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ABSTRACT

Diffractive opticsis afield where the progress is defined by fabrication technology. Diffractive optical elements (DOES) are
generally planar structures, typically fabricated using X-Y image generators designed for semiconductor industry. However
there are some kinds of DOEs for which the polar scanning geometry, where the optic rotates under awriting beam, is more
preferable. In some cases polar coordinate machines provide the only practica method of fabricating DOEs with the
required accuracy. It is necessary to take into account the DOE specification when choosing the fabrication method.

The present paper considers peculiarities of polar coordinate laser systems for large size and high precison DOEs
fabrication. The specific error sources for these systems are described and compared with those of X-Y systems. An optimal
writing strategy is discussed.

The wavefront aberrations of rotationally symmetric DOES caused by fabrication errors were measured interferometrically.
Different types of aberrations were identified and can be referred to certain writing errors. Interferometric measurements of
the wavefront errors for binary zone plates with a 64 mm diameter and 0.45 numerical aperture have shown that the
wavefront root-mean-square error does not exceed 0.009A.

Keywords: Diffractive optical elements, DOE, computer generated holograms, CGH, polar coordinate writer, fabrication
errors, fabrication tolerances.

1. INTRODUCTION

Developments in the field of diffractive optics are limited by the technologies used to manufacture them. Conventional
diffractive optical elements (DOES) are planar structures, fabricated using X-Y laser (or e-beam) writing systems designed
for the semiconductor industry. However there are several types of DOEs with axial symmetry for which the circular
scanning is more suitable. Some examples are focusing optics, wavefront correctors, aspheric nulls, non-diffracting beam
generators, DOE with spatial carriers of polar geometry, etc. *>. The patterns with circular symmetry are optimally
manufactured using equipment with that same symmetry. Rotation of the substrate provides one motion and radial motion
of awriting head provides the other.**?

Some computer-generated holograms used for optical testing must have the circular diffractive structure fabricated with an
accuracy of no worse than 0.1um, a minimal period of less than | um, for overal dimensions of a few hundreds of
millimeters. In addition, the substrate surface must be flat to lambda/20. This type of diffractive dement can be fabricated
only by means of polar coordinate writing systems. That iswhy, choosing a method of DOE fabrication, one must take into
account the specific application of the DOEs. Accuracy of the diffractive structure manufacturing is decisive in fabricating
DOEs for certifying the classical optical elementsand systems >,

This present paper considers peculiarities of a polar coordinate laser writing system ™ for fabricating large and high
precision DOEs. Such systems (CLWS-300 developed by joint efforts of Ingtitute of Automation and Electrometry and
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Technica Design Ingtitute, Russia, Novosibirsk) are widely used for DOE fabrication . The sources of specific errors for
these and other smilar systems are described and compared with those of X-Y systems. The optima writing strategy for
minimization of errorsis discussed.

2. POLAR COORDINATE LASER WRITING SYSTEM

A schematic diagram of the laser writing system CLWS-300 ™ is shown in Fig. 1. The system can be subdivided into four
main units: the angular units (motorized air-bearing spindle and rotary encoder), the radial positioning unit (motorized air-
bearing stage and interferometer), the writing power control unit (two acousto-optic modulators AOM1 and AOM2), and the
optical writing head (focusing lens, autofocus sensor, reflection photodetector). All opto-mechanical units are mounted on
granite base with vibration isolators.

Reflection photodetector

AF sensor

Interfero-
meter

Granite base Rotary encoder

Air-bearing
Substrate spindle

Figure 1. Schematic diagram of the polar coordinate laser writing system.

The performance and specifications of the devel oped laser writing system CLWS-300 are summarized in Table 1.

Table 1. Performance and specifications of the CLWS-300.

