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APPENDIX A. SENSOR PERFORMANCE CALCULATION TECHNIQUES 

The general approach for sensor analysis is summarized in Table A-l. 
The basic sensor performance criteria are modulation index, MI, average 
signal level and sensitivity to aberrations. MI is the modulation of the 
carrier Bignal per unit of the variable. Average signal level is utilized with 
detector noise for the particular sensing technique to compute the S/N. The 
MI and S/N are utilized to calculate noiae error as follows. 

rms noise error 
1 

MI / I \ S (rms) 
\"[Im/ N(rms) 

In two channel sensing techniques the MI and channel unbalance are used to 
compute the offset or drift error as follows: 

-" - • tg? 
Table A-l, Sensor performance analysis approach 

Criteria 
• Modulation index 
• Average signal level 
• Sensitivity to aberrations 

noise error 
balance error 

Theoretical derivation using gaussian aperture function and XN 
diffraction limited gaussian blur in focal plane 

Evaluation of sensors for ideal conditions 

Geometrical and diffraction analysis with computer 
• Parabolic apodization 
• Gaussian apodization (for comparison) 
• Aberrations 

Evaluation of sensors for susceptibility to various aberrations 
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The unbalance can occur in detectors, optical path transmission, or 
electronic gain. In this report, MI is always computed in units as seen at the 
target, i.e., Ml = 10%/jim means that for 1 |im error at the target, the 
carrier signal will be modulated by 10 percent at the detector. The third 
criterion, sensitivity to aberration, is somewhat less tangible since 
aberration is not specific. Aberrations tend to cause, first, a loss in MI 
due to increase in blur diameter in the focal plane and, second, an oifset due 
to non-symmetry in both the transverse direction and the axial direction. 

The basic sensing techniques were first analyzed and evaluated via 
theoretical derivations utilizing a Gaussian aperture function and a 2.5 times 
diffraction limited GauBSian spot in the focal plane. Gaussian functions were 
utilized in order to make the mathematics manageable. The value of the 
theoretical derivation is that by examining the equation an insight may be 
obtained ae to what part the parameters play and where to start when optimiz
ing. Subsequently the theoretically acceptable techniques were evaluated 
utilizing the geometrical and diffraction analysis data from the computer. The 
parabolic apodization computer data were compared with the theoretical 
Gaussian data for validity. Finally the sensors were examined for susceptibil
ity to various aberrations. The results are discussed in detail in Volume 1, 
Section II of the report. 

Modulation index is the rate of change of signrl per unit of variable, 
normalized to the average power. This is given by: 

M l 3x P 
avg 

where: 

P(x) = optical power into detector as a function of x 

x = variable of interest 

P = average power 

and: 

• ' . / < P(x) = /I(x)dx 
x 
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Figure A-l shows the derivation of MI for a single axis of a quad detector 
used in the conventional manner, and Figure A-2 shows the improvement 
that can be obtained putting a dead zone in between the elements. It should 
be noted that this increase in MI comes about because the average power, 
P , diminishes faster than the rate of change in power, 9P/8x, therefore avg 
there would be a loss in S/N that is greater than the loss in MI so that there 
would be a net increase in noise error. The purpose in increasing Ml is to 
reduce the channel balance requirements in a situation where balance error 
is larger than noise error. 

Figure A-3 shows the geometry of the energy balance technique for focus 
sensing with a definition of terms. Figure A-4 shows how the error modula
tion is generated and gives the equations. 
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Figure A-l. Modulation coefficient for Gaussian 
blur at detector. 
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APPENDIX B 

FOCUS SENSING 

There are many methods of sensing focus, but the most precise methods 
utilize one basic concept: balancing the energy on either side of focus. The 
different ways in which this can be implemented are listed in Table B-I . 
Firs t on the list is two separate detectors which is illustrative of the basic 
concept. Two detectors, identical in area and gain are located optically on 
either side of the desired location for focus. When the detectors are equally 
illuminated, then the geometrical focus is exactly centered. The weakness 
in this implementation is that the detectors must be matched'' and aligned 
carefully, including the size and shape of the aperture in front of the detector 
and the beameplitters between the detectors. The simplest way for getting 
around the matching is to utilize a single detector and either axially scan the 
detector or the focal plane. Scanning the focal plane is undesirable since 
this implies axially translating a lens without transverse motion. Scanning 
or dithering the detector requires axial motion without transverse motion of 
the detector, which again requires a complex mechanism. The easiest single 
detection implementation is to optically commute or switch the focal plane 
via a chopper. This is accomplished by combining two unequal optical paths 
with beamsplitter so that the result is two focal points separated by the 
desired amount, and locating the detector in the center. When the two paths 
are alternately chopped the detector is illuminated so that it effectively sam
ples before and then after the focal plane. The detector output is an AG modu
lation proportional to the e r ror . This process is described in Volume 1, 
Section 3 of this report. This focus 3ensor was judged the least complex and 
most accurate of all focusing techniques and so became the baseline design. 

Number five, the astigmatic focus sensor, requires the introduction of 
astigmatism into the system and utilizes a quad detector. The quad is 
oriented at 45 degrees to the axes of astigmatism so that adjacent detectors 

*As required by MI. See Appendix A. 
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Table B-l. Energy balance focus sensing 

1. Two detectors on each side of focus 
2. Single Detector, dither focusing lens 
3. Single Detector, dither detector 
4. Single Detector, optical commutation 
5. Quad detector and astigmatism 
6. Two detectors, dual Foucalt chopper 

see unequal illumination except when the system is focused so that the quaa is 
directly centered between the sagittal and tangential focii. This is a form of 
energy balance in that sagittal focus is balanced against tangential. This 
implementation also requires that detectors, etc. be carefully balanced to 
obtain the required accuracy. This scheme has the advantage that the quad 
can be used for pointing also, so that alignment is insured and all energy 
used. All of the previously mentioned schemes have the same MI. so the 
balance requirements are the same. The commuting technique can best meet 
balance requirements because the same detector and detector aperture are 
used. The optical path transmission must be matched, but the optical path 
is not likely to drift. 

