, 

spa1ings below 1 micron are measured using white light 

interferometry due to its greater resolution in the range of 

250 to 750 nm. Constructive or destructive interference 

results in the generation of different color fringes which 

30 are compared to a Newton's color chart or analyzed by 

spectrometer. This technique is the current industry 

standard, however, at spacings of less than 150 nm, the 

colors wash to:-·-:ther and cannot be interpreted with 

reasonable accuracy. 

35 Various other techniques have been developed for the 

measurement of small spacings, however, their methods a~e 

still incapable of accurately measuring spacing down to 

contact. One example is U.S. Patent No. 4,593,368 by Fridge 

et al. This patent describes the use of a computerized 
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spectre-photometer to analyze the color of white lignt 
fringes produced at the interface of two surfaces, one of 

which is transparent, when subject to broad-band 
illumination. This measuring system and technique has the 
following disadvantages: 1) At very low spacing (less than 
A/5) no distinct colored fringes are produced. Therefore, 

at this small spacing, relatively small changes in light 

intensity as a function of wavelength are measured by the 

computerized spectra-photometer. Since the measurable 
change in intensity as a function of wavelength (the color) 

is greatly reduced at spacings below A/5, the signal-to­

noise ratio of the measurement greatly decreases for such 

small spacings . 2) The spectre-photometer employed requires 

0.05 seconds to acquire the intensity data for the spectrum 

of light being used for the measurement. The lengthy time 

required for data acquisition precludes dynamic measurement 

of spacing above 10 Hz. 
In a method disclosed by Tanaka et al. (U.S. Patent No. 

4,630,926) an interferometer is used to dynamically measure 

head/disk spacing. A xenon light source . with a 
. monochrometer produces monochromatic light which is directed 

over the length of a slider which is inclined such that the· 

spacing between a clear glass disk and the slider varies by 

more than A/4. In such a case where the slider is incident 

with respect to the disk and the spacing varies by more than 
A/4, at least one maxima and one minima of interferometric 

fringe intensity occurs. Tanaka et al. teach that at the 

maximum and minimum (extrem~} of fringe intensity, two-beam 

and multi-beam interferometric theory yield the same 
spacing. 

theory is 

the light 

Therefore, at the extrema, the simpler two-beam 

used. Tanaka et al. also vary the wavelength of 

being used in order to 1) get fringe extrema and, 

therefore, spacing measurement at different points along the 

slider; and 2) verify which order fringe is being detected. 

The system of Tanaka et al. is limited in that it 
cannot measure spacing below X/4 of the monochromatic light 

being used and is too slow to measure air bearing 
resonances. Tanaka et al. 's system is clocked at a 

..... 
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frequency of 15. 8 kHz making is incapable of measuring 

20 kHz or more. 

slider/disk spacing is 

typical air bearing resonances of 
Another method to measure 

disclosed in Ohkubo et al.'s paper "Accurate Measurement of 
Gas-lubricated Slider Bearing Separation Using Visible Laser 
Interferometry" which was distributed as paper 87-Trib-23 by 
the American Society of Mechanical .Engineers. This paper 
describes the basis of operation for the FM 8801 Laser-Based 
Flying Height Measuring System which is sold in the U.S.A. 
by ProQuip, . Inc., Santa Clara, California. As described in 
Ohkubo et al.'s paper, the system uses a HeNe laser source. 
The beam from the laser goes through a beamsplitter where 
part of the beam is directed toward a reference 
photodetector which detects variation in the intensity of 

l.5 the laser source. The remaining part of the laser beam goes 
through a beam expander then through a lens which focuses 
the illumination onto the slider/glass disk interface. This 
illumination causes interference fringes which are focused 
onto a second measurement photodetector used for measuring 

20 intensity of the fringes. The measurement and reference 
sign,als from the two photodetectors are sent through 
amplifiers then into a divider circuit such that the 
interference signal is normalized to the input laser 
intensity. From the divider, the signal is sent through an 
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A/D converter to a desk top computer for processing. The 
desk top computer digitizes interferometric intensity while 
the disk changes from a high speed to a low speed. 

During the change of disk speed, Ohkubo et al. show 
flying height to decrease by more than >.../2. Since the 
flying height changes, the interferometric intensity varies 
enough to detect at least one maximum and one minimum fringe 
intensity. These maximum and minimum fringe intensities are 
recorded for reference. With the reference maxima and 
minima 

theory 

of fringe 

is applied 

intensity, multi-beam interferometric 

to determine spacing from intensity. 
However, since for a monochromatic interferometer intensity 
is a periodic function of spacing, the "fringe order 11 must 
be known to finally determine the spacing. This 11 fringe 
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order" is precisely defined as the interval of spacing from 

n/4A to {n-1)/4A for n = 1, 2, 3. Given an interferometric 

intensity, and a maximum and mini~um fringe intensity for 

reference, the fringe order n must be determined in order to 

calculate spacing from the interferometric theory. 

According to Ohkubo et al. 's paper, the fringe order is . 

determined by landing the slider on the disk by reducing 

disk speed while monitoring interferometric intensity. The 

fringe order can be determined by cou~ting the number of 

times that the interferometric intensity rises to the 

maximum or falls to the minimum while the spacing is being 

reduced from the measurement point to the minimum spacing 

which is assumed to be the fringe order where n = 1. 

The Ohkubo et al. system has the fallowing 

disadvantages: 1) the slider must have a design such that 

the flying height will increase to above A./2 simply by 

changing disk speed; 2) the slider must be landed on the 

glass disk to determine the fringe order for the spacing 

calculation; and 3) at the points where the fringe intensity 

is a minima or maxima, the slope of the interferometric 

intensity/spacing curve becomes zero. A~ these points, the 

noise in electronic intensity measurement causes a large 

error in spacing measurement relative to the other spacings 

which are not directly on the fringe maximum or minimum. 

The above-identified disadvantages may cause the 

following problems: 1) new sliders with a new geometries 

designed for very low flying height may not fly as high as 

A./2, even at very fast disk speeds, so the Ohkubo et al. 

technique will not work for such; 2) landing the slider on 

the disk (required to determine the fringe order) may cause 

some damage to the air bearing surface of the slider. The 

possibility for damage to the air bearing surface during 

test is highly undesirable since many manufacturers test 

every slider assembly to insure proper flying height; and 3) 

the relativ.ely high error in spacing measurement at fringe 

maxima and minima is hidden by "intensity correction" arid 

data "smoothirig". These procedures can introduce additional 

errors into the spacing which is finally calculated. 

... . ~ 
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As magnetic recording technology continues to improve, 

slider flying heights should continue to decrease to below 

100 nm. Also, some manufacturers are beginning to use fluid 

in the gap to permit smaller spacings. These, too, must be 

measured. Tlle invention disclosed in this patent is 

intended to measure such flying heights, statically and · .... 

dynamically, without having to land.the slider on the disk, 

or have the spacing increase above A/2 by only changing disk 

speed. 

The method of intensity calibration and fringe order 

determination disclosed in this patent can also be applied 

to other measurements where spacing is decreased to the 

point of contact, in particular, a micro-hardness tester 

using a transparent probe could be implemented with 

interferometric measurement of spacing between the surf ace 

and the probe using this method of interferometric intensity 

calibration. 

Summary of the Invention 

It is an advantage of the present invention to provide 

a device for measuring static or dynamic spacing between a 

transparent article and a reflective surface spacing where 

the spacing is air or a fluid (down to contact) . 

Another advantage is to provide a system for measuring 

flying height which does not require landing of the slider 

on the disk to determine fringe order. 

It is a further advantage of the present invention to 

provide a flying height tester which uses a calibration 

procedure to determine maximum and minimum intensity of 

interference fringes yet is insensitive to changes in 

illumination intensity or surface reflectivity. 

It is still another advantage of the present invention 

to provide .a device capable of measurement of disk sur~ace 

roughness for an entire disk. 

In an exemplary embodiment, the dynamic flying height 

tester uses a mercury arc lamp light source to provide three 

distinct wavelengths of light so that three separate 

interference fringes are generated. Light from the mercury 
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arc lamp is directed substantially normal to the surf ace of 
a transparent disk, through the disk and onto the slider on 
which a magnetic head is mounted. The light reflected from 
·the slider and from the surface of the disk closest to the 
slider is combined and spectrally analyzed for constructive 
and destructive interferences at each of the three 
wavelengths. The spectral analysis is accomplished by a 
detector assembly which includes wavelength discriminating 
beamsplitters, a filter for each individual wavelength to be 
measured and a high speed photodetector for each wavelength. 
The microscope is also connected to a video monitor for 
visual monitoring of the fringe pattern. 

A calibration procedure involves measurement of the 
intensity of all colors while partially unloading the head 
to determine the maximum and minimum intensity of the 
fringes for each color being used and to identify the 
correct fringe orders of the interference patterns. The 
partial unload for calibration is implemented by rotary head 
unload which is used to move the head away f re~ the 
detection assembly by a very small distance,· on the order of 
o. 25 µm. In addition to the demonstrated rotary unload 
mechanism, any mechanical device which causes the spacing 
between the head and disk to vary by a quarter wavelength or 
more can be used to cause the spacing change required for 
calibration. 

Since some parameters such as disk speed or head/disk 
relative position may be changed after the calibration but 
prior to the desired measurement, a "follow" trace is made 
to determine the fringe orders of the measur.ement trace. 
The follow trace consists of a spacing measurement which is 
made during the time any changes occur between the 
calibration trace and the measurement trace. The follow 
trace is often required to track the fringe order when 
changes are made to the head/disk system in between the 
calibra.tion procedure and the measurement. 

Once the calibration trace and follow trace are 
analyzed, the absolute interferometric intensity reference 
is known, and the fringe orders for the measurement are 

........ , 
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known. Therefore, measurement of flying height ·is 
accomplished by comparing measured intensity with the 
theoret·ical intensity versus spacing relationship. The 
measurement of spacing can be displayed as spacing versus 
angular position of the disk or spacing versus time. Also, 
parameters such as average spacing, maximum spacing, minimum ·• ··· 
spacing and others can be calculated from the dynamic 
spacing data and logged for future reference. 

An alternative light source can be a plurality of 
lasers where each laser emits a different wavelength light, 
the wavelengths preferably being relatively short to enable 
measurement of small spacings. 

In a first embodiment, the invention comprises an 
apparatus for determining the spacing between a transparent 
article and a reflective surface, wherein the apparatus 
comprises: a light source for emitting light at a plurality 
o~ wavelengths A; a microscope assembly for focusing at 
least a first portion of the light along a light path onto 
a target position between the transparent article and the 
reflective surf~ce and for receiving reflected light from 
the.target position, the reflected light being a combination 
of light reflected from an interface between the transparent 
article and the spacing and light reflected from an 
interface between the spacing and the reflective surface; a 
support for maintaining the transparent article at 
substantially a fixed elevation with .respect to the target 
position; a movable mounting arm for retaining the 
reflective surface. and for moving the reflective surface 
away from the target position substantially along the light 
path by at least A./4; a detector assembly comprising: a 
plurality of photodetectors for converting fringe patterns 
created by combination of the reflected light into one 
electrical signal for each photodetector, one photodetector 
corresponding to each of the plurality of wavelengths; at 
least one beamsplitter for distributing each of the 
plurality of wavelengths to its corresponding photodetector; 
a plurality of filters disposed between the at least one 
beamsplitter and the plurality of photodetectors, each 
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filter selectively transmitting one of the plurality of 
wavelengths to its corresponding photodetector; and a 
processor for receiving each electrical signal and 
generating information therefrom to determine the spacing 
between the transparent article and the reflective surface. 
Additionally, the processor may be calibrated for each of 
the plurality of wavelengths by pivoting the mounting arm to 
move the reflective surface out of the target position to 
increase the spacing. Furthermore, the support may comprise 
a rotatable spindle. The mounting arm may also include a 
thin flexible band under tension for retaining the head 
assembly. For example, the thin flexible band may be a thin 
polyester film. 

In a second embodiment, the invention comprises an 
apparatus for determining the spacing between a head 
assembly and a hard disk, at least one of the head assembly 
and the hard disk having a transparent portion, the 
apparatus comprising: a light source for emitting light at 
a plurality of wavelengths A; a microscope assembly for 
focusing a first portion of the light along a light path 
onto a target position and for receiving reflected light 

' from the target position and directing the reflected light· 
along a common path with a second portion of the light; a 
support for maintaining the hard disk apart from the head 
assembly at an elevation such that at least one of an upper 
surf ace and a lower surf ace of the hard disk is disposed 
substantially at the target position; a pivotable mounting 
arm for releasably retaining the head assembly and for 
moving the head assembly into and out of the target position 
substantially along the light path by at least A/4; a 
detector assembly comprising: a plurality of photodetectors 
for converting fringe patterns created by combination of the 
re~lected light and the second portion of the light intq one 
electrical signal for each photodetector, one photodetector 
corresponding to each of the plurality of wavelengths; at 
least one beam splitter for distributing each of the 
plurality of wavelengths to its corresponding photodetector; 
a plurality of filters disposed between the at least one 

... 
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beamsplitter and the plurality of photodetectors, each 

filter selectively transmitting one of the plurality of 

wavelengths to its corresponding photodetector; and a 

processor for receiving each the electrical signal and 

generating information therefrom to determine the spacing 

between the head assembly and the hard disk. The second 

embodiment may further include a CCD camera and a video 

monitor for viewing one of the fringe patterns. The 

processor may further include an analog to digital converter 

10 and a memory for storage of at least one of the electrical 

signals. In some embodiments, the hard disk is transparent 

and the.first portion of light is reflected from a slider 

within the head assembly. Alternatively, the head assembly 

may have a transparent slider and the hard disk may be a 

15 magnetic storage disk. In some embodiments, the light 

source is a mercury arc lamp and in other embodiments the 

light source is a plurality of lasers. 

In a third embodiment, the invention is an apparatus 

for determining the spacing between a magnetic head assembly 

20 and a hard disk, the apparatus comprising: a ligbt source 

for. emitting light at a plurality of wavelengths; a 

microscope assembly for focusing at least a portion of the 

light along a light path onto a target position, the 

reflected light being a combination of light reflected from 

25 an upper boundary and a lower boundary of the spacing; a 

transparent disk having an upper surface and a lower 

surface, the transparent disk being mounted on a spindle for 

rotation pas~ the magnetic head, the lower surf ace being the 

upper boundary; a pivotal mounting arm for releasably 

3 O retaining the magnetic head assembly and for moving the 

magnetic head assembly into and out of the target position 

substantially along the light path, the magnetic head 

assembly being the lower boundary; a detector assembly 

comprising: a plurality of photodetectors for converting 

35 fringe patterns created by the reflected light into one 

electrical signal for each photodetector, one photodetector 

car.responding to each of the plurality of wavelengths; at 

least one beam splitter for directing light of each of the 

., ..• 
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plurality of wavelengths to its corresponding photodetecto:z=-; 
a plurality of filters disposed between the at least one 
beamsplitter and the plurality of photodetectors, each 
filter selectively transmitting one of the plurality of 
wavelengths to its corresponding photodetector; and a 
processor for receiving each of the electrical signals and 
generating information therefrom to determine the spacing 
between the magnetic head and the hard disk. The processor 
may be calibrated for each of the plurality of wavelengths 
by pivoting the mounting arm to move the magnetic head out 
of the target position to change the spacing. The light 
source may be a mercury arc lamp. 