Maximum diameter of the writing field 300 mm

Substrate thickness 1.5-30mm

Recording spot diameter  (full-width half-maximum) 0.5um

Rotation speed 300 - 800 rpm

Accuracy of radial coordinate positioning (RMS) 0.1 pm

Accuracy of angular coordinate measurement (RMS) lacs

Wavel ength of writing beam 457-514nm (Ar* laser)

Writing time (0.5 pm raster pitch on the field of 90 mm diameter) about 2 hours

Writing technologies Thermochemica writing on Cr films, gray-scale
writing in LDW-glass, a-S films; direct writing in
resist films.
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3. SPECIFIC ERROR SOURCESFOR CLWS

The task of DOE fabrication is to write binary, relief, or gray-scale structures with their area up to 10* mm?, with minimal
features up to 0.5 um, and accuracy of 0.05-0.1um over the entire surface of element. The DOE structure at writing in
CLWS is represented in hybrid pixel-vector format: in radial coordinate direction the pixel representation with variable
pixel sizeis used, and in angular direction the pattern is presented as a set of dementary vectors with origins and ends
described in angular units. But for smplicity we consider only pixel representation of DOE structure. Because at binary
writing only the origin and end of vectors are important, and they can be presented as pixels with coordinates P (r;, 6) in
polar coordinate system, wherer; - isthe writing radius (distance from spindle rotation axis to center of laser writing spot);
6 is theangular coordinate of writing spot center (defined as the distance between the angular coordinate origin (6=0) and
the current angular position of the spinning table). The writing process introduces errors in DOE structure. These errors
have two components:

» thedifference between the calculated P,(r;, 8) and written P'i(r';, &) coordinates of i —th pixd.

« thedifference in shape between the calculated and actually written pixd (size error).

The first component depends on the accuracy of laser beam displacement with respect to the substrate. The second error is
caused by variations in beam power and spot size. Both these components define the position of the zone boundary. The
local pattern distortion error ¢ (in direction perpendicular to the zones) in binary DOEs is defined by averaging the
displacements of the inner and outer zone boundary (¢, and o), respectively:

= (Gin + o)/ 2. D

Local pattern distortion error results in an additiona phase shift of the wavefront of the light flux transmitted through the
fabricated DOE. The phase shift or the so-called wavefront pattern distortion error W introduced by an imperfect hologram
pattern can be defined as ***°

W = -mAZp, 2

where m is the diffraction order, A is the wavelength of light and p is the local zone period of the DOE. The total writing
error of rotationally symmetric DOEsis primarily determined by the effects described bel ow.

3.1 Theerror of fixing the origin of coordinates

The rotation axis of the spindle must be the origin of the polar coordinate system (r = 0) in CLWS. Still, it is a serious
problem to find extremely precisely the rotation axis position. The distances yo and X between the reference point of the
laser interferometer and the center of substrate rotation introduce an error in the coordinate of the current exposed point™.
The actual polar coordinate of the point written is P'i(r';, €;). Theradiusr' =r + Ar and the polar angle @ is not changed
from theideal value of 6.

3.2 Drift of coordinates origin during writing process

The machine geometry is not perfectly stable due to several effects: primarily thermal drift and expansion of mechanical
parts of air-bearing spindle and interferometer, but also drift of interferometer laser wavelength. Thermal drifts depend on
the environmental temperature stability and transfer of heat from the motor, eectronics, and laser. These effects are
minimized by running the full system for several hours to equilibrate the temperatures before writing the patterns. Drift of
interferometer laser wavelength can contribute to system errors if the air temperature and pressure is not stable. Therefore
the environment (temperature and pressure) must be taken into account for wavelength correction during writing process or
in interferogram processing when measuring aspherical wavefront.

3.3 Rotation trajectory error

The error of a spindle rotation trgjectory is a deviation of the trajectory of movement of some point on the spinning table
from an ided circle. This error consigs of the deviation of the spindle rotation center (eccentricity) and the angular
deviation of the axis of rotation (runout of the rotation axis). Therea writing coordinate will be (at r » Ar) the following:

r=r+ Ar(¢), (339
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@ = O +arctg[Ar(6- 1T2)/r]. (3b)
The error of rotation trajectory depends on the angular position and is due to inaccurate fabrication of the air bearing spindle

parts. The typical error for a spindle on the air bearing is usualy below 0.1 um. The form of the curve is sufficiently stable
and reproducible. Thiskind of error leads to digtortion of the writing coordinates.

3.4 Error of writing spot displacement in theradial direction

Any deviation from linear displacement results in a writing coordinate error. The air bearing stage displaces the focusing
optics and determines the writing spot position on the substrate in the radial direction. The accuracy of stage displacement
by a given coordinate depends on the transient process time, the increments and long-time stability of the interferometer,
the Abbe errors, etc. The displacement of the stage is accompanied by tilting in al coordinates. The greatest error is

introduced by the angular deviation ¢, in the plane of the spinning table, while the contribution from the other angular
deviations are minimized by decreasing the lengths of consoles and using the autofocusing.