The following listed articles may be used for reference as examples of 
focus techniques currently in use. The device described by Simpson of NBS 

.2 
which is a two detector energy balance, obtains a precision of 10 nm with 
f/1 optics. This indicates the feasibility of the baseline system in which 
the channel balance problem has been improved considerably. Also, 
Simpson apparently has not optimized his device. 
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(lOMllDLY imUhiM 

FULLY DEPLETED P-l-N SILICON QUADRANT PHOTODIODE 

:z2 
• HIGH QUANTUM EFFICIENCY AT 1.06 MICROMETERS 

( 70%) 

• FAST RESPONSE TIME 

• LOW CAPACITANCE 

• CUSTOM MADE TO CUSTOMER SPECIFICATIONS 

• ZERO DEAD SPACE BETWEEN ELEMENTS 

l " - --

f*VC 

f!CA silicon (|ii,ir)rant phntndinrins incorporate all tlm features of fully depleted devices and have been optimized 
(in USH with liibiirs in tin1 in ii mlriiri-il, particularly |$i Ilium arsenide (0,9 pill and neodymium (1,00 (ini). The fully 
di-ploiixl structurH oliminai<'-. si'ri^s n>-.istancc from the residual bulk notorial and thn capacitiinu' uf the device 
• kept to a minimum. Antirirllct lion i:<,,itui(|<, am apt/1 iftl li> i-'ilMfn.i' tliii i|uantiim efficiency for a o.won depletion 
Ijyci width. Sinci! the ciu.liiliiM I ' l f iuimy in the nuai mlmr-dl > •i|i,ii n.iiicu. and sipeurt nf msponso, are inlctdn 
licrelimt, a trade nfl is noces>ury lietwirn UKISP parunHer'.. ilii 1 /»->JO 1 reprobcnU lhn host purformancn available 
lni ii",ponsi' imiiT. of appraim.ilely II) ii,inii:,i;u>i)d!. iwhuiiM'. \\v 1AU.102 offers improved quaimim efficiency at 
1.lib/mi (in p\u',s of 70"i) with some nauifice to spu'd Sensitive anus up to 3 cm 2art! available and devices 
aru oncapsulalcU Lo mod individual TOII/WCII/KMS. 

Infnrrn.1lic)n him/sharl by RCA i-S Iwliwwl lo ht> .id ur.ili- mil n'i i, 
Howi'vi'i no ii'SiHiiisiliility is .issunm! by W A Un its us.' i'"i I" 
infnuiK'iiioiils </f piilnnl^ or olhtir n-ihi. nf tr.iifi y iru. s <H. ' 
sull Iron lis nsn. No Inrcnst! is (iM/iM-d I>v implu-iiii'ii <n IXIU.IV* 
imilrr any patent or p/iluiH ri||hts ol III A 

- •!! .1 iviv, (.1 nvvice is miBiiilixi fnr nnninnerinfl evnlna-
>'.' ' . I I <in ill cl.11.1 an. suli[(!C( lo etomfje. Unl/'ss 

is ,".i -.. i>i.liif.iiit)ns tin' asMi'iiftf lot notice pi dungs 
'•••, ,\ II. I I l l l l b tlt'VH.11, 

[jQtu-^0 
li'lA I.IVHTFDl Electronic Components 
Si^ Anni' ilc Hiilliiviie MO, Quebec ICanada 
Ti'li'|>huiii!(C1<ll<IW',Jf<l0 
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TECHNICAL DATA (r-300°K) / f 
| tv*v 1 • " r *(T 

/ / 
PtrtMtar Symbol TA8301" TA8302* Units Conditions 

"SENSITIVE AREA A 1 1 cm* 

^OPERATING 
VOLTAGE 
(typical) 

V 200 200 volts 

44
 

... 
. 

1 3 3 microamperes At 200 volts (See Fig. 2) 

'CAPACITANCE C 30 20 picofarads At 200 volts 

QUANTUM 
EFFICIENCY i 

0.9 
0.45 

0.9 
0.7 

electrons/ 
incident 
photon 

At0.9«m , 200 volts, 2SHi 

At 1.06 am, 200 volts, 25Hj 
(SocFig.1| 

RESPONSIVITY V*. 0.65 
0.38 

0.05 
0.6 

amperes/ 
watt 

At 0.9 uin,200 vol i s , 25Hz 
At 1.06pm,200 volts, 25Hz 

'RESPONSE TIME r 10 25 nanoseconds At 200 volts 

'CUT-OFF 
FREQUENCY 'c 30 15 megahertz 

3db point at 200 volts under 
short circuit conditions 

QUADRANT 
TRANSITION less than 0.010* See Fig. 3 

'CROSSTALK less than 3%/quadrant 10K load 

UNIFORMITY Better than 5% 

'(FORMERLY LDQ SERIES) 

NOTES; 

1) Sensitive areas greater or less than 1cm2are available on request. 

2) The operating voltage must be sufficient to fully deplete the device. 

3) Guard rings may be used to minimize leakage current. 

4) CapaciUice is effectively independent of voltage under normal operating conditions. 

5) The response time will be approximately equal io the electron transit lime, which is ? function of voltage, 
or the RC time, whichever is greater. 

