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High Speed Laser Printing Systems (excerpted)

by
Gary K. Starkweather
Xerox Corporation - Palo Alto Research Center

Introduction

The advent of the continuous wave laser has enabled many technologies to advance
significantly, especially high speed image recording. The very high radiance of the laser as well as
the highly directional and confined beam that it emits has permitted technologies that have been
known for years to move from the laboratory curiosity stage to the product environment. Flying
spot scanning technology has been one major benefactor of the laser and the technologies that it has
enabled. A high speed laser scan system can be used to produce images that are both pleasing to
the user and are at least the equal of images generated by printing as well. Spch Ptechndlogy is
utilized by the Xerox 9700 electronic printer. The full text of this paper will appear as a chapter in

Laser Applications by Joseph Goodman (Academic Press, forthcoming). A schematic of the full

system is shown as Figure 1.

Polygonal Scanners

The polygonal scanner might appear as the most primitive of the deflection technologies
available for high speed scanning. Polarization effects, the interaction of light with sound, etc., are
clearly more advanced than a multifaceted mirror on the end of a motor. The fact is, however, that
even for medium speed applications and especially for high speed printer applications, this
technology outclasses all competitors to date.

The available scan angle from a polygonal mirror of K facets can be shown to be

) = 720/K degrees (1)
This is so since the mirrors are on the circumference of a circle and if there are K mirrors, then
each mirror must subtend 360/K degrees from the center of rotation. For obvious reasons, this

equation does not apply when K has a value of 1 or 2. Furthermore, the scan angle is doubled by
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reflection as in galvanometers, giving 720/K as the scan angle per facet. The minimum resolvabie
angle, a
a =122 \/W )
can be used to derive N_ for a polygonal scanner of K facets and facet width W. For a Gaussian
beam, the relation
N, =126 W/AK ‘ Q3)
can be derived. For W = 1 cm, K = 24 and A = 0.633 nm, equation (3) yields
N, = 8294 spots
The merit function, M, can be shown to be
M =126 W/K @)
Substituting the above values into (4) the merit function is found to be
M = 12.6x 10/24 = 5.24 mm
This is a srhaller merit function than that of the galvanometer cited above. However, if we wish =
make 6,000 scans/éecorid from this device we need only spin the polygon at 6,000/24 or 250
revolutions per second, which is only 15,000 rpm and not a stress on either the motor or the
polygon, as we shall see. This scanner also produces ~8,300 spots/scan. If we increase the numbesr
of facets to 36, the number of resolvable spots is ~3,700 if the polygon diameter is kept
approximately constant. This is approximately what we need for our hypothetical printer, and the
required rpm now falls to 10,000, which is easier to achieve. For a reasonably large number of
facets, K, the polygon diameter D is
D=WK/# %)
Thus our 36 facet polygon having 6.67 mm facets is only 76 mm or 3 inches in diameter
The polygonal scanner has some significant advantages over the galvanometer in that, (a) it has
multiple facets to reduce its rotational speed requirements and (b) it moves only in one direction
The unidirectional characteristic of polygonal scanners should in general give them long Lfe
Until recently, there has been a severe problem with polygonal scanners that limited thew
volume producibility and cost effectiveness: this is the requirement of facet-to-facet angulas
uniformities. Assuming we wish to scan an 11" page with our 36 facet scanner, the systemm
geometry requires a polygon-to-scan plane distance of ~31 inches, as shown in Figure 2. With the

facet width W of 6.67 mm, and a 31 inch or 787 mm polygon-to-scan plane distance D), the system




or focal ratio is
F/# = 181/661 = 118

w we consider the facet designed to truncate the imaging beam so that it is uniformly
nated, we can approximate the the scan spot size d as

d = 1.22\(F/ #) 6)
equation is not strictly correct, since, due to the rectangular facet geometry, the spot size is
determined by a smc2 function rather than the square of a first order Bessel function. The
size differences are minimal, however, and for the purposes of this discussion precise
nination is.not necessary. For A =633 nm, we have d = 91 micrometers or 3.6 x 10'3 inches
> 50% intensity points of the spot; the differences between the Gaussian, Bessel and Sinc
lons on spot shape, etc. are of only minor importance and are not considered here.
f we assume that we can tolerate a spot position error of 1/2 spot diameter at the 50% points,
{llowable facet-to-facet angular error, §, can be described as

& = 0.61\(F/ #)/D %)