4. EVALUATION OF ERRORS SPECIFIC FOR CLWS

4.1 Center searching

Positions of
reading laser
spot and scan
direction
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Figure 2. Examples of micrographs of center area of substrate (chromium film, 70 nm thickness,) with written ring (a) and two arcs (b).

Trajectory of displacement of reading laser spot at the procedure of the center searching and typical intensity distributions of reflected
light (c).

v

To define practically all specific for CLWS errors it is necessary to measure relative position spindle rotation axis and
center of writing spot. Several methods for determining the spindle rotation axis are known 2. Asarule, these methods are
based on interchanging substrate with photosensitive media onto special sample (wedged reflecting substrate, spherical lens,
grating etc.). It is difficult to use these methods during the time of DOE writing. To measure relative position of spindle
rotation axis and writing spot center at the time of DOE writing it was suggested to write a small ring (diameter of 20-60
um) around rotation center and to align it with the writing beam using the microscope®® or photoelectrical scanning
measurement™. To apply this method the substrate with a chromium film or other photosensitive coating is fixed on the
spinning table of the CLWS (Figure 1). The writing laser beam isroughly positioned in the region of center (accuracy about
1-2 ym) and radial coordinate counter isreset. At some digance from rotation center (for example, Ry = 10-50 um) aring
with radius R, (see Figure 2 (@) or two small arcs (see Figure 2 (b)), are written on the rotating substrate. Writing is carried
out with three passes on the same place to provide the uniformity of the ring width (see Section 5). The values of writing
power are selected experimentally for each type of the chromium film for sufficient changing the film reflection (oxidation
and melting). It is very important that the center is determined using the same laser writing spot (but with dramatically
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reduced power) and on the substrate which is intended for DOE fabrication. Scanning photoelectric reading is carried out
using reflection photodetector (see Figure 1) in writing head of CLWS. The reading spot moves on first externa radius
rl=R, + d/2, where d - is a scanning range and scans to center direction. A scanning trajectory of a reading laser spot and
typical reflection distributions are shown in Figure 2 (c). A scanning range is usualy about 3-6 um. Then reading spot
moves on second external negative radia coordinate r,= -Ry - d/2 and scans to center direction again. After searching the
coordinates of points with minimum reflection (R; and R,) the error of coordinate of rotation center is defined as xo = (R; -
Ro)/2.

4.2 Long term repeatability of origin coordinate position

It is possible to find the center automatically at regular time intervals or
radial coordinates to check for therma drifts of the systems. For this
purpose the writing process is interrupted and rotation center is
a el i determined. The current errors of coordinate origin are saved for a
following mathematical processing of the interferogram of the measured
asphere. Periodical correction (reset of linear coordinate) can be also
used at the long writing of large DOES. This procedure very effectively

rpgjf'n%nlsag; decreases an influence of therma drift for the CLWS. To make these
spot and scan corrections, the writing process is periodically interrupted, and the
directions writing head is moved to the origin of radial coordinates and the center

of rotation is determined. Any motion in this from the previous value
indicates an error, which isthen corrected.

Figure 3. Measurement of rotation trgectory.

4.3 Measurement of arotation trajectory of aspindle

The method of a rotation trajectory measurement is based on repeated N times measurements of small ring diameter
Dn=R;+R, (see Section 4.1) at different spindle angular positions a=360°/N as shown in Figure 3. Measurements can be
made both with non-rotating spindle (spindle with substrate is consecutively manually turned) or automatically with rotating
spindle. Real results of measurements will be discussed in Section 6.2.

5. WRITING STRATEGIES FOR HIGH PRECISION DOE FABRICATION

Writing spot Origin of spiral i/Origi nof circular track
e ~

/’

@ (b) (©
Figure4. Methods of writings: spiral (a), circular (b) and circular with random scattering of track origin (c).