6t The frequency response of the diode will ultimately be limited by the charge collection time under short cir
cuit conditions. This frequency will vary to some extent with the wavelength of the incident radiation. 
Further information can be obtained from our Applications Note no. 1 on photodiodes. 

7) Crosstalk is defined as the output from adjacent quadrants when all the incident radiation is concentrated, 
in one quadrant. It is given approximately bf the ratio of the load resistance to the quadrant isolation 
resistance, which is typically greater than 1 Megohm. 
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MECHANICAL COMPONENTS 
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8EKK8 
sla-sLjn 
RATINGS & Sl>l^:il IOH0KS 

% 
U3TM 
IffI 

iccuiin MMi-rcoi MBfl-FCH HMi-rcot UM3FC04 MOW-FCBI MOUFCOt uosi-fui Mlll-FCCB Man-Fen H0WC1I K0P-FC14 U3TM 
IffI 

HCCUMH t iMi-noi MQCi-FMS imi-nm ImMDU Kotum NOUhFOM Wli'FDOl nil-root tron-noi wm-rcii •J0UW4 W l l - t t U urn-wit M112-FJIJ UI13-FJIS 

iroiwu L.S° U « 1.89 u° l.B° 1.80 n° 1.8° 1.8" 1.1° I " 1.8° 18° l.S» LB* , 

m.u STEK ?o 
inntmM 

2» TO 200 3t» 20O 200 w :oo 20D 200 200 MO 200 2W 200 ; 

IIME m MHO! 
ITO" t (• Mt) 

2.0 25 2.2 M 2.4 2.6 3.1 39 3.9 *.l 39 4.4 4.0 55 eo 

lemn 13 SI u 4.3 22 3.4 1,1 :.« 25 2 J JJ 2.3 1.7 3.6 IB 

unrtiurEi 
HfflllHG 

M IV 4.) 1.1 4.6 2.9 4.8 3.D5 4.6 55 7.3 61 SO 6.1 12 7 

lOliTlhCt (OHW 0.33 5.1 0,37 2.6 04* 1.1C 0.39 O.SS 0.5* 0 52 0 31 0.37 0.21 0.60 0.14 

HtlWHKE [MILU-
MMIBKimMBlW a y w.o 0.1 i.7 1.2 2.9 1.5 31 2 5 2.9 1 65 2.4 1.1 5.3 10 

MHIKU m a » 35 65 6S 100 ioa no no 21)0 3CD 300 425 « 5 640 140 

KSU1K T0WH* 
flMK] u 53 100 100 ISO ISO 150 150 300 450 450 625 d25 1125 1725 

milUl THIItf s S & 1 10 10 5 ! 10 IS 15 15 15 30 JC 

l i n t maim 
M-tV] 

003 O.B 0.0! COS 0.11 0.11 072 OH 042 0,64 0.H 1.34 1.34 in 2,'S 

T*ttlE n HUTU 
MTH 42 X 10» 42 X 10* 30 X IIP 3 0 x 1 0 ' nxio> M x w H 3 X i!M 16.3*10' 27.? X )f» 1&.S y 10i l&.e x IQ J 11.? X » ' )1.2 X 101 9.8 X 10' S.B X 10> 

nmaotuiu 
H T D H I U U 

6 E 6 6 6 6 6 6 6 G 6 6 6 6 6 

nurroiutm 
[tKKSl 

350 J » .250 :!M ISO .250 .375 .375 .375 .375 3JS 375 .375 615 .623 

UIMIW anmiM 
mtam 

it IS 15 IS IS IS 25 zi 75 25 » 25 25 25 25 

H I i H f H T i m T 
LIU (L|| » 25 25 2) 25 25 50 50 50 50 50 50 50 50 50 

-vmu.1 «• 1U Itt 2 1 :* 3 * 1V4 3W iVt 7fc 7*4 a fl 14V* MVi 

M) [ SKffPIH IW IW 2fc OA 3W 3% i 4 6 * 9 9 9W 9 * 16W 16V* 

1 Willi M wit a< drlie. Sci itcp function cum. Film 20. 
' floth v M l w mitmi «l M4d amut. 
tKltlnn tlww ir* Irptell vllun, net for spwiflcatlon. 
jkporeilnitd itlui "it* mltlra coll tmiilitfl. 

Tht following ipeclil typw i n «lio available. To ordtr, add 
the d ts lgn iM suffix lo the standard moloi typ« numtw. 

Ooubn End Shaft - Has output shaft that extends from both 
ends of motor. Add suffix E. 

H!ghT«mp«rj\turt -Ut i l ize Class H organic materials and 
high temperature graass. Add suffix H. 

Vtcuum _ Use Class B organic materials and high 
vacuum bearing lubricant for operation 
In vacuums to 10~* Torr. Maximum per
missible motor shell temperature is 
100°C. Add suffix V. 

RtdfaHonRMltlanl-WIII withstand a radiation dosaga of 
3000 megarads and can be operated In 
ambient temperatures to 100°C. Add suf
fix R. 

Mllltirlztd - Meet or exceed the requirements of mili
tary specifications CCM-636-A (materi
als), MIL-T-17113 (shock) and MIL-E-
4970A (vibration, salt spray, humidity, 
fungua and temperature). Add suffix M. 

Viscous Damped - Has a fluid damping system to provide a 
step function approaching critical damp
ing. Available on M091, M092 and M093 
motors only. Add sufllxO. 

Encoder Motors - H a v e Integrally mounted incremental 
photo encoders which allow continuous 
monitoring of motor speed, position end 
direction of rotation. Add suffix CI for 
single 200 pulse par revolution channel, 
C2 for two 200 pulse per revolution 
channels with a 90° phase relationship 
or C3 for two 200 pulse per revolution 
channels as on the C2 plus a zero refer
ence channel. 