In a fourth embodiment, the invention may further be 
embodied as a method for measuring spacing between a 
transparent article and a reflective surface which 
comprising the steps of: selecting a light source for 
emitting light having a plurality of wavelengths; directing 
the light along a light path toward a target .position so 
that a first. portion of the light is 'reflected by an 
interface between the spacing and the transparent article 
and. a second portion of the light passes through the 
transparent article and is reflected by an interface between 
the spacing and the reflective surf ace receiving light 
reflected from the two interfaces so that the combination of 
the first portion with the second portion generates fringe 
patterns; optically separating the fringe patterns so that 
one fringe pattern corresponds to each of the plurality of 
wavelengths; converting each separated fringe pattern into 
an electrical signal; digitizing each electrical signal; 
processing each digitized electrical signal using a 
processor to determine maximum and minimum light intensity 
of each of the fringe patterns; and determining the spacing 
b~ comparing correlation between light intensity of each 
fringe pattern and its corresponding wavelength for each 
wavelength of the plurality. The method may further 
comprise calibrating the processor by moving the reflective 
surface away from the target position so that the spacing is 
increased by at least A./4 and recording the maximum and 

.... 
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minimum light intensity of the fringe patterns for each 

wavelength when the reflective surface is in motion. 

A fifth embodiment of the invention ~.ncludes a method 

for calibrating a processor for determining the spacing 

s between a transparent surface and a reflective surface using 

an interferometer having a light source emitting at a .. 

plurality of wavelengths A which comprises: focusing at 

least a portion of light from the light source along a light 

path at the spacing; mounting one of the transparent· surface 
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and the reflective surface on a movable mounting so that the 

spacing can be increased along the light path; receiving 

reflected light from a first interface between the 

transparent surface and the spacing and from a second 

interface between the spacing and the reflective surface; 

generating a fringe pattern from the reflected light for 

each of the plurality of wavelengths >..; increasing the 

spacing by moving the movable mounting; and recording a 

maximum and minimum light intensity of the fringe pattern 

while the movable mounting is in motion. This method may 

further comprise the steps of: generating a look-up table of 

intensity of each wavelength X versus spacing; calculating 

a mean square error for each of a selected increment of the 

spacing by comparing the recorded maximum and minimum light 

intensity with a theoretical intensity from the look-up 

table; and selecting an initial spacing according to the 

selected increment having the smallest mean square error. 

A sixth embodiment includes a method for measuring a 

spacing between a head assembly and a hard disk which 

comprises the steps of: replacing one of the head assembly 

and the hard disk with a transparent substitute; rotating a 

disk comprising one of the hard disk or a substitute disk on 

a spindle with a slider comprising one of a substitute head 

assembly or the head assembly biased toward the disk; 

directing light having a plurality of wavelengths along a 

light path through at least a portion of the transparent 

substitute to be focused at a target position between the 

slider and the disk; receiving light reflected from a 

surf ace of the transparent substitute closest to the target 
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position and ·from a surface of the slider or the disk 

according to which has been replaced by the transparent 

substitute, so that the reflected light from each surface is 

combined to generate fringe patterns; optically separating 

the fringe patterns so that one fringe pattern corresponds 

to each of the plurality of wavelengths; converting each_ 

separated fringe pattern into an electrical signal; 

digitizing each electrical signal; processing each digitized 

electrical signal using a processor to determine maximum and· 

minimum light intensity of each of the fringe patterns; and 

determining the spacing by comparing correlation between 

measured light intensity of each fringe pattern and 

theoretical light intensity at each wavelength of the 

plurality. This method may further comprise calibrating the 

processor by moving the slider away from the target position 

so that the spacing is increased and recording the maximum 

and minimum light intensity of the fringe patterns while the 

slider is in motion. Additionally, the method may further 

comprise utilizing the intensity measurements recorded 

during the step of calibrating to determine fring~ order. 

The correct fringe order may be assured by requiring a 

measurement to be within a fixed range of a previous 

measurement. 

A seventh embodiment of the invention is a m~thod for 

simultaneously measuring roughness and hardness of a surface 

which comprises the steps of: splitting light having a 

plurality of wavelengths A into a first portion and a second 

portion; .directing the first portion along a light path 

toward an interface between a transparent probe and the 

surface at a first location of the surface; attaching a load 

cell to the probe; reflecting the first portion from the 

interface; combining the reflected first portion and the 

second portion to generate fringe patterns; storing maximum 

and minimum intensity of the fringe patterns for each 

wavelength A; calculating spacing using the maximum and 

minimum intensity; moving the probe toward the surface while 

co;ntinuously generating the fringe patterns and storing 

their maximum and minimum intensity; and detecting a contact 

·~ 
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load between the probe and the surface while the probe 
deforms the surface. 

A eighth embodiment is for a method for determining 
correct fringe order in an interferometric system for 
measurement of spacing between a transparent article and a 
reflective surface, the method which comprises: selecting a 
light source for emitting light at a plurality of 
wavelengths; detecting interference fringes generated within 
the interferometric system by reflection from the spacing; 
separating each of the interference fringes according to its 
wavelength; generating a theoretical plot of normalized 
intensity versus spacing for each of the wavelengths; and 
comparing a measured normalized intensity to the theoretical 
plot of normalized intensity while altering the spacing. 

A ninth embodiment of the invention is an 
interferometric apparatus 

roughness and hardness of 

light source for producing 

for simultaneously measuring 

a first surface comprising: a 
light having a first wavelength 

and a second wavelength; a measuring probe positioned 
proximate to the first surface, the measuring probe having 
a sµrface adjacent the first surface, the measuring probe 
surface and the first surface defining a probe-to-surface 
spacing having a separation distance; optics for directing 
the first and second wavelengths of light to the probe-to­
surface spacing having the separation distance, such that 
light reflected from the first surf ace and the measuring 
probe surface produces a first wavelength interference 
signal and a second wavelength interference signal, the 
first and second wavelength interference signals having 
characteristics determined by the probe-to-surface spacing 
separation distance; a detector for measuring the 
intensities of the first and second wavelength interference 
signals; a calibration controller for changing the probe-to­
surface spacing separation distance while acquiring first 
and second calibration fringe patterns corresponding to the 
first and second wavelengths; a processor for analyzing the 
measured intensities of the first and second wavelength 
interference signals and deriving therefrom the prob -to-

'fHlS SH.EEi HAS \3EEN 
REPLACED 

... 



5 

10 

15 

20 

25 

30 

35 

-14-

surface spacing separation distance; and a load cell 

attached to the measuring probe wherein the load cell 

detects a contact load between the measuring probe and the 

first surface when the measuring probe contacts and deforms 

the first surface. The processor may further comprise: a 

look-up-table which contains a first set of theoretical 

interference signal intensity data which corresponds to the 

first wavelength of light and a second set of theoretical 

interference signal intensity data which corresponds to the , 

second wavelength of light; and a comparator for comparing 

the measured intensities with the look-up-table theoretical 

intensities to determine th~ spacing. The light source may 

further comprise a mercury arc lamp or a laser. 

Additionally, the optics may further comprise a microscope 

assembly. In some embodiments, the detector further may 

comprise one of either a photodetector or a photodetector 

array. In some embodiments, the light source may further 

comprise a first laser for producing the first wavelength of 

light and a second laser for producing the second wavelength 

of· light. 

. A tenth embodiment of the invention is a method for 

simultaneously measuring roughness and hardness of a surface· 

comprising the steps of: positioning a probe adjacent to a 

surf ace to be measured such that the probe and the surface 

define a separation distance between the probe and the 

surface; measuring the separation distance between the probe 

and the surf ace interferometrically; moving the probe toward 

the surf ace until the probe contacts and deforms the 

surface; and detecting a contact load between the probe and 

the surface while the probe deforms the surface. 

An eleventh embodiment is for an apparatus for 

positioning a slider relative to a rotating disk comprising: 

a disk having a rotation axis; a drive mechanism for 

rotating the disk about the disk rotation axis, thereby 

defining a-first plane in which the disk rotates; a slider 

positioned proximate the disk; a movable support for 

retaining the slider in the proximate position relative to 

the disk thereby defining a separation distance between a 

..... 
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surface of the disk and a surface of the slider; and a load 
controller for moving the movable support along a path which 
causes the slider to move along a curved path thereby 
changing the separation distance. In some embodiments, the 
load controller further comprises a rotary drive for moving 
the slider along the curved path in a substantially circular 
manner. Alternatively, the load controller further 
comprises a driver for moving the slider along the curved 
path thereby defining a second plane which forms an 
intersection angle with the first plane such that the second 
plane is substantially perpendicular to the first plane. 

A twelfth embodiment is a method for changing the 
distance between a rotating disk and a slider comp~ising the 
steps of: mounting the slider on a movable mounting; and 
moving the mounting in a manner which moves the slider along 
a curved path wherein at least two positions along the 
curved pa,th correspond to two different separation distances 
between the disk and the slider. In some embodiments, the 
moving step further comprises moving the slider along a 
substantially circular path. Alternatively., the movi"ng step 
further comprises moving the slider along a curved path 
which defines a plane which is substantially perpendicular 
to the rotating disk. 

A thirteenth embodiment is a method of determining the 
maximum and minimum interferometric intensities for a first 
interference calibration signal at a first wavelength and a 
second interference calibration signal at a second 
wavelength, the first and second interference calibration· 
signals produced by a spacing, the method comprising the 

steps of: 

(a} acquiring multiple measurements of each of the 
first and second interference calibration signals while 
altering the spacing such that each of the first. and 
second interference calibration signals goes through a 
maximum and a minimum of interferometric intensity; 
(b) estimating an initial maximum and minimum 
interferometric intensity for each of the first and 
second interference calibration signals; 
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{c) calculating the spacing for each of the multiple 

measurements using the initial maximum. and minimum 

estimates; 

(d) calculating a new maximum for a plurality of the 

multiple measurements of the interferometric intensity 

within a threshold value of the initial maximum for 

each of the first and second interference calibration 

signals in accordance with the expression: 

where IMAX.NIN is the updated value for the maximum 

interferometric intensity, ·IHAX and IMIN are the 

previously existing values for maximum and minimum 

interferometric intensity, IMEAS is the intensity 

measured at that calibration point, normalized to -1 

and +1 which correspond to IHxN and IMAX, and ITHRY is the 

theoretical intensity for the spacing at that point, 

normalized to a scale of -1 to +l; 

{e) calculating a new minimum for a plurality of the 

multiple measurements of the interferometric intensity 

within a threshold value of the initial minimum for 

each of the first and second interference calibration 

signals in accordance with the expression: 

IHIN,NEW = IMAX -

where InrN,NE:W is the updated value for the minimum 

interferometric intensity, IMAX and InrN are the 

previously existing values for maximum and minimum 

interferom~tric intensity, IHEAS is the intensity 

measured at that calibration point, normalized to -1 

and +l which correspond to InrN and I~, and ImRY is the 

theoretical intensity for the spacing at that point, 

normalized to a scale of -1 to +l; 

.... 
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(f) averaging the new minima for the plurality of the 

multiple measurements of the interferometric intensity 

within a threshold value of the initial minimum and the 

new maxima for the plurality of the multiple 

measurements of the interferometric intensity within a 

threshold value of the initial maximum to determine a 

new average maximum and a new average minimum 

intensity; and 

(g) comparing the new average maximum and new average 

minimum with the initial maximum and initial minimum 

for each of the first and second interference 

caiibration signals. 

This method may further comprise the step of: (h) checking 

for convergence of the new average maximum and the new 

average minimum with the initial maximum and the initial 

minimum for each of the first and second interference 

calibration signals. Additionally, the method may comprise 

the step of: {i) repeating steps (c) through (h). if the test 

for convergence in step (h) · is negative using the new 

average maximum and the new average minimum in place of the 

initial maximum and the initial minimum. Also,the method 

may comprise the step of determining the initial maximum and 

the initial minimum intensities by searching the multiple 

measurements acquired in step (a) for the highest and lowest 

measurement points for each of the first and second 

wavelengths and using these values as the initial estimates 

for the maximum and minimum interferometric intensities for 

each of the first and second wavelengths, respectively. 

A fourteenth embodiment is for an interferometric 

method for measuring the dimension of a small spacing 

comprising: directing light having a plurality of 

wavelengths across the small spacing; detecting interference 

signals generated by reflection of the light from the 

spacing; separating each of the interference signals 

according to its wavelength; measuring and recording the 

interference signal intensity at two or more of the 

plurality of wavelengths for a range of spacing by altering 

the spacing over a range which produces a maximum and a 
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minimum in intensity for each · of ·the p'iurality ·of 

wavelengths; measuring and recording the interference signal 

intensity produced by the spacing for each of the plurality 

of wavelengths; constructing a table having multiple 

periodic spacing dimensions for each of the plurality of 

wavelengths, wherein each of the multiple periodic spacing 
•"'­dimensions corresponds to the measured and recorded 

interference signal intensity for each of the plurality of 

wavelengths, respectively; and comparing the multiple 

periodic spacing dimensions for one of the plurality of 

wavelengths with the multiple periodic spacing dimensions 

for the remaining of the plurality of wavelengths to 

determine the correct spacing dimension. 

A fifteenth embodiment is for an interferometric 

apparatus for measuring the dimensions of a small spacing, 

the apparatus comprising: a light source for producing light 

having a first wavelength and a second wavelength; optics 

for directing the first and second wavelengths of light to 

a spacing having a separation distance, the spacing defined 

by first and second boundaries, such that light reflected 

frOIJI the first and second boundaries produces a first 

wavelength interference signal and a second wavelength 

interference signal, the first and second wavelength 

interference signals having characteristics determined by 

the separation distance; a detector for measuring the 

intensities of the first and second wavelength interference 

signals; a calibration controller for changing the 

separation distance while acquiring first and second 

calibration fringe patterns corresponding to the first and 

second wavelengths; and a processor for analyzing the 

measured intensities of the first and second wavelength 

interference signals corresponding to the separation 

distance and deriving therefrom the separation distance, the 

processor further comprising: a table having multiple 

periodic spacing dimensions for each of the measured 

intensities of the first and second wavelength interference 

signals, wherein each of the multiple periodic spacing 

dimensions for the first wavelength corresponds to the 

THIS SflEET HAS BEEN 
i-l.£PLACED 



5 

10 

15 

20 

25 

30 

35 

-19-

measured intensity of the first waveleng·.: n interference 

signal and each of the multiple periodic spacing dimensions 

for the second wavelength corresponds to the measured 

intensity of the second wavelength interference signal; and 

a comparator .which compares the table entries for the 

multiple periodic spacing dimensions for the first 

wavelength with the table entries for multiple periodic 

spacing dimensions for the second wavelength to determine 

the correct spacing dimension. 