Let's consider the drategy of writing for axisymmetrical DOEs by means of CLWS ensuring maximal accuracy of
manufacturing. In this case the center of DOE is aligned with spindle rotation axis. The size of circular zones of typical
DOE can vary from several millimetersto less than one micron. The writing of such zones is made by repeated passes of the
recording spot with overlapping. Spiral (Figure 4 (a)) or circular (Figure 4 (b)) scanning (and also their combination *) is
possible. The spiral scanning provides a high speed of writing and absence of hitches at moving the linear stage. However
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because of an eccentricity, this way is applied only at fabrication of inaccurate DOEs and for filling up the middle area of
large zones in precision DOEs. As the quality of DOE is determined by accuracy of boundaries of its zones, it is necessary
to apply circular scanning. The radia step Ar of circular scanning is varied on the base of requirement to fill zones
symmetrically, as shown in Figure 5.

When the zone width L is equal or alittle more than effective width of arecording spot D, the writing is made by three (N =
3) circular passes with astep Ar ;=(L-D)/2 (Figure 5 (a)). When the radial step exceeds value Arp.=n/D, where n = 0.5-0.8,
the writing of zones starts with 4 passes (Figure 5 (¢)). Thus the radial step for outermost passes is hold equal Arpm, and
between central passestheradial step S continuoudly varies from null up to Ar at further increase of width of zones. Such
algorithm of changing a radia step and quantity of passes allows to ssmplify a procedure of choice of writing beam power
depending on radial coordinate and to increase accuracy of exposing the boundaries of circular zones at the expense of a
statistical average.

Ar
Intensity
distribution
Writing Light-sensiti
threshold |£er Sensfive

(b) ©

(d)
Figure 5. Method of filling zones. Intensity distributionsin writing spots (ab,c) and written zones (d).
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Figure 6. Typical transient process of radia positioning in CLWS.

Multi-pass writing * reduces the effect of random errors of a position of recording laser beam, vibrations of the system and
trangents in the linear stage. The multi-pass writing reduces throughput of the CLWS approximately proportionally to
guantity of passes. However advantages of multi-pass averaging is more important for manufacturing the high-precision
reference DOESs with narrow zones. Usually the multi-pass averaging provides a desirable effect only when the errors are
truly random. In other cases the improvement less notable. Figure 6 depicts the segment (two passes with a step 0.5
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microns) of transent process of a system of radial positioning in CLWS of IAE °. It is visible, that along with accidental
errors there is a systematic oscillatory component caused by resonant phenomena. For effective smoothing of this
component (which is most appreciable in the beginning of a circular track) in CLWS we utilize a random scattering of the
origin of circular tracks (Figure 4 (¢)). The scattering is made within the limits of a angle from 30 to 45° and eliminates also
joints (ring track butting) at the beginning and end of tracks. Figure 7 demongtrates the efficiency of this method. It shows
the pieces of zones of circular DOE written without scattering (a) and with scattering (b) for the track origin. It is visible,
that the scattering essentially improves the characteristics of writing.

|
I

Track origin ha Track origin

I
|

10 um @ —1oum_, (b)

Figure 7. Fragments of zones of circular DOE written without scattering () and with scattering (b) of track origin.
The methods of the precision DOE writing (described in the given Section) are shown in Table 2.

Table 2. Methods of writing usng CLWS

Method Expected Result Shortcomings

Circular scanning Elliptically imination Reduce throughput by afactor 2

Many passes (N — pass) at writing of Zone width uniformity Reduce throughput by afactor N

narrows zones

Symmetry of zonefilling Zone width uniformity -

Scattering of circular track origins. Angular uniformity Reduce throughput by a factor about 8/360°

The majority of presented methods results in an increase of writing time of DOE. Therefore optimum strategy of writing
should search for a balance between writing rate and accuracy.

6. SPECIFICATION OF THE PATTERN DISTORTION WAVEFRONT ERROR

Main error source of a CGH is due to pattern distortion. The wavefront error Wep introduced by a CGH that includes any
pattern inaccuracies is given by Eq. (2). This equation is valid for single reflection or single pass. Besides, al variables in
Eq. (2) except the pattern error  are well-known, since they are defined by the design of the CGH. Therefore, if the pattern
error { can be determined somehow, the wavefront error Wpp can be calculated and used for error budgeting of the
hologram.