STEP FIGURE 20 

1.8* •*•-

Single step lime (I.) 
for each motor 

!s given irt rating chart 
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STBPPHRC A\OTOrS 
OUTLINE IHAWXSIOAYS 

M061, M062 and MC63 MODELS 

•ASIC 
MOTDI 
TTK 

DIMEN
S ION! 

H1J. S T E T t W 
ANILE VARIATION 
3% OF ONE S I D 
KOWIMWATHE 

MAI IT IFFIM 
A n i l ! HIJATIM 
9% DF ODE BET 
NONtUMUIATIVE 

M0S1 2 CO • SHAH B1IN0UT 
.001 MAI. 

t DIAMETER TOLER
ANCE ± .001 
DIMETER CON-
CENTRIC TO 
MOTOli AIIS 
WITHIN .001 
T.I.R. 

t SUHFACE SOUARE 
TO MOTOR AXIS 
WITHIN .001 
T.I.H. 

• SHAH RUNOUT 
.002 MAX. 

t DIAMETER TOLER. 
ANC6 S.M2 
DIAMETER CON
CENTRIC TO 
MOTOR AXIS 
WITHIN .001 
T.I.H. 

t SURFACE SQUARE 
TO MOTOR AXIS 
WITHIN .003 
T.I.R. 

M0E2 3.00 

• SHAH B1IN0UT 
.001 MAI. 

t DIAMETER TOLER
ANCE ± .001 
DIMETER CON-
CENTRIC TO 
MOTOli AIIS 
WITHIN .001 
T.I.R. 

t SUHFACE SOUARE 
TO MOTOR AXIS 
WITHIN .001 
T.I.H. 

• SHAH RUNOUT 
.002 MAX. 

t DIAMETER TOLER. 
ANC6 S.M2 
DIAMETER CON
CENTRIC TO 
MOTOR AXIS 
WITHIN .001 
T.I.H. 

t SURFACE SQUARE 
TO MOTOR AXIS 
WITHIN .003 
T.I.R. 

MD63 4.09 

• SHAH B1IN0UT 
.001 MAI. 

t DIAMETER TOLER
ANCE ± .001 
DIMETER CON-
CENTRIC TO 
MOTOli AIIS 
WITHIN .001 
T.I.R. 

t SUHFACE SOUARE 
TO MOTOR AXIS 
WITHIN .001 
T.I.H. 

• SHAH RUNOUT 
.002 MAX. 

t DIAMETER TOLER. 
ANC6 S.M2 
DIAMETER CON
CENTRIC TO 
MOTOR AXIS 
WITHIN .001 
T.I.H. 

t SURFACE SQUARE 
TO MOTOR AXIS 
WITHIN .003 
T.I.R. 

M091, M092 and M093 MODELS 
IASIC 
MOTOR 
TW 

DIMEH. 
SION A 

MM. iTSFHKe 
ANCLE VARIATION 
1 % OF OKI ITER 
NOHCUMUUTIK 

MAI. SIEFFIH1 
AHSIE W I U f l M 
! * OF ONI STB> 
I I H O M U T H E 

H09I 2.15 • SHAFT flUKOUT 
.001 MAI. 

t DIAMETER TOIE* 
ANCE ±,901 
DIAMETER COS-
CENTRIC TO 
MOTOR AXIS 
WITHIN .001 
T.I.S. 

! SURFACE SQUARE 
TO MOTOR AXIS 
WITHIN .001 
T.I.R. 

• SHAFT RUNOUT 
.002 MAX. 

1 DIAMETER IOLEH 
ANCE ± 0 0 2 
DIAMETER CON. 
CENTRIC TO 
MOTOR AXIS 
WITHIN .003 
T.I.R. 

t SURFACE SQUARE 
TO MOTOR M I S 
WITHIN .003 
UR. 

M092 3.T0 

• SHAFT flUKOUT 
.001 MAI. 

t DIAMETER TOIE* 
ANCE ±,901 
DIAMETER COS-
CENTRIC TO 
MOTOR AXIS 
WITHIN .001 
T.I.S. 

! SURFACE SQUARE 
TO MOTOR AXIS 
WITHIN .001 
T.I.R. 

• SHAFT RUNOUT 
.002 MAX. 

1 DIAMETER IOLEH 
ANCE ± 0 0 2 
DIAMETER CON. 
CENTRIC TO 
MOTOR AXIS 
WITHIN .003 
T.I.R. 

t SURFACE SQUARE 
TO MOTOR M I S 
WITHIN .003 
UR. 

M093 S.07 

• SHAFT flUKOUT 
.001 MAI. 

t DIAMETER TOIE* 
ANCE ±,901 
DIAMETER COS-
CENTRIC TO 
MOTOR AXIS 
WITHIN .001 
T.I.S. 

! SURFACE SQUARE 
TO MOTOR AXIS 
WITHIN .001 
T.I.R. 

• SHAFT RUNOUT 
.002 MAX. 

1 DIAMETER IOLEH 
ANCE ± 0 0 2 
DIAMETER CON. 
CENTRIC TO 
MOTOR AXIS 
WITHIN .003 
T.I.R. 

t SURFACE SQUARE 
TO MOTOR M I S 
WITHIN .003 
UR. 

• o M W ^ ^ a H ' l 

M111 MODELS 

ia». tMoo ov tfur n > 

* SHIFT RUNOUT .003 MAI 
t DIlNETEA TOLEMIKE iOQJ 

DIAMETER ewcEimie re 
MOTOR A i d WITHIN M l T.I J . 

t SURFACE U I U I E TO 
MOTOR Al ls WITHIN . M l T . M . 