Brief Description of the Drawings 

Understanding of the present invention will be 

facilitated by consideration of the following detailed 

description of a pref erred embodiment of the present 

invention, taken in conjunction with the accompanying 

drawings, in which like reference numerals refer to like 

parts and in which: 

Figure l is a diagrammatic view of the flying height 

testing assembly of the present invention; 

Figure 2 is a diagrammatic view of the . detector 

assembly; 

Figure 3 is a diagrammatic view of the assembly with an 

alternate light source; 

Figure 4 is a series of plots of spacing versus angle 

of rotation; 

Figure 5 is a plot of spacing versus time; 

Figure 6 is an alternate configuration of the testing 

assembly for measurement of disk surface roughness; 

Figures 7 is a diagrammatic view of the apparatus for 

attaching the head assembly to the load/unload arm; 

Figure Ba is a diagrammatic top view. of the rotary 

unload mechanism, Figures Sb and 8c illustrate the load and 

unload pos~tions, respectively; 

Figure 9 is a diagrammatic view of an alternate 

embodiment in the form of an interferometric surface 

roughness/surface hardness measurement instrument; 

Figure 10 is a plot of intensity versus spacing; 
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Figure 11 shows a schematic representation of a dynamic 

flying height tester including a reference level photo 

detector; 

Figure 12 illustrates the different geometries that the 

slider and disk take on at different disk radii when using 

a rotary actuator; and 

Figure 13 illustrates measurements of slider/disk 

spacing, slider pitch and slider roll that were taken during 

a continuous slider/disk motion that is geometrically 

equivalent to the motion made during rotary actuation of the 

slider. 

Detailed Description of the Pref erred Embodiments 

As illustrated in Figure 1, light source 2 is directed 

15 through microscope 3 which comprises condensing optics 4, 

20 

25 

30 

35 

beamsplitter 6 and objective 8. A portion of the incident 

_light split by beamsplitter 6 is directed through glass disk 

10 and is internally reflected off the lower surface of the 

glass disk 10. Another portion of th~ light is reflected by 

slider 12. The reflected light is redirected through .the 

objective lens and the beamsplitter 6 into detector assembly 

14. The recombination of the light reflected by the lower 

surface of the disk 10 and the surface of slider 12 results 

in the generation 

interference fringe 

wavelength of light 

of interference fringes, with one 

being generated for each individual 

which has been selected by filters 

within the assembly. A camera 18 sends a visual image of 

the fringe patterns to video monitor 22. The photodetectors 

within the detector assembly 14 convert the fringes' 

intensity into electrical signals which are then converted 

to digital data by A/D converter 24. The digital data are 

then processed at processor 26. 

Disk 10 is mounted on spindle 52 which. is attached to 

a variable speed drive capable of achieving speeds in excess 

of 7200 rpm. In the first embodiment illustrated in Figure 

1, the disk 10 is transparent· glass or quartz. The slider 

12 is attached to rotary load/unload arm 17, which is 

further illustrated in Figure 8a, by clamping suspension 13, 

THIS SHEET } ! 1·. ': 13 EEN 
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illustrated in Figure 7, onto the end of arm 17 at a given 

location. Rotary load/unload arm 17 is driven by rotary 

motor 7. Slider 12 is then positioned under the disk 10 so 

that light focused by objective 8 passes through disk 10 to 

be reflected from slider 12 and from the bottom edge 51 of 

disk 10. '· 
In an alternate embodiment shown in Figure 6, the light 

source 2' and microscope assembly 3' are positioned relative 

to the arm and drive so that the slider 12' is between the 

10 microscope assembly 3' and disk 10' . Slider 12' is 

transparent, permitting glide height measurement of an 

actual magnetic disk 10'. Such a configuration provides 

measurement of disk surface roughness to identify disk 

asperities for mapping of asperity heights. 

15 Rotary load/unload arm 17 pivots in such a manner that 

20 

25 

30 

35 

the slider 12 moves along a line following the light path 

exiting from objective 8 for at least part of the unload 

motion. This allows the light to be focused on the same 

spot on the slider 1 7 during the calibration procedure, 

which is described below. The purpose of this movement is 

to scan at least one fringe maximum and minimum for each 

color used by increasing the head/disk spacing. Only a 

small spacing change required, on the order of 0.25 µm, to 

measure a maximum and minimum intensity for ~ach color 

fringe to enable calibration. The remainder of the 

load/unload motion is not critical to measurement functions. 

Figure 2 illustrates the elements of detector assembly 

14. A first beamsp~itter cube 30 reflects light .at 436 nm 

toward absorptive pinhole mirror 29 and 436 nm interference 

filter 31 to photodetector 32. Beamsplitter cube 30 is a 

dichroic beamsplitter made from BK7. The entrance face has 

an anti-reflection coating. The interface is coated for 85-

95% reflectance at 435.~ nm and 85-95% transmittance at 546 

nm and 580 nm. The portion of light which passes through 

beamsplitter cube 30 passes through reflective pinhole 

mirror 33 to beamsplitter cube 34 which reflects light at 

546 nm toward 546 nm interference filter 35 and detector 36. 

Beamsplitter 34 is also dichroic and made from BK7. Its 

THIS SHEET HAS BEEN 
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interface coating is 90-100% reflective at 546 nm and 90-

100% transmissive at 580 nm. Each of the interference 

filters are commercially available filters which transmit 

light at the chosen wavelength with a bandwidth of 10 nm. 

The photodetectors are silicon avalanche photodiodes with 

spectral response in the range of 400-1000 nm. The 

remaining light continues forward through 580 nm 

interference filter 37 to photodetector 38. A separate 

signal is therefore generated for each selected wavelength, 

and each analog signal generated by photodetectors 32, 36 

and 38 is converted to a digital signal by high speed A/D 

converter 24. 

The timing signal 

controlled is 250 kHz. 

by which the sampling rate is 

The timing rate is applied to the 

A/D converter as a conversion rate control signal. This 

rapid rate of data conversion enables dynamic measurement of 

spacing between the head and disk·. 

In an alternate embodiment, light beams emitted from 

two or more lasers can be optically combined to generate the 

illumination projected onto the head/disk interface. Such 

a configuration is illustrated in Figur~ 3 in which lasers 

41 and 42 each emit at different wavelengths. The beams are 

expanded . by beam expander optics 43 and are combined at 

beamsplitter 44 to be projected though the microscope 

objective-as above. The detector assembly 45 wiil have the 

same number of detectors as lasers, and the appropriate 

interference filters for the selected lasing wavelengths 

will be provided. 

The accuracy and repeatability of the location of the 

head 12 with respect to the disk 10 requires that 

appropriate attachment means are provided to hold the head 

12 into place. The suspension 13 must be attached to and 

removed quickly from the mounting arm 17, and the attachmen_t 

must be uniform and repeatable. In order to quickly and 

repeatable grip the suspension 13, the use of a flexible 

band 48 of polyester film, such as Mylar®, or Kapton®, is· 

used as shown in Figure 7, with a tension means 49 included 

to keep the band 48 taut. Since the suspension 13 is 

·-. 
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somewhat flexible, it may be deformed under uneven or 
excessive pressure as might be applied by a steel clamp. 

The flexible band 48 does not deform the suspension 13 and 
is very thin, as required by the small spacing between the 

suspension 13 and the disk 10. 

The procedure for measuring the spacing between the 

head 12 and the disk 10 is as follows: 

The head 12 is attached to the suspension using the 

flexible band 48, and the rotary load/unload arm 17 moves· 

the head 12 into the desired location, as in Figure Sb. 

Light from the light source 2 is projected through the 

microscope 3 onto the head 12, and the head 12 is then 
partially unioaded by rotation of arm 17, as illustrated in 

Figure Sc, so that a calibration trace can be generated. 
The head unload motion i~ synchronized with the digitization 

by the processor 26 such that the digitization will record 

the intensity of one maximum and one minimum fringe for each 

individual wavelength tested. The rotary head unload is 

used so that the slider 12 has only very slight motion.while 

20 the loading pressure is reduced. The slight motion of the 

slider 12 is compensated for by moving the microscope 

assembly 3 by way of x-y translators 5 and 5' in 

synchronization with the unload motion so that the 

measurement spot remains at the same point on the slider 12. 

25 As previously described, the unload motion required for 
calibration increases the spacing by a very small amount, on 

30 

35 

the order of 0.5 µm. 

The calibration trace is digitally lowpass filtered to 
reduce electronic noise. 

for each color in the 

searching through the 

A maximum and minimum intensity 

calibration trace is found by 

data collected. The trace is 
normalized to the maximum and minimum intensity for each 

color by .multiplying a const-ant and adding a constant 

offset. In the preferred embodiment, the maximum intensity 

for each color is scaled to 1.0 and the minimum intensity 
for each color is scaled to -1.0. 

A look-up table for intensity of each color versus 

spacing is generated for discrete steps of spacing based on 

..... 
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Equation 1 which was derived from multiple be.am 

interferometric theory for a single film. 

where: 

r 2 + s 2 + 2 rscosa 
1 + r 2s 2 + 2 ISCOSO 

{l) 

r = Amplitude Reflection Off Glass Disk; 

s = Amplitude R~flectance Off Slider; 

n = Refractive Index of the Fluid in the 

Spacing; 

6 = 4~n H/A - y; 
H = Flying Height; 

A = Wavelength of the Illuminating Light; 

and 

r = Phase Shift on Reflection 

(Material Dependent) 

The values of r, s, and r· are determined by 

ellipsometric measurement of the surfaces using light-of the 

same wavelengths as those being used for the interference 

measurement of spacing. · 

The ellipsometer measures angles ~ and ~ from which the 

complex index of refraction n = n - ik can be determined. 

The reflectance for the disk and slider can then be 

determined from Equation 2: 

I = <no-n1>2+k{ 

(no + n1) 2 + kt 

(2) 

where n0 is the refractive index of the medium immediately 

above the reflecting surface which has the refractive index 

For the internal glass reflection n0 is the index of 

glass and n 1 is the index of the fluid in the spacing. For 

the reflection off the slider, n 0 is the index of the fluid 

in the spacing (air or liquid) and n1 is the index of the 

slider. 
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From the ellipsometric measurements, the phase change 

upon reflection r can be calculated using Equation 3: 

(3) 

For use in Equation 1, 'Y = 'Yslider - 'Y91ass disk• 

In the present embodiment, a look-up table is generated 

using Equations 1, 2 and 3 with intensities for spacings for 

o to 1,000 nm with steps of 1 nm. The theoretic intensity 

look-up. table is normalized to fringe intensity extrema 

using the same convention as that used for the measured 

traces, i.e., +l is maximum, -1 is minimum. 

Table 1 illustrates the form of the look-up table for 

intensity versus spacing: 

SPACING INTENSITY 

Ai A2 A3 

0 -1 -1 -1 

5 -0.8 -0.7 -0.6 

10 -0.6 -0.4 -0.2 

TABLE 1 

Once the measurements are made and the look-up table is 

generated, a ·Calculation is made to determine the spacing 

for the first point in the calibration curve. The 

calculation of spacing is made as follows: 

A "mean square error" is calculated for each discrete 

step of spacing (H) in the range of interest. Here, steps 

of spacing from O to 1,000 nm in steps of 1 nm are used. 

These steps conveniently correspond to the values in the 

theoretical look-up table above. The mean square error (e) 

is calculated as follows: 

e(h) = w1 (T1 - M1 )
2 + w2 (T2 - M2 ) 2 + w3 (T 3 - M3 ) 2 

( 4) 

... 
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where Tx is the theoretical intensity of color x. for the 

spacing H (from the look-up table) and Mx is the measured 

intensity of color x. 

The symbols wx are used to indicate weighing functions 

which help reduce error. While all of the w' s can be set to 

one, accuracy can be improved by choosing thew's such that 

w1 + w2 + w3 = some constant and setting each w higher for a 

color when the signal-to-noise ratio of that color's 

intensity measurement is higher. Additionally, wx may be a 

function of spacing because, near the maximum or minimum of 

a given color's intensity, a small amount of electrical 

noise corresponds to a relatively large change in spacing. 

For 

requires 

and >.. 3 • 

together 

reference purposes, the "first point" of a trace 

intensity measurements for all three colors, >.. 1 • >.. 2 

The measured intensity of all colors are stored 

and they, as a group, will be referred to as a 

single point in the intensity trace. 

Once (e) has been calculated for each step of spacing, 

the smallest value of (e) corresponds to a first guess for 

the initial spacing for the first point in the calibration 

array. Occasionally, noise in the intensity signal . may 

result in the calculated value being the wrong fringe order". 

For example, considering only one color, if the normalized 

intensity is -1, the spacing is given by n>../2 where >.. is the 

wavelength of light and n is the fringe order (n =·a, 1, 2, 

3, 4 ••• ) . This result comes from a simple model which 

assumes the disk and slider are made of dielectric 

materials. 

The use of two or more colors gives additional 

information which theoretically indicates the correct fringe 

order. However, the addition of some noise to the measured 

signals will occasionally cause this technique to calculate 

an.initial spacing which is significantly iricorrect be~ause 

it is on the wrong fringe order. The principle by which 
.. 

fringe order is determined can be explained by looking at a 
plot of intensity versus spacing for interference fringes 

generated for two or more colors. Figure 10 illustrates 

such a plot for two colors. The intensity function 81 for 
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.h1 has a different period than that for .h2 (82) . By 

comparing the normalized measured intensity with the 

normalized theoretical intensity for both colors the spacing 

can be determined but there may be some uncertainty as to 

fringe order. For example, the normalized intensity 

difference between .h1 and 1\2 at points 84 and 85 is the same ... · 

at different orders. This is solved by measuring the 

intensity continuously while the spacing between the 

transparent article and the reflective surface is changed 

(increased) which shows the slope of the respective 

functions beyond the initial point 84. This enables 

identification of the correct order. 

To determine the correct fringe order, the entire 

calibration intensity trace is used as follows: 

Several different first guesses are made for the 

spacing for the first point in the calibration trace. The 

criteria for selection of the first point initial guesses 

for spacing are that each spacing must have a low value of 

(e). Additionally, each guess·must be at least 100 nm away 

from all the previously-selected initial guesses for 

spacing. Once several of the initial guesses are obtained, 

one of the guesses in correct, but the correct one must be 

determined. 