& = 58 microradians or 12 arc-seconds

angular error is the actual error that can be tolerated and since angles are doulialed'upon
tion from our mirrors, then & must be halved to obtain the facet-to-facet tolerance value.
>fore, we can tolerate only ~6 arc-seconds error between any two facets, which is a difficult
ince to achieve in production situations.
ichemes have been devised to sense the position of the scan beam at the image plane and use
ousto-optical deflector to "steer”" the beam to the correct focal position. This complicates the
al system and reduces its overall efficiency since another component has been introduced into
ight path that has losses from both transmission and reflection. Various techniques, among
optical corrcction schemes by the author and also by Fleischer significantly reduce this
em. As shown in Figure 3, a cylinder lens can be inserted into the optical path of the
1ing beam to reduce the facet-to-facet angular tolerances by 50 to 100 times. This means that
mgular tolerances can now be on the order of arc-minutes, instead of arc-seconds, and the
lem is sufficiently corrected to permit low cost polygonal scanners to be used. It should be

ully noted that only polygon facet angular errors that produce ray deviations from the scan-
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are corrected by the above technique.

The cylinder functions as follows: the polygon facet acts as the object for the cylinder lens, and
Jens therefore images the facet at an image plane that is intended to coincide with the
weceptor surface. The image dimension in the vertical direction, d, (called the tangential
wson), is therefore the dimension of the illuminated portion of the polygon facet multiplied by
magnification or minification of the optical system. If we define the illuminated height of the
[ as A, thé cylinder lens to facet distance O and the cylinder lens to photoreceptor or object

= I then the tangential spot dimension is in the first order given by the relation

d, = Al/O ®)

if we wish to have a final tangential spot size of ~ 0.1 mm at the 50% points and the facet
smated heigth is 1.0 mm, the system magnification should be 0.1X. Notice that if the facet is
sperly positioned and causes the ray to deviate from a plane by some angle §, the cylinder lens
emeots the ray and redirects it to the image scan line. This obviously corrects the effect of the
« =rror. Furthermore, this correction scheme is quite foolproof and not subject to malfunction.
With this simple correction scheme, the superior virtues of the polygonal scanner can now be
wied to the fullest with significant cost effectiveness. While the majoritytof angular errors are
1 %e found in the fabrication of the polygon, this system also corrects fdr béan'ng errors efes

=me quality can also be relaxed since arc-second polygons require arc-second (class 9) bearings

: - make use of the fabrication precision.

The polygonal scanner, as mentioned earlier, is basically a disk of material with optical flats on

gesiphery.  When this optical element is rotated at high speed, there are high stresses on the

won material; the facets "paddle” the air and offer resistance to the rotating power source, the

These features need careful assessment in any high speed printing system. Let us consider

gulyzon requirements for a device printing an 11" wide field and having a resolution of ~400

 and 400 scans/inch; let us also choose a photoreceptor velocity of 35 inches/second, which

s in a printer capable of producing ~4 pages/second. The foregoing specifications are well in

ws of any device on the market today and can serve as an excellent test case for polygon scanner

Woey, keeping in mind that this hypothetical printer would consume data at a minimum rate
42:10° bits/second.

Fur this discussion, assume a polygon diameter of 3.0 inches or 76.2 mm. This permits the
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polygon to have 24 facets of ~1.0 centimeter each. Since our photoreceptor velocity is 335
inches/second and the scan density is 400 lines/inch, the polygon must produce 14,000
scans/second. With 24 facets the polygon rotational rate is ~583 revolutions/second or 35,000 rpm.
Schlichting provides the following data for drag on rotating disks. The Reynolds number R is giveq
by the relation

R=rFulp/ O
where r is the disk or polygon radius, w is the disk angular velocity, p is the air density and p the

air viscosity. We shall also define a coefficient Cm which is related to the Reynolds number R by

the relation
C,, = 387/R*% (10)
which holds for a laminar flow region, and should be sufficient for our needs. The torque required
to compensate for windage can be shown to be
T=Cpp ) ounce-inches (11)
Lastly,» the ﬁowér required to overcome the windage losses can be
P = TZ/1351.75 watts 12)
where Z is the rpm and the torque T is in ounce-inches. The units in (11) and (12) are purposely
mixed since most motor specifications carry ounce-inch torque specifications rather than newton-
meters. The coefficient C | is dependent on many variables: for example, if the polygon is in 2
tight enclosure, the constant changes from 3.87 to ~2.67 etc, but if turbulent flow is encountered.
the coefficient expression changes. For our purposes, however, let us assume equation (10) to be
valid for this discussion.