8 I ~~£-
m lift 'Of* 

-«j <n I* 

M112 MODELS-

• SHAFT RUNOUT Mt n u . 

t I I A t K T t t TOLERANCE 3 J C J 
I U M E T E I CONCENTRIC TD 

MOTOR JUIJ »iram m T.I.R. 

* imrAu tiuAii n 
MOTOR t i l l VTITHIM .Ml T. l l 

" t u t miitti i ma w fe. HU<I 
•MinHRimt i i i t i l l l l l wttr. 
OMHMIIlflll!<rMin«». 
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Selecting A Standard Precision Ball Bearing Screw 

p-0405 P-0410 P-0610 P-0805 P-0810 P-12ID G-0705 G-1004 G-1205 G-1505 G-1SC4 G-2005 G-2004 0-2002 Model Number 

>*Bted Dynamic Load (lbs)* 

<» 100 000 "(ravel 31 39 

(a 1.000000" travel 15 16 

li 10.000.000" travel 

Rated Sialic Load (lbs) 170 170 

Screw Diameter (inched 250 250 

84 

39 

4B 

22 

370 

375 

370 530 

SOT 500 

Lead dnchB i l " 100 

4.460 7.500 6,270 7060 9.820 6 600 11.900 41.030 

2,072 3.480 2912 3 290 4 560 3 964 5 523 19.040 

96? 1.615 1.352 1.527 2,117 1849 2,564 8,838 

16,000 25.600 26.700 32.000 38.400 42 600 51.300 104,000 • 

750 1000 1250 1500 1500 2 000 2000 2 000 

200 .50 200 200 250 200 250 500 

Manimum standard Length See Critical Speed Curves, page 13 and Column Load Curves page 12 for mammumdesnable length (or your aooi'cairon 

Nominal Backlash (inch) 002 002 004 
(non-preloaded.1 

Standard 0 0005 inch per tool cumulative Available m tour slandard accuracies 00002 inch per loot cumulative 00005 
o o o i inch per tool cumulative OOOSmch per (oot cumulative 

Screw 17- iPH Stainless Slsel 

Nut 17-4 PH StamlflM S l w l 

Suriace 38-45 Rockwell C 

Core 38-45 Rockwell C 

32 rmcfomcfi norma) 

4150 HVDS aircraft Quality vacuum degassed steel 

8630 HVDS jjircralt Quality vacuum degsssed s t e e i 

56-62 Rockwell C 

25-35 Rockwell C 

32 microincri normal AJ$c-available il desired wuhcHaspnate coat ciack onde 

Temperature Range (°F) -10O ' F lo +200" F - 1 0 0 ' F td - 3DQC F 

Nuts 

DouWe fivt pr&to$0eO 
housing 

Double Nut Preloaded 

Ends 

For Single Sear/ng For QvD'QtQd Beatings 

8 * ^Q r preloaded u"Hs refer to crtart page 11. 
"R igh t hand thread stand arc Le ft ntjnd thr^ed available on reauesl C-7 



G-2202 G-2504 G-2502 G-3002 G-3502 G-4002 G-5001 G-6001 

44 350 13.600 47.600 53.750 59.580 65.100 206,600 235.700 

20600 6.410 22.100 24.950 27.650 30 230 96.900 109.450 

- 9.562 2.975 10.25B 11.581 12.634 14.032 44.977 50.602 

. 117,800 64.000 130,900 157.000 183.000 209.50" 456.000 S47.000 

2250 2500 2500 3000 3500 4 000 5 000 6000 

500 250 500 500 500 500 1000 1 000 

Life Expectancy 
The life ot a ball bearing screw is the total amount 
ol travel, in inches, with a stated load. These load-
life relationships are analogous to the B I Q Rating 
common to the ball bearing industry. The relation
ship of load to life is an inverse cube ratio. Reduc
ing the load by 1/2 increases life 8 times. Doubling 
the load decreases life to 1/8 the original expecta
tion. Therefore, the life of a ball bearing screw is 
predictable. See charts pp.10,11. 

inch per tool cumulelive Column Loading 
Column loading is the compression load on the 
screw. This load has a tendency to buckle the 
screw, and is dependent on screw diameter, screw 
length and typu of mounting. If the load is in ten
sion, then column loading (compression) does not 
apply. See chart p. 12. 

imco'lle silver o'ele cadmium pute or thin dense chrome 

Preloaded Housing For Preloptfed Housing For 
Beit Mounfinp F/anoaMoi/nling 

Critical Speed 
Critical speed is the speed at which the nut or 
screw has a tendency tc develop severe vibrations, 
and is dependent on screw diameter, screw length 
and type of mounting. See chart p. 13. 

For Mulf/ple Sen of Oupltntti Barings For Pillow Blot* 

Preloading 
Zero backlash and maximum stiffness can be 
obtained by preloading. Beaver standard precision 
ball bearing screws Series G are available with 
three pre-load configurations. In addition to a 
simple double nut preloaded assembly, housing 
type assemblies are available for base or flange 
mounting. Series P are available with a housing 
type preloaded double nut. See charts pp. 11,14, 
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Dimensions: Series P 

Single Nut Non-Preloaded Model 
No. 

P-0405 

F-0410 

P-0610 

P-0805 

P-0610 

P-1210 

A B C 
Inches Inches Inches 

250 667 5625 

.875 

937 

.737 

937 

937 

250 

375 

,500 

500 

750 

.5625 

7500 

8437 

9062 

12500 

Nominal 
Backlash I inch: 

002 

,002 

004 

002 

.004 

004 

Double Nut Preloaded Housing Model A B C D E 

No Inches Inches Inches Thread Inches 

P-0405 250 2.093 ,750 1-1/16-24 UNEF-2A 31 

P-0410 .250 2468 750 11/64-24 UNEF-2A .31 

P-0610 375 2.687 1.000 13/16-20 UNEF-2A .37 

P-0605 .600 2821 1000 15/16-20 UNEF-2A .3? 