In order to determine which first guess is correct, a 

cumulative mean square error for each initial guess in 

calculated. The cumulative error is calculated by assuming 

that the spacing does not change by more the 100 nm between 

each point. The following process is used to calculate the 

cumulative mean square error for each initial guess cf 

spacing. 

First, the cumulative error is set to the (e) which 

corresponds to the initial guess for the spacing at the 

first point in the calibration trace. Next, the spacing at 

the second point is calculated by searching though all 

spacing values within ±100 nm from the first point. The (e·) 

determined for the second poirit is added to the cumulative 

error. The second step is repeated for all remaining points 

in the calibration trace with the condition that each point 
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must not be more than 100 nm away from the previous poi~t. 

Once the cumulative error is calculated for each initial 

guess for spacing of the first point in the calibration, the 

spacing with the lowest cumulative error is determined to be 

the spacing for the first point in the calibration. 

Analysis of the data taken during calibration has 

yielded the maximum and minimum intensity for each fringe 

and the fringe order for the spacing measured during the 

calibration step. 

Since operational parameters may change after the 

calibration but before the measurement,. the fringe order may 

change, hence a "follow" trace is recorded while any 

operation parameters are changed. It is assumed that the 

first point in the follow trace is within 100 nm of the 

first point of the calibration trace. 

The spacing for each point in the follow trace is 

calculated as follows: 

Point-by-point, the mean square error is determined for 

spacings with values from -100 to +100 nm away from the 

previous point: Note that, since the first point in the 

follow trace does not have a previous point, the spacing is 

calculated from the first point in the calibration trace. 

The spacing with the lowest (e) is determined to be the 

spacing, and the process is repeated for all points in the 

trace. By limiting the calculation such that each 

successive point must be within 100 nm of the previous 

point, the calculation can never jump to an incorrect fringe 

order. 

Once the spacing for the follow trace is calculated, it 

can be assumed that the spacing for the first point in the 

measurement trace is within 100 nm of the last point of the 

follow trace. Since the approximate spacing for the first 

point of the measurement_trace in known, the-spacing for the 

measurement trace is performed using the same procedure used 

to calculate the spacing for the follow trace. 

It should be noted that the 100 nm difference limit is 

arbitrarily selected and that other values may be used as 

..• 
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allowed by the wavelengths of light used for measurement, 

i.e., the limit should not exceed~ wavelength. 

In the preferred embodiment, the flying height tester 

measures at least 256 points per revolution. A typical test 

involves storage of data of intensity versus angle for two 

revolutions. Thus, at least 512 points are taken for each 

data set. The processor converts intensity versus 

revolution data into spacing versus revolution and provides 

an output display in.either the form of a yideo monitor or 

a printout. Since air bearing thickness is a function of 

disk speed, testing of the spacing between a given head and 

disk is.preferably performed at a number of disk rotational 

speeds. Figure 4 illustrates a series of plots ·of spacing 

versus angle for two revolutions. Figures 4a, b and c show 

plots at 3, 600 RPM, 900 RPM and 225 RPM, respectively. 

Figure 4d is a plot of spacing versus disk speed 

illustrating the principle of · increased spacing ·with 

increased rotational speed. 

Figure 5 is a plot of spacing versus time to show 

measurement by the system of dynamic variation of head/disk 

spacing after the head flies over a flaw in the disk. 

Interferometric fringe intensity calibration is used to 

calibrate maximum and minimum intensity of light and dark 

interferometric fringes. The maximum and minimum fringe 

intensity is measured at one or m9re points on the 

interferometric image while altering- interferometric path 

length by at least ~ of the wavelength of the light being 

used to produce the .interferometri·c image. By comparison of 

interferometric intensity to the maximum and minimum 

30 intensity, it is possible to obtain spatial measurement with 

a resolution of a small fraction of the wavelength of light 

35 

used. 

While a number of flying height testers use 

interference to measure the spacing between the head and 

media, the system of the present invention utilizes a unique 

calibration technique in which the head is unloaded in.a 

controlled manner to increase the relative path lengths of 

the two light rays while monitoring and storing the 

THIS SHEET HAS BEEN 
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intensity information in order to utilize interferometric 

fringe intensity for calibration of the measurement. Thus 

the need for expensive and difficult control of system 

components such as light sources, detector drift and disk 

quality is eliminated. The apparatus of the present 

invention provides high speed measurement of head/disk 

spacing simultaneously using multiple wavelengths of light, 

thus offering a more economical and faster measurement 

system and technique for dynamic . measurement of flying 

height than systems that are currently available. 

Shown in Figure 9 is another use of the intensity 

calibration method, here used for a micro-hardness 

tester/surface profiler. In Figure 9, light from source 61 

which could be a Mercury arc, a multiple laser, or other 

multi-wavelength source, goes though beamsplitter 62, then 

through microscope objective 63, being focused on the 

interface between transparent probe 64 and the surf ace to be 

analyzed 65. The probe is lowered onto the surface using 

computer-controlled actuator 67 which could use piezo­

electric or other means of mechanically moving th~ probe 64 

toward the surface 65. The contact load between the probe 

64 and the surface 65 is detected by a load cell 66. Light 

reflected from the surface of the probe 64 which is closest 

to the sample surface and the surface itself 65 recombines, 

producing interference effects. Monochromatic images of the 

interference fringes are projected onto.TV cameras 73, 74, 

and 75 after going through beamspl~tters 62, 68 and 69, as 

well as narrow band interference. filters 70, 71, and 72. 

Each TV camera then produces an analog video signal 

corresponding to the interferometric image for the narrow 

band of light associated with each interference filter. 

Note that filters 70, 71, and 72 each transmit a different 

color of light. The analog video signals are directed into 

the RGB color frame grabber 76 which is under control of the 

personal computer 77. 

To make a surface roughness and hardness measurement, 

the computer controlled actuator 67 lowers the probe 64 onto 

the surface 65. During the time that the probe is coming 

... 
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into contact with the surface, the frame grabber -76 

continuously acquires images of the three different 

interference images and the computer processes such images, 

storing the maximum and minimum intensity of each color at 

each pixel on each image. Before the probe 64 comes into 

contact with the surface 65, a minimum and maximum intensity .... 

of the fringes for each color will. have been detected for 

each pixel of each image of the fringes. These maximum and 

minimum fringe intensity values are the normalization 

10 intensity values required to determine spacing between the 

probe 64 and the surface 65. The spacing between the probe 

64 and the surface 65 is calculated in a manner identical to 

that described for the Dynamic Flying Height Tester, except 

the spacing is calculated for a 2-dimensional area rather 

15 than a single spot, and the spacing is measured statically, 

not dynamically. Since the probe 64 shape in known 

beforehand, the surf ace profile of the surf ace 65 can be 

readily calculated from· the spacing between the probe 64 and 

the surface 65. This surface profile indicates the 

20 roughness of the surface. 

25 

30 

35 

The surf ace hardness and other surf ace properties can 

be measured by pressing the probe 64 onto the surface 65. 

The force with which the probe is being pressed onto the 

surface is measured using load cell 66. The surface profile 

can continue to be measured interferometrically while it is 

being deformed by the probe.. The measurement of surf ace 

deformation as a function of contact pressure will allow a 

measurement of surface hardness while causing a minimum 

amount of damage to the surface. 

SPACING MEASUREMENT APPARATUS WITH REFERENCE DETECTOR 

The spacing measurement apparatus may also be 

implemented using an additional reference channel to 

compensate for light source instabilities. Referring to 

Figure 11, light from a source 2 is directed through 

condenser optics 4 toward a half-silvered mirror or beam 

splitter 6. A portion of the light goes through lens 

assembly 8 and is projected toward the bottom surface 51 of 
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the glass disk 10. A portion of the light internally 

reflects from the bottom surf ace 51 and a portion of the 

light transmits through the bottom surface 51, then reflects 

off the top surface of head/slider assembly 12. A portion 

of the reflected light transmits back into the disk 10 and 

a portion reflects back toward the head/slider assembly 12. 

A part of the light continues to reflect· back and forth 

between surface 51 and the surface of 12, with a portion of 

the light transmitting through surface 51 for each 

reflection. A portion of the light from each of the 

multiple reflections from the interface of the disk 10 and 

the slider 12 is directed back through the lens assembly 8 

and the half-silvered mirror 6 to the optical detector 

assembly 14. Lens assembly 8 is designed to form an optical 

image of the interface between glass disk 10 and head/slider 

assembly 12 on the mirror 33 within the detector 14 (see 

Figure 2}. 

As shown in Figure .in 2, the beamsplitter 30 sends a 

portion of the light toward the absorptive plate 29 and a 

portion to the mirror 33, with the lower surface 33L of 

mirror 33 and the right surface 29R of plate 29 both being 

image planes for the interface of glass disk 10 and 

head/slider assembly 12 from optical assembly 8. Both the 

absorptive plate 29 and the mirror 33 have small boles, 29H 
-

and 33H, approximately 0.030 inches in diameter near their 

centers. The plate 29 and the mirror 33 are aligned such 

that the holes 29H and 33H occur in substantially the same 

portion of the image which is the point on the interface at 

which the spacing is measured (the measurement spot) . After 

proceeding through the hole 29H in the plate 29, light is 

filtered through a narrow-band-pass filter, commonly called 

an interference filter 31. This filter allows a 10 nm wide 

band of light to pass through to the avalanche photo diode 

32. Simultaneously, light passes though the hole 33H in the 

mirror 33 toward the second beam splitter 34 which causes a 

portion of the light to pass through the second interference 

filter 35 to the second photo diode 36 and a portion of the 

. .. 
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light passes through the third interference filter 37 to the 
third photo diode 38. 

The three interference filters (31, 35, and 37) are 
selected to have pass bands centered at three substantially 
different wavelengths of light. The intensity of each of 
the three different wavelengths is converted into an -. ... 
electrical signal by photo diodes 32, 36, and 38. The 
electrical signals are amplified and buffered then sent to 
the digitizer 24 via three coaxial cables. 

Referring again to Figure 11, a portion of the light 
from source 2 goes through condenser optics 4 and through 
the haif-silvered mirror 6 to a reference detector 201. 
Reference detector 201 converts the intensity of _the light 
into an electrical signal which is sent to digitizer 24 via 
coaxial cable. Within digitizer 24, the reference channel 
signal can be used in several different ways. Each of the 
measurem~nt signals from detectors 38, 36, and 32 can be 
divided by the reference signal using analog electronic 
circuits in order to compensate for in~ensity drift of the 
light source. Alternatively, digitai electronic c.ircuits 
can. be used to divide the measurement signals by the 
reference signal after all four signals are digitized. 
Another alternative is to digitize all four signals and send 
them all_ to the microcomputer/processor 26 -~here the 
measurement signals can be adjusted to compensate for light 
source drift using the reference signal information. 

The digitizer 24 is interfaced to 
microcomputer/processor 26, which is used to process the 
digitized intensity information. 

THEORY OF OPERATION 

The amount of light traveling back through the disk lO 
including the first and all of ·the high~r order reflections 
between the lower surface of the disk 51 and the top surface 

-
of the slider 12 is given by Equation 1 {reproduced below} 
which is· commonly referred to as the equation describing 
multi-beam interferometry. 
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r 2 + s 2 + 2 rscoso 
1 + r 2s 2 + 2 rscose> 

(1) 

In Equation l, r is the amplitude of reflection off the 

lower surface of the glass disk 51, s is the amplitude of 

the reflected light off the top surface of the head/slider 

assembly 12 and 6 is the phase shift between the two 

reflected wave fronts given by the as following 

relationship: 

o= 4n:nn_1 l 

(5) 

where H is the spacing between the lower surf ace of the 

glass disk 51 and the top surface of the head/slider 

assembly 12, n is the refractive index of the fluid in the 

spacing (1 for air), Xis the wavelength of the light, and 

r is the phase shift on reflection. 

The values of r, s, and r are determined by 

ellipsometric measurement of the surfaces using light of the 

same wavelengths as those being used for the interference 

measurements of spacing. In general, the technique of 

ellipsometry can be used to determine the phase shift upon 

reflection off the slider even in cases where the slider is 

coated with one or more optically thin films. · 

For the simpler case where the slider is a bulk 

material, commercially availabl~ software can calculate.the 

complex index of refraction (n - ik) of the slider based ·on 

the angles A and 'It which are measured using an ellipsometer. 

One such program is entitled "Ellipsometric Data Reduction 

Software" which is available from Rudolph Research, One 

Rudolph Rd, Flanders, NJ 07836. 

... 
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Once nsli.der' ksli.der1 and n£lui.d are known, s, the amplitude 

reflection off the slider can be calculated as follows: 

s = 
{nt'lu1d - nslider> 

2 + k!i1der 

(nt'luid + nsHder> 
2 + k!u.der 

{6) 

based on the assumption that the fluid is a transparent 

material ( i. e. , k.tlui.d = 0) • 

For the case where the disk and the fluid are both 

transparent (i.e., k£lui.d = ka1sk = 0) , r, the amplitude of 

internal reflection off the lower surface of the disk is 

given by: 

by: 

I = (ndisk - nfluid) 
2 

(ndisk + nfluid} 
2 

(7) 

The phase shift upon reflection off the slider is given 

Y 
= tan-1 ___ 2_n_f_l;.;.u.;;..id;....._k...;s;.;..;l.;;;..id;..;e""r __ 

slider 2 2 2 
nfluid - nslider - kslider 

(8) 

For the case of a transparent fluid and disk, with the 

index of refraction of the disk higher than the index of 

refraction of the fluid, the phase shift upon reflection off 

the lower surf ace of the disk is zero. However, more 

general conditions such as a disk with an optically thin 

film on it will result in a condition where the phase shift 

on internal refection off the disk w~ll not equal zero. In 

such cases, the total effect of phase shift on reflection (y 

in Equation 1) is given by 'Y = 'Yslider - 'Yaisk· 

Although Equations (1) and (5) through (8) apply to the 

specific case where the slider is a bulk, absorbing material 

and the fluid and glass disk are transparent materials, the 

.......... 
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technique disclosed herein (calibration by measuring 

intensity while moving one of the surfaces) can be applied 

to more general situations where the lower surface has one 

or more optically thin films on it and the upper surface or 

the fluid are not perfectly transparent. For the more 

general cases, different equations may be used other than 

Equations (1) and (5) through (8) . 

To measure spacing with interferometry using the 

apparatus and equations described herein, a calibration 

process is greatly beneficial to determine the various 

optical losses and background (ambient) illumination in the 

system. Additionally, the calibration process helps to 

compensate for small variations in reflectance on different 

sliders or even different points on the same slider. 