We embark on two drategies to characterize the pattern error ( that is inherent in the CGH. Firstly, to detect drifts of the
radial coordinate, the above described procedure of automatic center searching during the writing process is used. The
second strategy we used is a manual measurement of the spindle trajectory after writing the CGH. Here we scanned the
center-near test ring again, but now the measurement is performed on the non-rotating spindle. One measurement returns the
radius value in positive and in negative direction (from origin of linear coordinate). The ring is then scanned N times (see
Section 4.2), whereby the spindle with the substrate is consecutively manually rotated by 77N.
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6.1 Non-rotationally symmetric pattern distortion error

We observed spoke-shaped aberrations in wavefronts reconstructed from our CGHs. These aberrations result from a
vibration of the air bearing spindle. The angular frequencies are dependent on the rotation speed of the machine spindle.
For ingance, at 600 rpm rotation speed there exists a characteristic error at angular frequencies 8/(2m) and 9/(2m) with
amplitudes of about 60 nm and 40 nm, respectively (Figure 8).

The manual measurement of the spindle trajectory explained above is used to detect the non-rotationally writing error
{nrs(6). Applying the Fourier transform to the measured curve gives the amplitude- and phase spectrum in the freguency

domain. With the amplitude- and phase distributions the pattern error {yrs(6) can be expressed as a Fourier series of cos-
functions.

0.2+ 0 Measuremen R
— Fit
0.1
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s
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-0.2
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| B Fourier components

0 5 10 15 20 25 30 35
k

Figure 8. Systematically non-rotationally symmetric pattern distortion error {yrs. The upper diagram shows the result of manual
measurement of spindle trgjectory at aradius of 490 um and a Fourier fit. The lower diagram shows the amplitude spectrum of the
Fourier transform of the measured trajectory. Example: non-rotationally symmetric pattern error of af /3 Fresnel zone plate.

6.2 Rotationally symmetric pattern distortion error

Rotationally symmetric pattern errorsresult from aradial displacement of zones and can be divided into adrift error {cp and
a constant positioning error {cong. The former results from thermal drifts of the system and environmenta changes
(temperature and air pressure influence the effective refractive index of air and thus the interferometric measurement of the
radial position), whereas the latter result from an faulty definition of the center.

0 E T T =
_-100 | — drift of center i
£ -200
h=h

5300
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-400
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radius [mm]

Figure 9. Example of a center drift {cp, monitored during the CGH writing process of af /1 Fresnel zone plate
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Since the increment of the length measuring interferometer which controls the radial position of the writing laser is 79 nm
(CLWS-300 before modernization), any resetting of a drift leads to ajump of at least 79 nm. However, jumps in the pattern
distortion error  result in high frequency wavefront errors. To avoid such high frequency errorsin the CGH we only detect
the center error during the writing process, without compensating itsinfluence. In this case a smooth wavefront error results,
which can be easily approximated by a set of Zernike polynomials. In Figure 9 an example of center-zero error is depicted.
The amount of the constant positioning error {cong iS Obtained from the manual spindle trajectory measurement. Since the
ideal radius of the test circle is known, the Fourier component for k = O (offset) yields the deviation from it. For the constant
positioning error {cong We obtained 54 nm for the example depicted in Figure 8.

6.3 Comparison between wavefront error prediction and measur ed wavefront error

If the pattern error was recorded during the fabrication process, the quality of the wavefront reconstructed by the CGH can
be specified and used for calibration of the measuring system. Here, we estimate both error types, axially symmetric as well
as the non axially symmetric with the methods described above. Inserting the pattern error {(x,y) and design data (local
period p) into Eq. (2) yields the expected wavefront error due to fabrication inaccuracies of the hologram pattern. In Figure

10 an example for a predicted wavefront error Wpp is depicted, divided in rotationally- and non-rotationally symmetric
parts.

Figure 11 shows the measured wavefront aberration of af /1 Fresnel zone plate tested at confocal position in reflection

mode. The zone plate has a diameter of 50 mm and a maximum spatial frequency of Vi = 769 Ip/mm. Comparing Figure
10 and Figure 11, agood conformity between the error prediction and measured wavefront error was found.