The generally accepted value or the Reynolds number R at which transition from laminar to
turbulent flow occurs is 3x10°. Also, the density of air p decreases with temperature while the
kinematic viscosity p increases. Substituting the appropriate values and constants, the Reynolds
number becomes 3.2x105, which is slightly above the laminar region. The torque T turns out to be
1.0 ounce-inches for a "free" or unenclosed polygon. Therefore the power, as per equation (12),
amounts to

P = (1.0)(35,000)/1351 = 26 watts
It is interesting to note that a printer running at half speed (17.5 inches/second) with the other

parameters the same as above, requircs an rpm of only 17,500, the Reynolds number is only




10° _and the resulting torque drops dramatically to 0.21 ounce-inches, while the power amounts

W anly 2.7 watts. Thus windage losses can be relatively high, depending on rotor diameter and

should the rotor diameter be 4 inches instead of 3 inches, for example, the power required at
0 rpm is 100 watts. This power loss may produce unpleasant acoustical effects, which must be
ed to prevent environmental disturbances. The more facets present on the disk periphery, the
peter the rotor, vsince the apex joining the two facets does not project as far into the laminar or
salent flow in the vicinity of the polygon surface. To some extent, the faceted nature of the
weon invalidates the disk approximation used in equation (11) above, but the error introduced by
» flat facets is not substantial.

Beyond air frictional effects, motor bearings must also be considered as a source of friction.
.her one uses air bearings, grease bearings or the more conventional ball bearings is a matter of
we Air bearings offer the quietest operation and the least frictional resistance, while greased
mal bearings would probably be stiff, and the highest power consumers. The range of power
wirements for the various bearing types varies from a low of about 4 watts for air bearings to a
of ~25 watts for a greased journal bearing at our design rpm of }S,OOO.

The choice of bearing type, and its precision requirements, will depend bn };OW much the
seal or electro-optical subsystem can tolerate facet "wobble.” Rotor unbalance is crucial as well
regards to vibration and bearing life.

We must now look at the rotational stresses that our polygon undergoes while spinning in
s of 580 revolutions per second. The disk periphery is moving at 458 feet/second or ~Mach
M5 Since our polygon must be mounted to the driving motor via its shaft, a center bore in the
weon material must be provided. The polygon therefore becomes a spinning annulus, whose
can be shown as (

s, = (1.1x10%wZ'((3 +m)R 2 +(1-m)R,] 13)
w is the weight of the rotor material in pounds per cubic inch, Z is the rpm, R is the outer
s, R, the inner radius and m is Poisson’s ratio. Equation (13) can be solved for the rpm Z at
i the stress S, cquals the yield stress of the material being used, with S, usually given in
& This would result in a maximum value of Z for the rotor parameters used. Assuming that

I > Ri2 and making m = 0.3 (a good approximation) we can rewrite (13) as

335
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Zpnax = (427x10°S /WR D)% (14)
If we use the parameters for our ~3 inch rotor, we can generate a table comparing the performange :
of various materials; such a comparison is shown in Table I

Copper and brass, even though easy materials to work with mechanically, provide poor spinmk i
materials; glass and stainless steel (#51430) are roughly identical. Our polygon could be made out
of crown glass with a safety factor of about 2, with type 7075 Aluminum which has the greates {
margin of safety among the materials considered; our 24 facet polygon could produce about 17208 ‘
spots/second at maximum Z. Beryllium could be the best from a performance standpoint, beimg
able to generate over 3x108 spots/second, but it has a high toxicity when machined, and is zlse
expensive; unless rpm’s in excess of 70,000 (2x safety factor) are required, beryllium is not to be
considered. Surface profiles of the polygon mounting hole make a great deal of difference in e
ultimate rpm capabilities of the device: rather than the maximum attainable performance
cost/perform;mce' is crucial for product planning. The material chosen should have (a) high
strength-to-density ratio, (b) low density, (c) low Poisson’s ratio, (d) low thermal expansiom
coefficient, and (e) be somewhat ductile and (f) very stable.
| We should also concern ourselves with the rotation mechanism. While one could drive the
polygon from an air turbine, this might be unduly noisy. An electric motor is clearly best for the j
rpm regimes we are considering; how the motor is driven, how the rpm is stabilized, windage
losses, bearing losses, and acceleration requirements will determine the ultimate power requirements
of the polygon motor; they need not be very large for most practical systems.