The calibration process is accomplished by altering the 

spacing between the slider and the disk by substantially at 

least ')../4 while simultaneously detecting the intensity using 

photo sensors 32, 36, and 38. Since the relationship given 

by Equation (1) between phase o and intensity Iaue!Iin is 

periodic, the measurement of any of the peaks or valleys is 

identical to all the other peaks and valleys. Once the 

maximum and minimum intensities for each wavelength are 

measured, the system is calibrated. Future measurements of 

interferometric intensity are always referenced to the 

maximum and minimum interferometric intensities· that were 

measured during the calibration. By referencing the 

measured intensity of illumination to the measured maximum 

and minimum intensity, factors such as optical losses in the 

system optics, ambient lighting, electronic gain in the 

detector circuits, and small variations in the reflectance 

of the surfaces are substantially eliminated from the 

calculations. 

ITERATIVE PEAK DETECTION METHOD 

A special iterative peak detection method was developed 

to extract the maximum and minimum interferometric 

intensities from the three color data measured during the 

calibration process. In the following paragraphs, the 
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nature of the noise in the calibration signal is described 

together with the technique that was developed to extract 

the interferometric maximum and minimum from the signal. 

The calibration data is subject to two significantly 

different types of "noise" that makes the detection of the 

maximum and minimum interferometric intensities difficult. 

The first type of noise is called "electronic" noise for the 

purpose of this disclosure. The electronic noise is 

predominantly caused by shot noise and thermal noise from 

10 . the detector together with EMI from motor assemblies and 
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other components in and near the Dynamic Flying Height 

Tester. The electronic noise tends to be symmetric, i.e. 

the noise will tend to increase and decrease the voltage 

signals in nearly equal amounts such that a time average of 

a noisy DC signal from the detector will tend to eliminate 

the electronic noise. 

The second type of "noise" present in the calibration 

signal is called "vibration" noise for the purpose of this 

disclosure. Vibration noise is not actually noise but is a 

relatively high-frequency variation in the intensi~y that is 

caused by slider vibration during calibration. Since the 

interferometric intensity is a function of flying height, 

variations in flying height cause variations in 

interferometric intensity which appear as a type of "noise" 

in the calibration data. Near the maximum and minimum 

interferometric intensity, the vibration noise has a 

characteristic very different from the electronic noise. 

The vibration noise is not symmetric. The asymmetry in the 

vibration noise is a result of the non-linear relationship 

between intensity and spacing. Small perturbations from a 

spacing that produces a maximum intensity always decrease 

the intensity. I.e., at the maximum intensity, both an 

increase and a decrease in spacing will cause a reduction in 

interferometric intensity. Therefore, a time average of a 

noisy DC signal of maximum intensity from the detector will 

tend to be low due to vibration noise. Similarly, a time 

average of a minimum intensity signal will tend to be high 

due to vibration noise. The amount that the signals are low 

. ... 
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and high is a function of the slider vibration during 

calibration. Sliders that are perfectly stable experience 

no vibration noise and. sliders that are unstable experience 

significant vibration noise. 

Due to the vibration noise, typical peak detection 

techniques that use some type of low-pass filtering to 

reduce electronic noise do not work satisfactorily. The 

problem is that the low pass filtering causes the maximum 

intensity to be reduced due to the non-symmetric vibration 

noise. Due to the low-pass filtering of vibration noise, 

sliders that vibrate at different amplitudes can have 

significantly different measurements of maximum and minimum 

interferometric intensity even though the actual maximum and 

minimum intensity is identical. 

In order to reduce electronic noise by averaging 

without significantly altering the maximum and minimum 

intensity due to vibration noise, the following iterative 

technique was developed. 

Step 1. 

Step 2. 

Step 3. 

At a relatively high data rate, make many 

measurements of interferometric intensity for 

three colors while altering the spacing such that 

all three colors substantially go through a 

maximum and minimum of interferometric intensity 

(i.e., collect the calibration data for all three 

colors) . 

Use any method to initially estimate the maximum 

and minimum interferometric intensity for each 

color. One such method to determine an initial 

estimate of the maximum and minimum intensities is 

to search the digitized data acquired in Step 1 

for the highest and lowest measurement point for 

- each color and use these values as the initial 

estimates for the maximum and minimum 

interferometric intensities for each color, 

respectively. 

Calculate the spacing for each measurement point 

made during Step 1 us· ,_£-iiR~~:i?AE!EN stimate 
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Step 6. 

Step 7. 
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(Step 2 . ) or the updated maximum and minimum 

intensity for each color (Step 6) . 

For all intensity values in the calibration 

measurement close to (i.e. within a threshold 

value of) the maximum, calculate a new maximum 

using equation (9). 

For all intensity values in the calibration 

measurement close to {i.e. within a threshold 

value of) the minimum, calculate a new minimum 

using equation (10). 

Determine the new maximum and minimum intensity by 

averaging all the calculated maximum and minimum 

values from Steps 4 and s. 
Check convergence of the maximum and minimum 

intensity for each color by comparing the new 

maximum and minimum for each color to the previous 

maximum and minimum for each color. If· the 

maximum and minimum have converged, stop. If they 

have not, go back to Step 3. 

IMAX.NEW = IMIN + 
(l + IMEAS) 

{IMAX _. IMIN) 
{l + ITHRY) 

(9) 

IMIN,NEW = IMAX -
(l - IMEAS) 

(IMAX - IMIN) 
{1 - ITHRY> 

(10) 

The symbols IMAX.NEW and IMxN,NEW are the updated values for 

maximum and minimum interferometric intensity, IMAX and IMw 

are the previously existing values for maximum and minimum 

interferometric intensity, IMEAs is the intensity measured at 

that calibration point, normalized to -1 and +1 which 

correspond to IMIN and IMAX, and ITHRY is the theoretical 

intensity for the spacing at that point, normalized to· a 

scale of -1 to +1. 
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One important aspect of this iterative method is that 

the intensity points at and close to the extrema during 

calibration are used to help calculate the extrema using the 

additional information that the spacing is approximately 

5 known at each point. For each iteration, the spacing is 

calculated based on the previous values of maximum and 

minimum fringe intensity for each. color·. Based upon the 

spacing calculations, an intelligent recalculation of 

maximum and minimum intensity is made so as to average out 

10 electronic noise and not alter the maximum and minimum 

values due to simple averaging of the vibration noise. 
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METHOD INCLUDING A DECAY TERM IN EQUATION ( 1) 

While Equation (1) is periodic, in practice, the peaks 

may tend to become lower and the valleys may tend to become 

higher as the spacing increases due to loss of coherence of 

the illumination and/or a reduction in the measured 

intensity of reflection off the slider caused by the angular 

changes in the slider position relati"(e to the incoming 

light. The decay of amplitude of the intensity function can 

be .compensated for by adding a decay term to Equation 1. 

With a decay term in Equation l, it is important to know 

which peak or valley was measured during calibration since 

different peaks and valleys would be at different heights. 

Since the purpose of this machine .is to measur~ spacing, it 

is not difficult to determine which peak is measured since 

the peak position is directly related to spacing. 

Therefore, this calibration process can be used even when 

there is a decay term in the spacing/intensity relationship. 

The details of this disclosure neglect the decay term in the 

intensity vs. spacing relationship. 

equation (1) with a decay term is: 

One such example of 

Iouc = ( r 2 
+ s 2 

+ 2rscoso )<a:6) 
I1n 1 + r 2 s 2 + 2 rscoso 

( l' ) 

where a is in the range of from 0.0 to 1.0. Smaller values 

of a give higher decay rates, i.e., I0uJI 1n gets smaller for 

.... 
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higher values of 6. More complicated decay terms which also 

control the shape of the decay may be used. 

ANALYTIC METHOD. TO DETERMINE FRINGE ORDER AND 
CALCULATE SPACING WITHOUT USING ·A LooK Up TABLE 

An alternative to the lookup· table approach for 

calculating spacing and determining fringe order is 

described in the fallowing paragraphs. The maximum and 

minimum values of intensity measured during calibration are 

used in order to scale the measured value of intensity into 

units consistent with I~e/I~ as used in Equation (1) . 

where 

IHBAS 

(IMEAs - ICALHIN) 

{I CALMAX - I CAI.HIN} 

(11) 

= The intensity measured for which the spacing is 

desired; 

ICAIHIN = The minimum intensity measured during calibration, 

i.e. ICALMIN = I MIN, NEW as determined from equation 

{10) upon completion of the iteration; 

ICALMAX = The maximum intensity measured during calibration, 

i.e. ICALMAX = IMAX.NEW as determined from equation (9) 

upon completion of the iteration; 

ITHRmm = The minimum intensity based on Equation (1) and 

the measured values of r and s; 

ITHRYMAX = The maximum intensity based on Equation· (1) and 

the measured values of r and s; 

with 

ITHRYMAX = 

ITHRYMIN = 

r 2 + s 2 + 2rs 
1 + r 2 s 2 + 2rs 

r 2 + s 2 
- 2 rs 

1 + r 2 s 2 - 2 rs 

(12) 

THIS SHEET HAS mtm) 
REPLALLD. 



5 

10 

15 

20 

-42-

Solving Equation (1) for 6 yields 

z2 + 
8

2 _ _ I_ou_t _ z2
8

2 Iout 

o = cos-1 ------X""'1n~ ____ I_1n_ 

2rs ( ~:t -1) 

(14) 

Considering a single color measurement, the 6 

determined by Equation {14) is inserted into Equation (5) 

which can be solved for spacing yielding 

Hi I - & + i1t A. = 
41tn 

and 

Hi+1 
y + 0 + i1t A. = 

41tn 

(15) 

for 

i· = 0,2,4,6 ... 

Based on a single color measurement, there is no unique 

solution for the spacing H as shown by Equation_ (15). In 

order to determine a unique solution for the spacing, two or 

more different wavelengths are processed simultaneously. 

Considering the case of three different wavelengths, a 

maximum and minimum calibration intensity is determined for 

each color by measuring the intensity while varying the 

spacing over a range that produces a maximum and minimum in 

interferometric intensity for all three wavelengths. Once 

the calibration values for all three colors are known, the 

intensity is measured to determine the spacing. Using the 

three values of measured intensity tog_ether with the three 

maximum and minimum calibration values, Equations (11) 

{ 15) are used to determine a table of possible flying 

heights (spacings) based on the order i and the wavelength. 

.... 
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Table 2: Spacing for three different colors at different 

fringe orders i. 

i Hi H2 H3 

0 41 60 89 

1 159 191. 177 

2 259 333 379 

3 377 464 467 

4 477 605 669 

5 595 737 757 

6 695 879 959 

7 813 1010 1047 

Note that when implementing equations {11) - (15) for 

the three different colors, different values are used for n 
and k for each of the colors with the result that each color 

will generally have different values for r, s, ~, and of 

course A. 
The spacing values in Table 2 are searched to determine 

one or more consistent flying heights. The flying.heights 

for each of the three colors are generally not identical due 

to system imperfections and electronic noise. For this 

particular set of values, a consistent spacing occurs at 

H1 =4 77, H2 =464, and H3 =467. The average val~~ of these 

spacir..gs is 4 70 and the standard deviation·· is 5. 9. Another 

possible set of consistent values occurs at H1=159, H2=191, 

and H3=177. The average of these measurements is 175 and 

the standard deviation is 13 . 5 . Since in this case the 

standard deviation of the measurement at 470 is 

significantly smaller than the measurement at 177, the 

30 correct flying height (spacing) is 470. Instead of a simple 

average of the three flying heights, the flying height may 

a1-;:;o be determined using a weighted average of the f~ying 

heights where the weight is based on the intensity signal­

to-noise ratio of each color channel. Furthermore, the 

35 weight values may be dependent upon spacing because at 

different spacing values, the intensity vs. spacing curve 

has different slopes which af feet the s signal to 
THlS SHEET HAS BEEN 
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noise ratio. For example, near the minimum and maximum 

values of intensity, a small change in intensity results in 

a relatively large change in spacing. Therefore, where the 

intensity is near a maximum or minimum, the weighting may be 

selected to be lower than when the intensity is not near a 

maximum or minimum. 

While in this case, one spacing value (470) was 

obviously better than the next best match (177), some flying 

heights have ambiguities where it is not possible to select 

one flying height simply based upon the agreement between 

the colors. The ambiguity exits because the three spacing 

vs. intensity curves are periodic and significantly 

different flying heights exist where the intensity of each 

of the three colors are nearly identical. When such 

situations occur, the spacing is altered in some manner such 

as changing the disk rpm in order to alter the spacing away 

from the ambiguous flying height. Once the flying height is 

determined in the altered situation, the intensities are 

repeatably measured at ·a high data rate while the di.sk rpm 

is brought back to the desired value. The set of points 

acquired are analyzed in sequence where each point is 

assumed to be within some range of the previous point. 

Using this method, the flying height is determined at the 

ambiguous flying height by perturbing the flying· height to 

an unambiguous position then following the flying height 

back to the position of interest. 

ROTARY LoAD /UNLOAD 

In order to calibrate, the spacing between the slider 

and the disk must be altered in some manner. For this 

purpose, a rotary load/unload scheme is utilized. As shown 

in Figure Ba, the slider 12 and spring 13 assembly is 

mounted on an arm 17 that is attached to a rotating spindle 

7. The axis of rotation of 17 is aligned to be 

_substantially in line with the flexure point on the spring 

13 which is shown within the small circle, CR, in Figure Be. 

By pivoting the mounted portion of the spring 13, the spring 

force which holds slider 12 against the disk 10 is reduced 

THIS SHEET HAS BEEN 
REPLACED 
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in a controlled manner. For the purpose of calibration as 

described herein, a partial unload is used where arm 17 

pivots only enough to reduce the loading force on slider 12 

such that the air bearing developed between the disk 10 and 

the slider 12 causes the spacing to increase as needed for 

calibration purposes. Alternatively, the calibration may .... ··· 

also be performed by increasing the loading force on slider 

12 such that the air bearing developed between the disk 10 

and the slider 12 causes the spacing to decrease as needed 

for calibration purposes. 

In addition to calibration, the rotary unloader is also 

useful for loading and unloading spring/slider assemblies 

from the rotating disk. Other machines that load and unload 

spring/slider assemblies from rotating disks for testing 

purposes typically utilize a blade or wire that physically 

pushes the spring away from the disk surface. However, due 

to the on-going miniaturization of hard disk drives and 

components, the space between the spring 13 and the disk 10 

has reduced to the point where it is very difficult to keep 

20 the mechanisms that protrude between the spring and slider 

from either damaging the rotating disk or touching and/or 

disturbing the spri?-g assembly. Therefore, the rotary 

unload technique described herein provides an advantage over 

other technologies for loading and unloading spring/slider 

25 assemblies from rotating disks. This load/unload concept 

may be applied not only to the Dynamic Flying Height Tester, 

but also to any other piece of test equipment that requires 

spring/slider assemblies to be loaded and unloaded from 

rotating disks. The rotary load/unload technique may be 

30 

35 

applied to electrical testers, drag testers, start/ stop 

testers and any other kind of equipment or machinery that 

requires the slider to be unloaded in a precise and 

carefully controlled manner from a rotating or stationary 

disk surface. 