P-0B10 .500 2718 1187 1-20 UNEf-2A 37 

P-1210 .750 2750 1500 1-5/16-18 UNEF-2A .37 

Universal End 

ssfflfflW 

Model 
No 

P-0405 

P-O410 

P-0610 

P-0805 

P-0810 

P-1210 

A 
Inches 

.500 

.500 

750 

750 

.750 

1.000 

8 
inches 

1876/1873 

1876/1873 

.2501/2498 

3751/3748 

3751/3748 

.5002/ 4999 

Dimensions; Dog Stops 
When using dog stops, determine ball thread length by 
adding desired travel to dimensions shown. 

OpBwH^^w^O "__ 

f o c o i 

Model 
No 

G-0705 

G-1004 

G-1205 

G-1505 

G-1504 

G-2O05 

G-2004 

G-2002 

G-2202 

G-2504 

G-2502 

G-3002 

G-3502 

G-4002 

G-5001 

G-6001 

A 

365 

4,34 

4.12 

4 37 

4.75 

4.75 

5.12 

7.75 

7.75 

512 

762 

7.62 

6.25 

9.06 

15.06 

15.06 

B 

6.06 

7.25 

6.75 

7.00 

7.75 

7.37 

8.12 

13.00 

13.00 

8.12 

12.87 

1267 

13.50 

1450 

25.25 

2525 

C 

6.25 

7,43 

6.93 

7 15 

BOO 

7.50 

837 

1350 

13.50 

8.37 

1337 

13.37 

14,00 

15.12 

25.87 

25,87 

0 

6.25 

7.43 

6.93 

7.15 

S.00 

7.50 

8.37 

13.50 

13.50 

8.37 

13.37 

13.37 

14.00 

15.12 

26.87 

2587 

E F 

.53 1.12 

59 1.43 

.53 1.62 

.65 193 

.71 2.00 

.78 2.43 

.81 2.50 

.93 3.16 

.93 3.43 

81 3.06 

93 3.68 

.93 4.18 

106 4 68 

1.18 5.18 

1.50 7,43 

1.62 8 4 3 
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On the following three pages, catalogue data on AeroTech, Inc. tilt 
and translation stages are presented. As the result of telephone conversa
tions and correspondence between Hughes and AeroTech engineers the 
following additional information has been obtained, 

1) The scale factor of the ATT185-3 is approximately 0.4 arc-
secs/degree. 

2) The fine screw may be adapted to be driven by a motor but a 
coupling must be provided between the mctor and shaft which will 
allow the screw to traverse in and out, The minimum torque 
required would be about 35 oz-inches. 

3) Resolution is defined as the distance the stage or table will move 
with a 1/2 degree turn on the fine adjustment screw. This is about 
the smallest turn that most people can achieve. 

4) It is possible to retrofit a manual stage to be motor driven but 
only on the fine adjustment, 

5) All motor driven translation stages (ATS-301M, etc.) can be 
purchased with a double ended shaft on the motor, 

6) The temperature sensitivity of the ATS-301 is less than 
12. 7 x 10"° inches/°F, The temperature sensitivity of the 
ATT185-3 is 0.3 arc-secs/°F. 

7) The long term stability or creep of these devices is unknown at 
the present time. 
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AOM100 Series (Ultra Precise) Optical Mounts 

The AOM100 (Ultra Precise) Series Optical Mounts, 
available in 1-, , -nd R-irich frame si70s, combine high 
resolution with maximum stability, making them ideal for 
laser holography, interlerometry and other exacting opti
cal system applications. The optical cell of the 100 Series 
is suspended by a unique kinematic diaphragm support 

SPECIFICATIONS 

mechanism which is adjustable in azimuth and elevation 
via the patented Aerotech coarse/fine positioner. 

For convenience, 100 Series Mounts are available with 
adapters for intermediate size optics. 

100-1 100.3 100-6 
Resolution .1 arc sec .05 ere sec .025 arc sec 
Range 4° 4« 4" 
Clear Aperture .88" 2.75" 5.68" 
Weight 0.8 1b 1.5 Ibe. 6 lbs 
Finim Black enodize Black anodlze Black anodlze 
Component Size 1" 3" 6" 

DIMENSIONS 
Model A B c D E F G H J K L M 
AOM100-1 4.50 
AOM100-3 8.06 
AOM100-S 11.88 

2.4B 
4.38 
i.00 

1.59 
2.12 
3.38 

3.00 
5.00 
9.12 

1.5S 
2.00 
3.00 

1.3S 
2.12 
3.96 

1.25 .40 .13 " -.159 
1.37 ,6B .31 1.75 7/32 
2.50 SeeM .25 4.50 9/32 

K-£0 
V.-20 
No Hole 

* 2 holes located on optical center line. 

ATT185 Series (Pitch-Roll) Tilt Tables VA Ream, 1 Hal* 

»6-32, 4 Holts "=-%. 2 Holes 

#10-32, 4 Holes 
The ATT185 (Pitch-Roll) Tilt Tables provide a means 

for leveling instruments or tilting components over a large 
angular range with continuous fine resolution. These tables 
have a two-axis Girnbal support and feature a fiat un
obstructed mounting surface with an ample supply ol 
threaded mounting holes. The 185 Series tables are easily 
adaptable to the Aerotech Linear and Rotary Translation 
Stago- for producing multi-axis positioning systems. 