In sum, the polygon handles the laser beam deflecting task very well: no particular aspect of
rotor or driver technology need be extended to provide the required spot size and data rase
demanded by the 9700. While the future may well provide electro-optical or other successors to the
polygon deflector, all current high speed printing technologies use the multi-faceted polygon as the |

prime beam deflection mechanism.

Printer Optical Systems

We shall now discuss some of the characteristics of the 9700 optical system. While lens design
is not speed dependent, the modulator and deflector are affected by the data rate and the printer

optical system must produce small optical spots at a high data rate. The highest data rate prevalest |

-




Selected Polygon Materials

it Yield Density Poissons| Maximumn
St {gs?)gth (Ibs/cu.in.) Ratio | R.P.M.

Aluminum 73,000 0.101 0.334 123,000
7075-T6 \
Stainless 60,000 0.28 0.300 67,000
Steel 51430
Copper 17,000 0.321 0.340 33,000
Brass 16,000 0.302 0.340 33,000
Glass 20,000 0.09 0.210 69,000
Beryllium 40,000 0.066 0.250 110,000

Outer Radius = 1.43 inches

Inner Radius = 0.25 inches

Table |
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in printing today is ~20 Mbits/second (Xerox 9700). We have seen the modulator and polygon
characteristics that are required for this performance level and we shall also look at the optical
system light throughput to achieve the required exposure at the photoreceptor.

As shown in Figure 4, the light from the laser activates some "beam conditioning” optics that
focus the light for appropriate modulator rise time performance. The laser in this case is a He-Cd
type of proprietary design, combined with a non-red sensitive photoreceptor; the xerographic
marking engine is derived from the Xerox 9200 copier/duplicator. The He-Cd laser has a power
output of about 10-15mW; it permits a larger permissible imaging f/# for the same desired image
spot size than the Ne laser. Moreover, the 9700 uses the He-Cd laser to utilize the 9200 marking
engine technology.

The light from the modulator passes to a cylinder lens whose power plane is oriented
orthogonally to the direction of scan and then to a spherical lens. The light then is reflected by the
polygon, on to the correction cylinder lens, and from there to the photoreceptor. The first cylinder
lens (pre-po]yg(;n), épherical lens and correction lens form an anamorphic imaging system, which is
intended to produce a rounded spot at the photoreceptor. Thus component separation can be
realized, and some significant polygon advantages obtained. One principal advantage is that more
than one facet is illuminated, in fact nearly three are simultaneously illuminated, as shown in Figure
S

As depicted in the figure, the scanning facet moves through a field or line of light, and thus the
entire facet width does the imaging. Duty cycle is very high since the facet is illuminated during its
entire scan traversal; typical scan duty cycles are 90% and higher in practice.

This technique is obviously wasteful of light, but xerographic sensitivity is tolerant of this one
architectural drawback. The principal advantage is that the polygon turns out to be quite small.
For example, if the spot size is chosen to be ~0.03 inches or 76 micrometers at the 50% points then
the required f/# for the He-Cd wavelength of 442 nm is ~140 as determined from equation (6).
Thus if the the polygon-to-scan plane distance is ~35 inches, the required facet width would be

W = 35/140 = 0.25 inches
An 11 inch scan line subtends an angle of 18°, when produced by a polygon at a distance of 35

inches from the scan plane. If we use a 36-facet polygon, then by equation (1), the maximum scan