CONTINUOUS MEASUREMENT APPLICATION 

The high-speed data acquisition capabilities of the 

Dynamic Flying Height Tester al to be used for 
THIS SHEET HAS BEEN 

REPLACED 



-46-

complete characterization of the slider flying position over 

all the different positions on the disk it assumes. Figure 

12 illustrates a typical rotary actuator as used on a hard 

.disk drive for computer applications. The slider 12 and 

5 spring 13 assembly is mounted on the rotary arm 301 that 
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pi vats about point 3 03. In order to read the magnetic 

information that is encoded on different tracks which are 

located on different radii on the disk, the rotary actuator 

moves to position the spring/slider assembly at the proper 

position on the disk. As the slider moves from the inner 

track 305 to the outer track 307, the disk surface speed 

relative to the slider changes. In addition, the slider 

angle (skew angle) relative to a radial line around the disk 

changes. Since the slider must operate under a range of 

disk radii and skew angles, it is useful to be able to 

characterize the slider throughout the range of operational 

skew and radius positions: Figure 13 shows flying height 

measurements that were made on the Dynamic Flying Height 

Tester while moving the disk in an arc motion which is 

geometrically ~quivalent to the range of radius and skew 

that the slider experiences due to the rotary actuator 

mechanics of a typical disk drive as shown in Figure 12. 

While continuously moving over the range of radius and skew, 

over 1000 measurements of flying height were made at the 

four corner positions of the slider. Typical· data taken 

during such a continuous scan are presented in Figure 13. 

Line 401 indicates the flying height or spacing between the 

leading outer corner of the slider 12A and the disk. Line 

403 indicates the flying height at the leading inner corner 

12B of the slider. Line 405 indicates the flying height at 

the outer trailing edge 12C of the slider and line 407 

indicates the flying height at the inner trailing edge 120 

of the slider .. In addition to the raw data of flying-height 

at the corners, the pitch and roll of the slider is also 

plotted. Line 409 shows the pitch which was calculated by 

subtracting the average trailing edge £lying height from the 

average leading edge trailing height. Line 411 shows the 

roll which was calculated by taking the difference between 

.. 
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the inner and outer trailing edge flying heights. The high 

speed capability of the Dynamic Flying Height Tester allows 

it to quickly measure a large number of data points in a. 

continuous mode that characterizes the range of slider radii 

and skew positions. 

Both the Dynamic Flying Height Tester and the ... ·· 

Interferometric Micro-hardness Tester illustrate ways that 

the Method to Calibrate Intensity for Interferometric 

Measurement of Small Spacing can be used. The feasibility 

of the measurement has been demonstrated by the measurements 

of flying height illustrated herein. It will be understood 

that the apparatus and method of the present invention to 

calibrate intensity and determine fringe order for 

interferometric measurement of small spacings may be 

employed with many types of devices including flying height 

testers. Thus, there are numerous other embodiments of the 

invention which will be obvious to one skilled in the art, 

including but not limited to hardness testers, electrical 

testers, drag testers, start/stop testers and any other kind 

of equipment or machinery that requires the slider to be 

unloaded in a precise and carefully controlled manner from 

a rotating or stationary disk surface. The apparatus and 

method of the present invention may be embodied in other 

specific forms without departing form its .spirit or 

essential characteristics. The described embodiments are to 

be considered in all respects only as illustrative and not 

restrictive. The scope of the invention is, therefore, 

indicated by the appended claims rather than by the 

foregoing description. All changes which come within the 

meaning and range of equivalency of the claims are to be 

embraced within their scope. 
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WE CLAIM: 

1. A method of determining the maximum and minimum 

interferometric intensities for a first interference 

calibration signal at a first wavelength and a second 

interference calibration signal at a second wavelength, said 

first and second interference calibration signals produced 

by a spacing, said method comprising the steps of: 

(a) acquiring multiple measurements of each of said 

first and second interference calibration signals while 

altering the spacing such that each of said first and 

second interference calibration signals goes through a 

maximum and a minimum of interferometric intensity; 

(b} estimating an initial maximum and minimum 

interferometric intensity for each of said first and 

second interference calibration signals; 

(c) calculating the spacing for each of said multiple 

measurements using said initial maximum and minimum 

estimates; 

(d) calculating a new maximum for a plurality of said 

multiple measurements of said interferometric intensity 

within a threshold value of said initial maximum for 

each of said first and second interference calibratidn 

signals in accordance with the expression: 

IMAX.NEW = IHIN + 
(1 + IMEAS) 
___ .-...-,.;;;..__ (IMAX - IHIN) 
(1 + ITHRY) 

where IMAX.NEW is. 

interferometric 

the updated value for the maximum 

intensity, 

previously existing values 

IMAX and IMxN are the 

for maximum and minimum 

interferometric intensity, IHEAS is the intensity 

measured at that calibration point, normalized to -1 

and +l which correspond to IMIN and IMAX, and ImRY is the 
-

theoretical intensity for the spacing-at that point, 

normalized to a -scale of -1 to +l; 

(e) calculating a new minimum for a plurality of said 

multiple measurements of said interferometric intensity 

within.._a. t=hres.bo.ld_-u.=1...1.L0.. of said initial minimum for 

THIS SHEET HAS BEEN 
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* C L M S * 

each of said first and second interference calibration 

signals in accordance with the expression: 

(l - :z=;;;:;> {I I ) 
IMIN,NBW = IMAX - ( -) HAX - MIN 

1 - ITHR.Y 

where IHIN,NBN is the updated value for the minimum ... 

interferometric intensity, ·zHAX and IMzN are the 

previously existing values for maximum and minimum 

interferometric intensity, IHBAS is the intensity 

m~asured at that calibration point, normalized to -1 

a:i;id +l which correspond to IMIN and IHAX, and ITHRr is the 

theoretical intensity for the spacing at that point, 

normalized to a scale of -1 to +l; 

(f) averaging said new minima for said plurality. of 

said multiple measurements of said interferometric 

intensity within a threshold value of said initial 

minimum and said new maxima for said plurality of said 

multiple measurements of said interferometric intensity 

within a threshold value of said initial maximum to 

determine a new average maximum and a new average 

minimum intensity;· and 

(g} comparing said new average maximum and new average 

minimum with said initial maximum and initial minimum 

f o~ each of said first and second interference 

calibration signals. 

2. A method as defined in Claim 1 further comprising 

the step of: {h) checking for convergence of said new 

average maximum and said new average minimum with said 

initial maximum and said initial minimum for each of said 

first and second interference calibration signals. 

3. A method as defined in Claim 2 further comprising 

the step of: (i) repeating steps (c) through (h) if the test 

for convergence in step (h) is negative using said new 

average maximum and said new average minimum in place of 

said initial maximum and said initial minimum. 
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4. A method as defined in Claim l further comprising 

the step of determining said initial maximum and said 

initial minimum intensities by searching said multiple 

measurements acquired in step (a} for the highest and lowest 

measurement points for each of said first and second 

wavelengths and using these values as said initial estimates 

for said maximum and minimum interf erometri'c intensities for 

each of said first and second wavelengths, respectively. 

5 . An interferometric method for measuring the 

dimension of a small spacing comprising: 

directing light having a plurality of wavelengths 

across said small spacing; 

detecting interference signals generated by 

reflection of said light from said spacing; 

separating each of said interference signals 

according to its wavelength; 

measuring and recording the interference signal 

intensity at two or more of said plurality of 

wavelengths for a range of spacing by altering said 

spacing over a range which produqes a maximum and a 

minimum in intensity for each of said plurality of 

wavelengths; 

measuring and recording the interference signal 

intensity produced by said spacing for ~ach of said 

plurality of wavelengths; 

constructing a table having multiple periodic 

spacing dimensions for each of said plurality of 

wavelengths, wherein each of said multiple periodic 

spacing dimensions corresponds to said measured and 

recorded interference signal intensity for each of said 

plurality of wavelengths, respectively; and 

comparing said multiple periodic spacing 

dimensions for one of said plurality of wavelengths 

with said multiple periodic spacing dimensions for the 

remaining of said plurality of wavelengths to determine 

the correct spacing dimension. 

THIS SHl-t; ,.. . . 
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6. An interferometric apparatus for measuring the 

2 dimensions of a small spacing, said apparatus comprising: 

a light source for producing light having a first 

4 wavelength and a second wavelength; 

optics for directing said first and second 

6 wavelengths of light to a spacing having a separation.,· 

distance, said spacing defined by first and second 

s boundaries, such that light reflected from said first 

and second boundaries produces a firs.t wavelength 

10 interference signal and a second wavelength 

interference signal, said first and second wavelength 

12 interference signals having characteristics determined 

by said separation distance; 

14 

16 

18 

20 

22 

24 

26 

28 

30 

32 

34 

36 

38 

a detector for measuring the intensities of said 

first and second wavelength interference signals; 

a calibration controller for changing said 

separation distance while acquiring first and second 

calibration fringe patterns corresponding to said first 

and second wavelengths; and 

a processor for analyzing said measured 

intensities of said first and second wavelength 

interference signals corresponding to said separation 

distance and deriving therefrom said separation 

distance, said processor further comprising: 

a table having multiple periodic spacing 

dimensions for each of said measured intensities 

of said first and second wavelength interference 

signals, wherein each of said multiple periodic 

spacing dimensions for said first wavelength 

corresponds to said measured intensity of said 

first wavelength interference signal and each of 

said multiple periodic spacing dimensions for said 

second wavelength corresponds to said measured 

intensity of said second wavelength interference 

signal; and 

a comparator which compares said table 

entries for said multiple periodic spacing 

dimensions for said first wavelength with wd _ .. ---
_T_H_J_S_S_H_E-=E:T HAS BEEN 

REPLACED 
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table entries for multiple periodic spacing 

dimensions for ~aid second wavelength to determine 

the correct spacing dimension. 
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ABSTRACT 

METHOD AND APPARATUS TO CALIBRATE INTENSITY AND 
DETERMINE FRINGE ORDER FOR INTERFEROMETRIC 

MEASUREMENT OF SMALL SPACINGS 

The apparatus and method for measuring a small spacing 
down to contact uses an interferometric fringe intens:i._ty 
calibration to calibrate maximum and minimum intensity of 
two or more monochromatic or quasi-monochromatic 
interference patterns caused by a spacing between two '' 
articles, one of which is transparent. The intensity 
calibration is done by measuring maximum and minimum fringe 
intensity of each color while altering the spacing by at 
least ~ of the wavelength of the light or other 
electromagnetic radiation being used. The calibration by 
changing spacing allows the fringe order to be calculated 
for each wavelength of the radiation being used. This 
calibration procedure allows the maximum and minimum 
intensity of the radiation to be known, as well as the 
fringe order of the interference patterns to be calculated. 
With the maximum and minimum intensities and the fringe 
orders known, the spacing is readily calculated from 
interferometric theory. 
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" 

l. A method for measuring the dimension of a small 
spacing comprising: 

(a) directing light having a plurality of wavelengths 
across a small spacing; 

..!£!. de~~cting interference signals generated by 
reflection of said light from said.small spacing; 
(c) measuring and recording a fiJ::st wavelength 
interference signal for a first waveiength of said 
plurality of wavelengths and a second wavelength . . 
interference signal for a second wavelength of said 
plurality of wavelengths for a range· of dimensions by 
altering said small spacing over a range which produces 
a maximum and a minimum in intensity for each of said 
first and second wavelength interference signals; 
(d) estimating an -initial maximum interferometric 

fizitensity and an initial minimum interferometric 
' . 

•; intensity for each of said first and second wavelength 
! interference signals; 
; 

(e) calculating a spacing which corresponds to each of ·-multiple meas~rement _points on said first and second 
wavelength interference signals using said initial 
maximum and minimum interferometric intensity , 
estimates; 

(f} calculating a plurality of new maximum -interferometric intensities for ·a plurality of said 
multiple measurement points on said first and second 
~avelength interference signals which are within a 
threshold value of said initial maximum interferometric 
intensity for each of said first and second wavelength 
interference signals in accordance with the expression: 

IMAX.NEW = IMIN + 

where IHAX.NEW is said new maximum interferometric 
intensity, IHAX and ItaN are said initial maximum and 
minimum interferometric intensities, IttAx.nsAs is an 
interferometric intensity measured at one of said 

... 
... 
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plm;ality of multiple measurement points within ~.~.~d 
threshold value of said initial maximum ·interferometric 
intensity, normalized to -1 and +l which correspond to 
IHIN and· . INAX, and IHAx. TH.R r . is ~ theoretical 
interferometric intensity for a spacing corresponding - .. to said one of said pluralitY of said multiple 
measurement points within said threshold value of said ~ 

initial maximum interferometric intensity, normalized 
to a scale of -1 to +l; 

~ calculating a plurality of new minimum 
interferometric intensities for a plurality of said 
multiple measurement points on said first and second 
wavelength interference signals which are within a 
threshold value of said initial minimum interferometric 
intensity for each of said first and second wavelength . . .. 
interference signals in accordance with the expression: 

I = I - (1 - IHIN,HEAS) (I - I ) 
HIN,NEff HAX ( l _ I ) HAX HIN 

HIN,THRY 

where IHIN.NEW is said new minimum interfe+:"ometric 
intensity, IMAX and IHIN are said initial maximum and 
minimum interferometric intensit~, InrN.H£As is!!!_ 
interferometric intensity measured at one of said 
plu~ality of multiple measurement points within said 
threshold value of said initial minimum inte~ferometric 
intensity, normalized to -1 and +l which correspond to 
ImN and IMAX, and I Hz N. r HR r is ..!.. theoretical 
interferometric intensity for a spacing corresponding -to said one of said plurality of said multiple 
measurement points within said threshold value of said 
initial minimum interferometric intensity, normalized 
to a scale of -1 to +l; 

(h) averaging said _ plurality of new minimum-
===--

interferometric intensities for said-plurality of· said 
multiple measurements of said interferometric intensity 
within said threshold value of said initial minimum 
interferometric intensity and averaging said plurality 
of new maximum interferometric intensities for said -

THIS SHEET HAS BEEN 
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70 plurality- of said multiple 

interferometric intensity within , ue 

72 of said initial maximum interf-erometric intens'ify· to 

determine a new average maximum interferometric 
-

74 intensity and a new average minimum interferometric 

intensity, respectively; and 
. . ... 