SPECIFICATIONS 

- !A-20, 4 Holes 

16W 185-5 

Range .- 10° + 10" 
Resolution :t arc sec .1 arc sec 
Weight t.i Ids 3.1 lbs 
Finish Black anodize Black anodize 
Mitetil Aluminum Aluminum 
Mounting Surface 3" x 3" 5" »5" 

- 3 . 3 1 -

0 
LU>3* 

- % j . 2 Holts 
lA Ream, 1 Holt 

C - 1 1 ^ #10-32, a Holes 



ATS300 Linear Translation Stage 
The Model ATS300 Trans

lation Stage provides preci
sion linear motion over a 
half inch range with contin
uous one micro Inch reso
lution. 

By utilizing Aerotech's 
patented coarse/fine posi
tioning mechanism, these 
sta^ as provide quick linear 
travel while still having full 
range of the fine adjustment 
at any position, Multiple-

axis configurations, such as (XV) and (XYZ), are available 
usfiig these stages, making them ideal for accurately posi
tioning small optical components. 

This high strength aluminum, black anodlzed unit is 
equipped with eight tapped holes to facilitate the mount
ing of various components and can be fastened to any flat 
base surface by means ot four #6 socket head cap screws. 

As an added feature, providing mechanical position 
readout, the ATS300 stages are available with linear scales 
(English or metric) with verniers as well as scored fine ad
justment barrels. 

16dla., «hol«i 

•MClFICATIOffl 

Weight 114161 
Hinge M" 
Reicilulion 1 micro Inch 
Mater * Aluminum 
FWlh Blick anodlze 
Window Mont 

load Carrying [Horizontal 30IH 
Capability IVertleel MIDI 

Linear Bearlnga Craned roller 

Conflfluratltm* X, |XY), (KYZ) 

2 Axil Adapter None 

Linear $c*l» » and 

Vernier Option at 
Scored Barrde Optional 

ATS301,302 and 303 Linear Translation Stages 
The Models ATS301, 302 

^ and 303 Translation Stages, 
^ f ^ ^ ^ . providing one, two and three 

^ ^ ^ ^ ^ ^ ^ ^ . Inches ol travel respective-
^ ^ ^ H a P ^ ^ ^ B ly, use the Aerotech coarse/ 

^ ^ ^ ^ • ^ j j ^ ^ ^ L fine positioner allowing one 
^ H ^ ^ ^ H l ^ ^ F micro inch continuous reso-
^ H | e j ^ i ^ ^ F lution over their complete 

^ e ^ ^ S l ^ V travel. By utilizing precision 
^ ^ f c f « U preloaded linear roller bear-

^**»v*»f Ings with a friction coeffi
cient of less than .003 and a 
constant force spring mech

anism, these stages exhibit backlash and play-free opera
tion making them Ideal for attaining accurate, repeatable 
motion with minimum force. 

All models are provided with convenient n juntlng notes 
for auxiliary equipment, are drilled and tapped for (XY) 
(fig,1)or{XYZ)(flg.2) configurations, and can be attached to 
any Hat surface by means of two #10 socket head screws. 

SPECIFICATION! 

*10-32,5hol«-

tea 

i-
M 

1.37-j 

-3 
— 3.50-

-4.50 — U 
- 5 . 0 0 -

- i . 5 0 -

5.00 

1, 
V>2.2holii 

Models ATS301 and 302 are available with a 3f t " X 2" 
clear aperture designated by the suffix "W" on the part 
number. 

OUENIIONI 

301 302 m Modal 

ATS301 

A B 

.SO 1.S0 Weight 4 lea 4 lb* 4 Ibl 

Modal 

ATS301 

A B 

.SO 1.S0 
Rang* i " 2" 3" ATS302 1.00 1.87 
RfioluHon 1 micro Inch 

Aluminum 
1 micro Inch 
Aluminum 

1 micro Inch 
Aluminum 

ATS303 1.50 J.JS 
Material 

1 micro Inch 
Aluminum 

1 micro Inch 
Aluminum 

1 micro Inch 
Aluminum 

FfnUIr Black tnodlza Slack anodii* Black anoditfi ^^ Wlndow-udd luttix "W" 314" x J " 3 V j " » 2 " Nona ^^^^^^^^ Load Carrying 1 Hononlal IWIbj lOOIbi 100 Ib l B ^ B ^ B ^ B ^ B ^ B H 

CipaMllry 1 Vertical 20lba JOIbl 80 Ibl B^B^B^B^B^B^kV 
Croaaed roirar Creeled roller Croaaed roller B^L^B^^^^H 
X, W ) , (KYZ) X, (XY), (XYZ) X, (XY!, (XYZ) B^L^Ltel B^tl 1 

Z Ada Adapter 
light- and Light- and Light, tnd 

Z Ada Adapter heavy-duty heavy-duty heavy-duty 
Linear Scolo* and '"3 

R^B^B^B^B^B^B^T 

vernier Optional Optional Optional ^••1 i i^B^b^r^B^Br 
1 Scored Barren) Optional Optional Optional ~ ^ 1 
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ATS301M, 302M and 301MM Motor-Driven Translation Stages 

.% *e 
The Model ATS301M and 302M motor-driven linear 

translation stages (providing one and two Inches of travel 
respectively) offer quick and accurate positioning utilizing 
200-5tep-per-revolution stepping motors. 

Linear position accuracy and repeatability are assured 
by employing an ultra-precise ground lead screw, while 
dynamic stability and excellent runout are controlled by 
high-quality cross-roller linear bearings. The 301M and 
302M tables ofler .0001 inch-per-step resolution white the 
25mm travel model (ATS301MM) oflers 1 mlcron-per-steD 
resolution. 