~angle is found to be 20 inches. Thus a 36-facet polygon would have a scan efficiency of 90% (18
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‘mches/20 inches) and be only 2.86 inches in diameter. The multiplicity of facets also means that, at
‘I: 9700 process speed of 20 inches/second, an rpm of only 10,000 is required, which is very
 wrzightforward with this size of polygon.
| Also shown in Figure 4 is the start-of-scan detector, which senses the scan beam prior to its
: passage onto the appropriate area of the photosensitive surface. Since the digital data buffer must
h "triggered” or "clocked" synchronously with the optical writing beam, some form of beam
 gesition detection is necessary. The 9700 system uses a separate detector for this purpose: it
@ould be a "fast” system because successive bits occur every ~50 nanoseconds. For a
wachronization start precision of 1/4 bit, the detector must have an optically and electronically
| geecise risetime of ~12 nanoseconds. As shown in Figure 6, a detector having two sensitive areas
i separated by a small non-light-sensitive boundary can be used for this purpose. The detector areas
m electrically separate and logically connected in such a way that each element is enabled only
-hcn light is on either one. Additionally, each detector feeds into one of two inputs of a
lmparator. The detector being illuminated first is connected to the comparator reference, with the
weeond detector connected to the signal side. The comparator will switch or deliver a pulse when
e detectors are equally illuminated. This scheme is also positionally stable with respect to
‘ smeensity fluctuations since light equality, not intensity, is sensed for triggering pixrpdses. Very fast
semparators can be obtained using devices fabricated from emitter-coupled logic (ECL): 'these
1 devices have rise times of less than 2 nanoseconds, and switch on 1 or 2 millivolt differences.
Typically, silicon photodiodes can be used for the detection apparatus. At the He-Ne
wavelength of 633 nm, silicon photodiodes have a sensitivity of ~0.6 amperes/watt. Thus if the
' laser writing beam has a power of ~1 mW, then the the signal across a 50 load resistor would be
~30 millivolts, which is more than adequate to drive an appropriately designed amplifier and the
" ssmparator. This scheme is not the only way in which to scan-detect and trigger but is presented as
- & workable scheme that is used on the Xero;t 9700 printer.
| We can also do some comparisons by modeling a simple optical scanning system and observing
- #= overall efficiency, as shown in Figure 7. This system is composed of the laser, two pre-
medulator lenses for beam “conditioning”, the modulator, three more imaging lenses and the
. peiyzon, plus a minimum of three mirrors of reflectance R. If the transmission of cach lens in the

_ wwem is T, the mirror reflectance losses R, the modulator net diffraction efficiency E, and the
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polygon efficiency, including configurational losses is P, the net system efficiency S is

S = T’R’EP (15)
Letting the average lens transmittance T and mirror reflectance R equal 0.93, while the modulator
efficiency equals 0.8, the value of S is given by

S = (0.93)%0.8)P = 045P
It is interesting to note that if the value is slightly reduced to 0.9, then S becomes 0.34P, or 24% less
light throughput. If the polygon efficiency is 0.4, as in the Xerox 9700, then S equals ~20%.

If we now compare the actual laser power required for exposure we can use the following
relation

P, = qA/S (16)
where P, is the required laser power, q is the required exposure, A is the area written per unit time,
and S is the system efficiency. Since the 9700 photoreceptor needs ~10 ergs/cm2 for discharge,
then
P, = (10°%)(1.4x10%/0.2 = 7 milliwatts

More powerfui lasers should be used in actual practice, since some margin for system deterioration,
laser aging and other losses must be allowed. Still, significant printing rates are supported by
relatively small lasers, regardless of the printer chosen.

The 9700 was introduced at the National Computer Conference in June of 1977: deliveries to
customers began in mid-1978. The optical system used is not particularly complicated, since
simplicity and careful design were a primary goal: in fact, the xerographic system is taken from the
Xerox 9200 copier/duplicator unit. The photoreceptor is in a flexible belt configuration. This belt
passes around three rollers as it turns counterclockwise, at a velocity of 20 inches/second; charging
is performed by a corotron. After the laser beam writes the image onto the photorecep_tor belt, the
exposed image is developed and transferred to the topmost portion of the belt. From one of two
paper supplies at the rear of the machine, individual sheets of paper move along the top.

Charged area xerographic development is the marking technique used in the 9700; instead of
characters being written by the laser beam, all the area around the characters is discharged. The
printer runs at a resolution of 300 bits/inch or 90,000 bits/square inch. Combined with the
sophisticated character generator, this increased resolution allows the forms to be produced digitally

instead of optically, as in competitive equipment. The text and forms are thus combined as a video
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stream for subsequent laser modulation, and this permits pre-collation of the document. Form
quality can be quite high, and approximately 800 pages can be stored on the system’s magnetic disk.
Maximum printer line rate is 18,000 lines/minute.

The 9700 represents an interesting technology: it is capable of emulating a line printer, but it
clearly has far more capabilities, and its potential for high quality electronic image generation is
obvious. Since there is no need to store preprinted forms, costly overhead is eliminated in many
cases; however, spéciﬁc applications will obviously determine the utility and cost effectiveness of
such features.

We believe that the end user is looking forward to lower cost, more reliable systems, better
quality and flexibility, and reduced job completion time. It seems to us that the Xerox 9700 high

speed laser non-impact printer may very well fulfill such needs.
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