76 {i) comparing said new average maximum interferometric' 

intensity and said new average minimum interferometric 

78 intensity with said initial ·maximum interferometric 

intensity and said initial minimum interferometric 

so intensity, respectiyely, for each of said first and 

second wavelength interference signals. 

2. A method as defined in Claim 1 further comprising 

2 the step of: ( j) checking for convergence of said new 

average maximum interferometric intensity and said new 

4 average minimum interferometric intensity with said initial 

maximum interferometric intensity and said initial minimum 

6 interferometric intensity for each of said first and second 

wavelength interference signals. 

2 

4 

6 

2 

4 

3. A method as defined in Claim 2 further comprising 

the step of: (k) repeating steps (e) through (j) if the test 
..__. ·, ...- -

for convergence in step ( j ) is negative using said new 

average maximum interferometric intensity and· said new 

average minimum interfer_om~tric i_ntensity in place of said 

initial maximum interferometric intensity and said initial 

minimum interferometric intensity. 

4. A method as defined in Claim l further comprising 

the step of determining said initial maximum interferometric 

intensity and said initial minimum interferometric intensity . . --
by searching said multiple measurement points acquired i~ 

.step (e) for a highest and a lowest measurement point for - - -
6 each of said first and second wavelength interference 

8 

signals and using said highest and lowest measurement point 

values as said initial estimates for said maximum and 
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minimum interferometric intensities 

and second wavelengths, respectively 

-------:---·· 5 . An interferometric method · --eor measuring the 

dimension of a small spacing comprising: 

directing light having a plurality of wavelengths .. .. 
across said small spacing; 

detecting interference signals generated by 

reflection of said light from said spacing; 

separating each of ·said interference signals 

according to its wavelength; . 

measuring and recording the interference signal 

intensity at two or more of sai~ plurality of 

wavelengths for a range of spacing by altering said 

spacing over a range which produces a maximum and a 

minimum in intensity for each of said plurality of 

wavelengths; 

measuring and recording the interference signal 

intensity produced by said spacing for each of said 

plurality of wavelengths; 

cons.tructing a table having multiple periodic 

spacing dimensions for each of said plurality of 

wavelengths, wherein each of said multiple periodic 

spacing dimensions corresponds to said measured and 

recorded interference signal intensity for ~ach of said 

plurality of wavelengths, respectively; .and 

comparing said multiple periodic spacing 

dimensions for one of said plurality of wavelengths 

with said multiple periodic spacing dimensions for the 

remaining of said plurality of wavelengths to determine 

the correct spacing dimension. 

6 . An interferometric apparatus for measuring the 

dimensions of a s~all spacing, said apparatus comprising: 

a light source for producing light having a first 

wavelength and a second wavelength; 

optics for directing said first and second 

wavelengths of light to a spacing having a separation 

-·--·------. 
THIS SHEET HAS BEEN 
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'1 

distance, said spacing defined\ 
boundaries, such that light ref]~~;.,;;;;:;.=-=~ 

and second boundaries produces a first 
interference signal and a second 
interference signal, said first and second 

wavel.ength 

wavelength 

wavelength 
interference signals having characteris~ics determined .. ·· 
by said separation distance; 

a detector for measuring the intensities of said 
first and second wavelength interference signals; 

a calibration controller for changing said 
separation distance while acquiring first and second 
calibration fringe patterns corresponding to said first 
and second wavelengths; and 

a processor for analyzing said measured 
intensities of said first and second wavelength 
interference signals corresponding to said separation 
distance and deriving therefrom said separation 
distance, said processor further comprising: 

a table having multiple periodic spacing 
dimensions for each of said measured intensities 
of said first and second wavel~ngth interference 
signals, wherein each of said multiple periodic 
spacing dimensions for said first wavelength 
corresponds to said measured intensity of said 
first wavelength interference signal· and each of 
said multiple periodic spacing dimensions for said 
second wavelength corresponds to said measured 
intensity of said second wavelength interference _ 
signal; and 

a comparator which compares said table 
entries for said multiple periodic spacing 
dimensions for said first wavelength with said 
table entries for multiple periodic spacing 

- dimensions for said second-wavelength to determine 
the correct spacing dimension. 
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dim ~-sion of a .;mall I 7. A method for measuring the 
spacing comprising: 

{a) directing light having a plurality of wavelengths 
across a small spacing; 
(b) detecting interference signals generated by 
reflection of said light from said small spacing; 
(c) measuring and recording a first wavelength 
interference signal for a first wavelength of said 
plurality of wavelengths and a second wavelength 
interference signal for a second wavelength of saiq 
p~urality of wavelengths for a range of dimensions by 
altering said small spacing over a range which produces 
a maximum and a minimum in intensity f?r each of said 
first and second wavelength interference signals; 
(d) estimating an initial maximum interferometric 
intensity and an . initial minimum interferometric 
intensity for each of said first and second wavelength 
interference signals; 

(e) estimating an initial 
corresponds to each of 

spacing value 

said initial 

which 

maximum 
interferometric intensity and said initial minimum 
interferometric intensity for each of said first and 
second wavelength interference signals; 
(f) calculating a new maximum interferometric 
intensity and a new minimum interferometric intensity 
for each of said first and second wavelength 
interference signals using said estimates of said 
initial spacing values which correspond to each of said 
initial maximum interferometric intensity and said 
initial minimum interferometric intensity for each of 
said first and second wavelength interference signals; 
and 

(g} comparing said new maximum interferometric 
intensity and said new minimum interferometric 
intensity with said initial maximum interferometric 
intensity and said initial minimum interferometric 
intensity, respectively, for each of said first and 
second wavelength interference signals. 
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8. A method as defined in Claim 
2 the step of: (h) checking for convergeaee ef said n · \'.' 

maximum interferometric intensity and said new minimurr 
4 

6 

interferometric intensity . with said initial maximurr: -
interferometric intensity and said initial minimurr 
interferometric intensity for each of said first and seconc 
wavelength interference signals. 

9. A method as defined in Claim 8 further comprising 
2 the step of: Ci) repeating steps {e) through (h) if the test 

for convergence in step cµ> is negative using said new 
4 average maximum interferometric intensity and said new 

average minimum interferometric intensity in place of said 
6 initial maximum interferometric intensity and said initial 

minimum interferometric intensity. 

10. A method as defined in Claim 7 further comprisins 
2 the step of determining said initial maximum interferometric 

intensity and said · initial minimum interferometric 
4 intensities by searching said first and second wavelength 

ihterf erence signals for a highest and a lowest measurement 
6 point value and using said highest and lowest measurement 

point values as said initial estimates for said maximum and 
8 minimum interferometric intensities for each of said first 

and second wavelengths, respectively. 

... 
·-. 
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ABSTRACT 

METHOD AND APPARATUS TO CALIBRATE INTENSITY AND 
DETERMINE FRINGE ORDER FOR INTERFEROMETRIC 

MEASUREMENT OF SMALL SPACINGS 

The apparatus and method for measuring a small spacing 
down to contact uses an interferometric fringe intens.\_ty 

calibration to calibrate maximum and minimum intensity of 

two or. more monochromatic or quasi-monochromatic 

interference patterns caused by a spacing between two , .... 

articles, one of which is transparent. The intensity 

calibration is done by measuring maximum and minimum fringe 

intensity of each color while altering the spacing by at 

least ~ of the wavelength of the light or other 

electromagnetic radiation being used. The calibration by 

changing spacing allows the fringe order to be calculated 

for each wavelength of the radiation being used. This 

calibration procedure allows the maximum and minimum 

intensity of the radiation to be known, as well as the 

fringe order of the interference patterns to be calculated. 

With the maximum and minimum intensities and the fringe 

orders known, the spacing is·· readily calculated from 

interferometric theory. 

Figure 1 
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load between the probe and the surface whi~..;..J~e-..p;iCQ.Jo.e.---'l· 

deforms the surface. 
A eighth embodiment is for a method for determining 

correct fringe order in an interferometric system for 

measurement of spacing between a transparent article and a 

reflective surface, the method which ~omprises: selecting a 

light source for emitting light at a plurality of 

wavelengths; detecting interference fringes generated within 

the interferometric system by reflection from the spacing; 

separating each of the interference fringes according to its 

wavelength; generating a theoretical plot of normalized 

intensity versus spacing for each of the wavelengths; and 

comparing a measured normalized intensity t'o the theoretical 

plot of normalized intensity while altering the spacing. 

A ninth embodiment of the invention is an 

interferometric apparatus for simultaneously measuring 

roughness and hardness of a first surface comprising: a 

light source for producing light having a first wavelength 

and a second wavelength; a measuring probe positioned 

proximate to the first surface, the measuring probe having 

a s~rface adjacent the first surface, the measuring probe 

surface and the -first surface defining a probe-to-surface 

spacing having a separation distance; optics for directing 

the first and second wavelengths of light to the probe-to­

surface spacing having the separation distance, such that 

light reflected from the first surface and the measuring 

probe surface. produces a first wavelength interference 

signal and a second wavelength inte·rference signal, the 

first and second wavelengt;h interferen~e signals having 

characteristics determined ·by.the probe-to-surface spacing 

separation distance; a detector for . measuring the 

intensities of the first and second wavelength interference 

signals; a calibration controller for changing the probe-to­

surface.' spacing sep~ration distance while acquiring first 

and second calibration fringe patterns corresponding to the 

first ~nd second wavelengths; a processor for analyzinc;l the 

measured intensities of the first arid second wavelength 

interference· signals and deriving therefrom the probe-to-

..• 
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(f) averaging the new minima for the plurality of the 

multiple measurements of the interferometric intensity 

within a threshold value of the initial minimum and the 

new maxima for the plurality of the multiple 

measurements of the interferometric intensity within a 

threshold value of the initial maximum to determine a 

new average maximum and a new average minimum 

intensity; and 

(g) comparing the new average maximum and new average 

minimum with the initial maximum and initial minimum 

for each of the first · and second interference 

.caiibration signals. 

This method may further comprise the step of: (h) checking 

for convergence of the new average maximum and the new 

average minimum with the initial maximum and the initial 

minimum for each of the first and second interference 

calibration signals. Additionally, the method may comprise 

the step of: (i) repeating steps (c) through (h). if the test 

for convergence in step (h) · is negative using the new 

average maximum and the new average minimum in place of the 

initial maximum ·and the initial minimum. Also,the method 

may comprise the step of determining the initial maximum and 

the initial minimum intensities by searching the multiple 

measurements acquired in step (a) for the highest .and lowest 

measurement points for each of the first and second 

wavelengths and using these values as the initial estimates 

for the maximum and minimum interferometric intensities for 

each of the first and second wavelengths, respectively. 

A fourteenth embodiment is for an interferometric 

method for measuring the dimension of a small spacing 

comprising: directing light having a plurality of 

wavelengths across the small spacing; detecting interference 

signals generated by reflection of the light from the 

spacing; separating each of the interference signals 

according to its wavelength; measuring and recording the 

interference signal intensity at two or more of the 

plurality of wavelengths for a range of spacing by altering 

the spacing over ·a range which produces a maximum and a 
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minimum in intensity for each of the plurality · of 

wavelengths; measuring and recording the interference signal 

intensity produced by the spacing for each 9f the plurality 

of wavelengths; constructing a table having multiple 

periodic spacing dimensions for each of the plurality of 

wavelengths, wherein each of the multiple periodic spacing 

dimensions corresponds to the measured and recorded 

interference signal intensity for each of the plurality of 

wavelengths, respectively; and comparing the multiple 

periodic spacing dimensions for one of the plurality of 

wavelengths with the multiple periodic spacing dimensions 

for the remaining of the plurality of wavelengths to 

determine the correct spacing dimension. 

A fifteenth embodiment is for an interferometric 

apparatus for measuring the dimensions of a small spacing, 

the apparatus comprising: a light source for producing light 

having a first wavelength and a second wavelength; optics 

for directing the first and second wavelengths of light to 

a spacing having a separation distance, the spacing defined 

by first and second boundaries, such that light reflected 

froqi the first · and second boundaries produces a first 

wavelength interference signal and a second wavelength 

interference signal, the first and second wavelength 

interference signals having characteristics determined by 

the separation distance; a detector for measuring the 

intensities of the first and second wavelength interference 

signals; a calibration controller for changing the 

.separation ,distance while acquiring first and second 

calibration fringe patterns corresponding to the first and 

second wavelengths; and a processor for analyzing the 

measured intensities of the first and second wavelength 

interference signals corresponding to the separation 

distance and deriving therefrom the separation distance, the 

processor further comp~ising: a table having multiple 

periodic spacing dimensions for each of the measured 

intensities of the first and second wavelength interference 

signals, wherein each of the multiple periodic spacing 

dimensions for the first wavelength corresponds to the 
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Figure 11 shows a schematic representation of a dynamic 

flying height tester including a reference level photo 

detector; 

Figure 12 illustrates the different geometries that the 

slider and disk take on at different disk radii when using 

a rotary actuator; and 

Figure 13 illustrates measuremeµts of slider/disk 

spacing, slider pitch and slider roll that were taken during 

a continuous slider/disk motion that is geometrically 

equivalent to the motion made d~ring rotary actuation of the 

slider. 

Detailed Description of the Pref erred Embodiments 

As illustrated in Figure 1, light source 2 is directed 

through microscope 3 which comprises condensing optics 4, 

beamsplitter 6 and objective 8. A portion of the incident 

light split by beamsplitter 6 is directed through glass disk 

10 and is internally reflected off the lower surface of the 

glass disk 10. Another portion of the light is reflected by 

slider 12. The reflected light is redirected through .the 

objective lens a:nd the beamsplitter 6 into detector assembly 

14. The recombinatio~ of the light reflected by the lower 

surface of the disk 1.0 and the surface of slider 12 results 

in the generation of interference fringes, with one 

interference fringe being generated for each individual 

wavelength of light which has been selected by filters 

within the assembly. A camera 18 sends a visual image of 

the fringe patterns to video monitor 22. The photodetectors 

within the detector assembly 14 convert the fringes' 

intensity into electrical signals which are then converted 

to digital data by A/D converter 24. The digital data are 

then processed at processor 26. 

Disk 10 is mounted on spindle 52 which is attached to 

a variable speed drive capable of achieving speeds in excess 

of 7200 rpm. In the first embodiment illustrated in Figure 

1, the disk 10 is transparent.glass or quartz. The slide~ 

12 is attached to rotary load/unload arm i 7, which is 

further illustrated in Figure Sa, by clamping suspension 13, 

... 

i 
i . 
i 

' 
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illustrated in Figure 7, onto the end of arm 17~t--~"l"7"i~'""'"~~~_, 
location. Rotary load/unload arm 17 is driven by rotary 
motor 7. Slider 12 is then positioned under the disk 10 so 
that light focused by_objective 8 passes through disk 10 to 
be reflected from slider 12 and from the bottom edge 51 of 
disk 10. 