140
120
100
80
60
40
20

60
40
20

y [mm]
(nm]

y [mm]
(nm]

-20
-40

x [mm] x [mm]

@ (b)
Figure 10. Prediction of the expected wavefront pattern distortion error Wi, cdculated from fabrication data: (a) rotationally symmetric
wavefront error and (b) non-rotationally symmetric wavefront error for af /1 zone plate.
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Figure 11. Wavefront error measured in af /1 Fresnel zone plate measured in reflection. Tilt and defocus are subtracted from measured

data. The wavefront error is divided in a (a) rotationally and (b) non-rotationally symmetric part. The observed total PV value of the
wavefront error is 232 nm, the RMS valueis 31 nm.
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7. DOE FABRICATION WITH PERIODICAL CORRECTION

Correction of DOE wavefront error on the base of determined pattern error ¢ (“fabrication history”) is effective only for
simple optical measuring systems. In a number of cases it is necessary to guarantee the highest possible accuracy of the
DOE fabrication. The method of periodical correction of the linear coordinate (see Section 4.2) can be used for that. The
proposed method was tested experimentally by means of CLWS at writing of reflective zone plates (ZP) with the minimal
period of rings equal to 1.4 um (f=71mm, D=64mm, A=633nm, N.A.=0.45).

Two identical 64mm ZP were fabricated by the direct laser writing using the thermochemical technology in chromium films
70 nm thick, which were coated on high-quality fused-silica substrates. Writing time of such ZP with multi-pass writing
algorithm described in section 5 was about 140 minutes. The period for correction was chosen every 3-mm (less then 18-
min. of writing) since expected original coordinate drift was about 100nm/hour. Thus there were 9 points of correction at 6,
9,12, 15, 18, 21, 24, 27 and 30-mm radiuses. In these points writing process was interrupted. The writing head was moved
to the origin of radial coordinate for sarting the center searching and radial coordinate correction. Figure 12 depicts
wavefront phase error of two manufactured ZP predicted on the base of coordinate origin measurements in the points of
corrections. One can see that periodical correction introduces the high frequency errors in wavefront function but very
effectively decreases the center drift (see for compare with Figure 9).
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Figure 12. Wavefront phase errors of manufactured DOEs (ZP with f=71mm, D=64mm) predicted on the base of coordinate errors in the
time of writing. a — sample # 03; b —sample #4. Circles depict the places of the coordinate correction. Left plot - sample #03
(environment: t=+23.5 °C; P=991mbar). Right plot - sample #04 (environment: t=+21.9 °C; P=1000 mbar).

Manufactured zone plates were investigated further as reflective e ements by means of a phase shift Fizeau interferometer.
Figure 13 shows continuous-tone images (phase maps) of the ZP wavefront phase (a, b) and their cross-sections (c, d). The
shape of diffracted wavefronts has the rms deviation from the calculated (spherical) ones equa to W, s = 0.008 (sample #3)
and 0,009 (sample #4). It is seen that predicted (Figure 12) and measured (Figure 13) wavefronts are about the same. Thus,
we can state that the method based on periodical correction allows one to improve the accuracy of the CLWS.

8. CONCLUSIONS
The CLWS is a high-precision system for fabrication of DOEs. gratings, zone plates, computer-generated holograms,
optical limbs, etc. The accuracy, spatial resolution, and working fidld of CLWS are sufficient to solve a wide spectrum of

problems in optics, measuring engineering, and laser technol ogy.

Unlike the conventional systems operating in the X-Y coordinate system, CLWS has some specific sources of the writing
errors that affect the quality of DOESs fabricated. They are an error in fixing the origin of coordinates, angular coordinate
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error, and imperfect rotation of the table with a substrate. It has been shown that the writing errors have influence on the
quality of a DOE wavefront, the greatest effect being observed in the drift of the origin of coordinates.

Correct choice of writing strategy allows to take into consideration (Section 6) or minimize (Section 7) influence of writing
errors. The axisymmetric ZPs are most suitable for testing the radial coordinate errors and the errors of fixing the origin of
coordinates. Experimenta investigation of the wavefronts of a ZP with 64 mm diameter and a numerical aperture of 0.45

fabricated with periodical correction has shown that the rms error does not exceed 0.009A.
The research was partially supported by the Russian Foundation for Basis Research (grant 00-15-99089).

Sample#04: W=0.009 RMS

Sample#03: W=0.008 RMS
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Figure 13. Measured wavefronts from 64-mm f/1 binary zone plates obtained from phase-shift Fizeau interferometer showing: (a) - gray —
scale phase map that uses shading to represent phase with full scale variation A/20 (PV) and (b) — their cross-sections. Both samples of
tested ZP show 0.008-0.009A rms and 0.05\ PV. High frequency wavefront distortions are caused by periodica correction of the
coordinate origin in the time of ZP writing.
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