In an alternate embodiment shown in Figure 6, the light 
source 2' and microscope assembly 3' are positioned relative 
to the arm and drive so that the slider 12' is between the 
microscope assembly 3' and disk 10' . Slider 12' is 
transparent, permitting glide height measurement of an 
actual magnetic disk 10'. Such a configuration provides 
measurement of disk surf ace roughness to identify disk 
asperities for mapping of asperity heights. 

Rotary load/unload a~ 17 pivots in such a manner that 
the slider 12 moves along a line following the light path 
exiting from objective 8 for at least part of the unload 
motion. This allows the light to be focused on the same 
spot on the slider 17 during the calibration procedure, 
which is described below. The purpose of this movement is 
to scan at least one fringe maximum and minimum for each 
color used by increasing the head/disk spacing. Only a 
small spacing change required, on the order of 0.25 µm, to 
measure a maximum and minimum intensity for each color 
fringe to enable ·calibration. The remainder of the 
load/unload motion is not critical to measurement functions. 

Figure 2 illustrates the elements of detector assembly 
14. A first beamsp~itter cube 30 reflects light -at 436 nm 
toward absorptive pinhole mirror 29 and 436 nm interference 
filter 31 to photodetector 32. Beamsplitter cube 30 is a 

. . 
dichroic·beamsplitter made from BK7. The entrance face has 
an anti-reflection coating. The interface is coated for 85-
95% reflectance at 435.~ nm and 85~95% transmittance at 546 
nm and 580 nm. The portion of light which passes through 
beamsplitter cube 30 passes through reflective pinhole 
mirror 33 to beamsplitter cube 34 which reflects light at 
546 nm toward 546 nm interference filter 35 and detector 36. 
Beamsplitter 34 is also dichroic and made from BK7. Its 

. ... 
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allowed by the wavelengths of light used for measurement, 

i.e., the limit should not exceed~ wavelength. 

In the preferred embodiment, the flying height tester 

measures at least 256 points per revolution. A typical test 

involves storage of data of intensity versus angle for two 

revolutions. Thus, at least 512 points are taken for each 

data set. The processor converts intensity versus 

revolution data into spacing versus revolution and provides 

an output display in either the form of a video monitor or . . 
a printou~. Since air bearing thickness is a function of 

disk speed, testing of the spacing between a given head and 

disk is '~refera:biy. performed at a number of dis"k rotational 

speeds. Figure 4 illustrates a series of plots of spacing 

versus angle for two revolutions. Figures 4a, b and c show 

plots at 3, 600 RPM, 900 RPM and 225 RPM, .respectively. 
'.· ..... 

Figure 4d is a plot of spacing versus disk· spe~d 

illustrating the principle of increased spacing ·with 

increased rotational speed. 

Figure 5 is a .plot of spacing versus time· to show. 

measurement by the system of dynamic variation of head/disk 

spacing after the head flies over a fla~ in the disk. 

Interferometric fringe intensity calibration is used to 

calibrate maximum and minimum intensity of light and dark 

interfero~etric fringes. The maximum and minitt\Utn fringe 

intensity is measured at one or more points on the 

interferometric image while altering.interferometric path 

length by at least ~ of the wavelength of the light being 

used to produce the .interferometric image. By comparison of 

interferometric intensity to the maximum and minimum 

intensity, it is possible to obtain spatial measurement with 

a resolution of a small fraction o·f the wavelength of light 

used. 

While a number of flying heig~t testers use 

interference to measure the spacing between the . head and 

media, the system of the present invention utilizes a unique 

calibration technique in which the head is unloaded in a 

controlled manner to increase the relative path lengths of 

the two light rays while monitoring and storing the 
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and high is a function of the slider vibration during 

calibration. Sliders that are perfectly stable experience 

no vibration noise and sliders that are unstable experience 

significant vibration noise. 
Due to the vibration noise, typical peak detection 

techniques that use some type of low-pass filtering to 

reduce electronic noise do not work satisfactorily. The 

problem is that the low pass filtering causes the maximum 

intensity to be reduced due to the non-symmetric vibration 

noise. Due to the low-pass filtering of vibration noise, 

sliders that vibrate at different amplitudes can have 

significantly different measurements of maximum and minimum 

inter£ erometric intensity even though the actual maximum and 

minimum intensity is identical. 

In order to reduce electronic noise by averaging 

without significantly altering the maximum and minimum 

intensity due to vibration noise, the following iterative 

technique was developed. 

Step 1. 

Step 2. 

Step J. 

At a relatively 

measurements of 

three colors while 

all three colors 

high data rate, make many 

interferometric intensity for 

altering the spacing such that 

substantially go through a 

maximum and· minimum of interferometric intensity 

{i.e., collect the calibration data for all three 

colors). 

Use any method to initially estimate the maximum 

and minimum interferometric intensity for each 

color. One such method to determine an initial 

estimate of the maximum and minimum intensities is 

to search "the digitized data acquired in Step 1 

for the highest and lowest measurement point for 

each color and use - these values as the initial 

estimates for the maximum and minimum 

interferometric intensities for each color, 

respectively. 

Calculate ·the spacing for each measurement point 

made during Step 1 using the initia·l estimate 

I 

I 
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higher values of 6. More complicated decay :terms which : .. 1;~-""'"'""" . 
control the shape of the decay may be used. 

ANALYTIC METHOD. TO DETERMINE FRINGE ORDER AND 
CALCOLATE SPACING WITHOUT USING·A LooK UP TABLE 

An alternative to the lookup table ·approach for 
calculating spacing and determining fringe order is 
described in the following paragraphs. The maximum and 
minimum values of intensity measured during calibration are 
used in 9rder to scale the measured value of intensity into 
units consistent with I0ur:/I1n as used in Equation (1) . · 

where 

Iouc = 
I1n 

(IHBAS - ICALHIN) 

(ICALHAX - ICALHIN) 
{I THRYHAX - I 71/RYHIN> + I THRYHIN 

(11) 

IHE:As = The intensity measured for which the spacing is 
desired; 

ICAU!zN = The minimum intensity measured during calibration, 
i.e. ICAIHIN = IHxN.NEli as determined from equation 
(10) upon completion of the iteration; 

ICAUIAX = The maximum intensity measured during calibration, 
i.e. ICAUWC = IHAX.NBH as determined from equation (9) 

upon completion of the iteration; 
I'l'HRmIN = The minimum intensity based on Equation (1) and 

the measured values of r and s; 

I'l'HR»wc = The maximum intensity based on Equation· (1) and 
the measured values of r and s; 

with 

ITHRYHAX = r 2 + s 2 + 2rs 
1 + r 2s 2 + 2 rs 

r 2 + s 2 - 2 rs 
ITHR'YHIN = 

1 + r 2s 2 - 2rs 

(12) 

(13) 
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Table 2: Spacing for. three different colors at"Ciitterent -·-·'. 

fringe orders i. 
J. Hi H2 H, 

0 41 60 89 

l 159 191 177 

2 259 333 379 

3 377 464 467 

4 477 605 669 

5 595 737 757 

6 695 879 959 

7 813 1010 1047 

Note that when implementing equations {11) - (15) for 

the three different colors, different values are used for n 
and k for each of the colors with the result that each color 

will generally have different values for r, s, y, and of 

course X. 

The spacing values in Table 2 are searched to determine 

one or more consistent flying heights. The flying.heights 

for each of the. three colors are generally not identi·cal due 

to system imperfections and electronic noise. For this 

particular set of values, a consistent spacing occurs at 

H1=477, H2=464, and H3=467. The average val~t:: of these 

spacings is 470 and the standard deviation is 5.9. Another 

possible set of consistent values occurs· at H1=159, H2=191, 

and H3=177. The average of these measurements is 175 and 

the standard deviation is 13 . 5. Since in this case the 

standard deviation of . the measurement at 4 70 is 

significantly smaller than the measurement at 177, the 

correct flying height (spacing) is 470. Instead of a simple 

average of the three flying heights, the flying height may 

a~~o be determi-ned usin~ a weighted average of the f ~ying 

heights where the weight is based on the intensity signal­

to-noise ratio of each color channel. Furthermore, the 

weight values may be dependent upon spacing because at 

different spacing values, the intensity vs. spacing curve 

has different slopes which affect the spacing signal to 
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noise ratio. For example, near the minimum and maximum 

values of intensity, a small change in intensity results in 

a relatively large change in spacing. Therefore, where the 

intensity is near a maximum or minimum, the weighting may be 

selected to be lower than when t~e intensity is not near a 

maximum or minimum. 

While in this case, one spacing value (470) was 

obviously better than the ~ext best match (177}, some flying 

heights have ambiguities where it is not possible to select 

one flying height simply based upon the agreement between 

the colors. The ambiguity exits because.the three spacing 

vs. intensity curves are periodic and significantly 

different flying heights exist where the intensity of each 

of the three colors are nearly identical. When such 

situations occur, the spacing is altered in some manner such 

as changing the disk rpm in order to alter the spacing away 

from the ambiguous flying height. Once the flying height is 

determined in the altered situation, the intensities are 

repeatably measured at a high da_ta rate while the di.sk rpm 

is brought back to the desired value. The set of points 

acquired are analyzed in· sequence where each point is 

assumed to be within some range of the previous point . 

Using this method, the flying height is determined at the 

ambiguous flying height by perturbing the flying height to 

an unambiguous position then following the flying height 

back to the position of interest. 

ROTARY LoAD/UNLOT\D. 

In order to calibrate, the spacing between the slider 
. . 

and the disk must be altered in some manner. For this 

purpose, a r~tary load/unload scheme is utilized. As shown 

in Figure Sa, the slidex: 12 and spring 13 assembly is 
.. 

mounted on an arm 17 that is attached to a rotating spindle 

7. The axis of rotation of 17 is aligned to be 

substantially in line w.ith the flexure point on the spring 

13 which is shown within ~he small circle, CR, in Figure Be. 

By pivoting the mounted portion of the spring 13, the spring 

force w~ich holds slider 12 against the disk 10 is reduced 

.;. 
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in a controlled manner. For the purpose of ~alibrat~on as 

described herein, a partial unload is used where arm 1 7 

pivots only enough to reduce the loading force on slider 12 

such that the air bearing developed between the disk 10 and 

the slider 12 causes the spacing to increase as needed for 

calibration purposes. Alternatively, the calibration may_,~ 

also be performed by increasing the loading force on slider 

12 such that the air bearing developed between the disk 10 

and the slider 12 causes the spacing to decrease as needed 

for calibration purposes. 

In addition to calibration, the rotary unloader is also 

useful ·for loading and unloading spring/slider assemblies 

from the rotating disk. Other machines that load and unload 

spring/slider assemblies from rotating disks for testing 

purposes typically utilize a blade or wire that physically 

pushes the spring away f ram the disk surface. However, due 

to the on-going miniaturization of hard disk drives and 

components, the space between the spring 13 and the disk 10 

has reduced to the point where it is very difficult to keep 

the mechanisms that protrude between the spring and siider 

from either damaging the rotating disk or touching and/or 

disturbing the spri~g assembly. Therefore, the rotary 

unload technique described herein provides an advantage over 

other.technologies for loading and unloading spring/slider 

assemblies from rotating disks. This load/unload concept 

may be applied not only to the Dynamic Flying Height Tester, 

but also to any other piece of test equipment that requir.es 

spring/slider assemblies to be loaded and unloaded from 

rotating disks . The rotary load/unload technique may be 

applied to electrical testers, drag testers, start/ stop 

testers and any other kind of equipment or machinery that 

requires the slider to be unloaded in a precise and 

carefully controlled manner ·from a rotating or stationary 

disk surface. 

CONTINUOUS MEASUREMENT APPLICATION 

The high-speed data acquisition capabilities of the 

Oynami~ Flying Height Tester allow it to be used for 
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each of said first and second interference calibration 

signals in accordance with the expression: 

(1 - IHEAS) 
------- ( I&X - IHIN) 
(1 - ITHRy) 

where IHrH.NEH is the updated value for the minimum·" 

interferometric intensity, ·xKAX and IHIN are the 

previously exi.sting values for maximum and minimum 

interferometric intensity, IHEAS is the intensity 

measured at that calibration point, normalized to -1 

a~d +1 which correspond to IHIN and IHAX, and ITHR.r is the 

theoretical intensity.for the spacing at that point, 

normalized to a scale of -1 to +1; 

(f} averaging said new minima for said plurality-of 

said multiple measurements of said interferometric 

intensity within a threshold value of said initial 

minimum and said new maxima for said plurality of said 

multiple measurements of said interferometric intensity 

within a threshold value of said initial max·imum to 

determine a new average maximum and a new average 

minimum intensity;"and 

(g) comparing said new average maximum and new average 

minimum with said initial maximum and initial minimum 

fo~ each of said first and second interference. 

calibration signals. 

2. A method as defined in Claim l further comprising 

the step of: (h) checking for convergence of said new 

average maximum and said new average_ minimum with said 

initial maximum and said initial minimum for each of said 

first and second interference calibration signals. 

3. A method as defined in Claim 2 further comprising 

the step of: (i) repeating steps (c) through (h) if the test 

for convergence in step (h) is negative using said new 

average maximum and said new average minimum in place of 

said initial maximum and said initial minimum. 
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6. An interferometric apparatus for u.a.ui;;;a.~-~---.loo.A..._ _ _, 

dimensions of a small spacing, said apparatus comprising: 

a light source for producing light having a ~irst 

wavelength and a second wavelength; 

optics for directing said first and second 

wavelengths of light to a spacing having a separation ~ · 

distance, said spacing defined by first and second 

boundaries, such that l~ght reflected from said first 

and second boundaries produces 

interference signal and a 

a firs.t wavelength 

second wavelength 

interference signal, said first and second wavelength 

interference signals having characteristics determined 

by said separation distance; 

a detector for measuring the intensities of said 

first and second wavelength interference signals; 

a calibration controller for changing said 

separation distance while acquiring first and second 

calibration fringe patterns corresponding to said first 

and second wavelengths; and 

a processor for analyzing said measured 

intensities of said first and second wavelength 

interference signals corresponding to said separation 

distance and deriving therefrom said separation 

distance, said processor further comprisi~g: 

a table having multiple periodic spacing 

dimensions for each of said measured intensities 

of said first and second wavelength interference 

signals, wherein each of said multiple periodic 

spacing dimensions for said first wavelength 

corresponds to said measured intensity of said 

first wavel.ength interference signal and each of 

said. multiple periodic spacing dimensions for said 

second wavelength corresponds to said measured 

intensity of ·said second wavelength interference 

signal; and 

a compar~tor which compares said table 

entries for said multiple periodic spacing 

dimensions for said first wavelength with said 
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