All models are provided with convenient threaded in
sert mounting holes for auxiliary equipment, are drilled 

I M.50-

1.00 J 

'M, 2 holts J 

and tapped for (XV) and (XYZ) configurations and c«n be 
attached to any flat surface by means of two #10 socket 
head screws. 

The ATS3D1M, 302M and 301 MM are coated with an 
extra-hard (63 Rockwell) finish and are available on special 
order lor 10-4 Torr vacuum operation. 

SPECIFICATIONS DIMENSION! 

301M 30ZM 30IMM Model A 

Weight 6 lb! 6 Iba Elba ATS3D1M 1.00 
flange 1" !» 25mm ATS302M 2.00 
Finish Hard black anodize 

.0001" 
Hard black anodize 
.0001" 

Hard black anodize 
2 microns 

ATS301NM 25mm Finish Hard black anodize 
.0001" 

Hard black anodize 
.0001" 

Hard black anodize 
2 microns 

Finish 

.00005" • .00005" 1 micron 
Load Carrying 1 Horizontal too iba 100 Ibl 100 Iba 
Capability 1 Vertical 20 i i» 20 Iba 20 lbs 

Repeatability (unidirectional) .000025" .000025" .5 microns 
Drive Mechanism Precision lead screw Precision lead screw Precision lesd acrew 
Maximum Slew Speed 2000 ateps/sec 2000 ateps/sec 2000 steps/sec 
Window-add aufllx " W 314" X 2 " 314" x 2 " 314" x 2 " 
Vacuum capability (optional) 1 0 - ' Torr l0 -» Terr 10-» Toer 

ATS301MR Motor-Driven Rotary Translation Stage 
The Model ATS301MR 

r^.^ Rotary Translation Stage 
^ ^ M M J ^ ^ ^ ^ oflers quick, accurate and 
A p ^ 9 ^ H ^ ^ ^ continuous 360° positioning 

] ^ ^ ^ ^ ^ ^ H utilizing 200-slep-per-revo-
^ ^ ^ ^ ^ ^ V stepping motors. Po-
^ ^ ^ i ^ ^ ^ ^ sition accuracy and repeat

ability are assured by em
ploying an ultra-precise 

worm-drive mechanism, while dynamic stability and mini
mum wobble are maintained by a dual (high-quality) ball 
bearing support system. 

The ATS301MR is available with a IVHnch clear aper
ture-and two or one-half arc minute-per-step resolution. 
It is easily adaptable to any of the one- and two-inch linear 
models and can be fitted to operate in a 10-* Torr vacuum. 

Vs. 2 holes *—1.50 die. thru hold 
(opt ional ) 

SPECIFICATION! 

Weight 
Range 
Resolution I 200 steps/rev 
12 models) I 400 stepa/rev 
Materiel 
Finish 

5 Iba 
360° continuous 
2 arc mini ft arc mln 
1 are mln I H arc mln 
Aluminum 
Black anodfie 

Load Carrying I Horizontal 
Caoebllily I Vertical 

Repeatablllrylunldlncllonan 
Table-to? Diameter 
Maximum Slew Speed 
Cllar Aperture 
Optional Vacuum Capability 
Accuracy (lead error accumulallye) 3 arc mln 

25 lbs 
Dependent upon -.otor size 
.2 ere mln 
4" 
20O0 itepa/aec 
114" 
1D-»Torr 
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APPENDLX D 

POINTING AND FOCUSING CONFIGURATION TRADEOFF STUDIES 



APPENDIX D 

POINTING AND FOCUSING CONFIGURATION TRADEOFF STUDIES 

The term configuration is intended to denote the portion of the studies 
that are devoted to determining where the sensor should be located, how the 
beam is focused on the target and how and where to enter the beam, i. e., 
where and how to locate the black box called the sensor. The term optical 
configuration relates to where the laser beam is focused in relation to the 
target. The term system configuration encompasses the optical configuration 
and location of sensor, entry into beam, etc. Sensor design studies are for 
the purpose of determining the "best" technique for measuring pointing and 
focus, i .e. , what is in the black box. The configuration studies could not, 
of course, be done alone without any consideration of the sensor, but only the 
barest concept of sensing techniques were involved. The goals of the con
figuration studies were to come up with an arrangement in which the least 
complicated (least expensive), most reliable sensor can be incorporated. Of 
primary importance in the configuration is the reference for the sensor. Is 
it me chanical. self-referencing, comparative reference, absolute reference, 
etc. ? A perfect nulling sensor is only as good as the knowledge of the 
reference for the null. The most desirable configuration is one in which the 
reference is mechanical with tolerances such that stability is assured. The 
next more desirable configuration is one in which the reference can be readily 
checked, preferably with the sensor itself. [The baseline system configura
tion is a combination of the above as will be discussed later .] 

OPTICAL CONFIGURATIONS 

It was assumed that the surrogate target should be a ball since no other 
geometric shape is the same from all directions. The variable in the optical 
configuration is the position of the laser focal point with respect to the surro
gate target. Figure D-l shows the five possibilities. 

In case I, the laser is focused at the center of the ball. The ball acts at, 
a perfect non-aberating reflector, and the beam is returned exactly on itself. 
Transverse motion of the ball causes the rsturn beam to be deflected angu
larly; and, conversely, an angular deflection of the input beam causes a 
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Figure D-l. Five surrogate target-to-focal point position possibilities. 

transverse motion of the focal point that results in an angular deflection of 
the output beam that is equal and opposite to the input beam angle. The rela
tion between angular deflection of the beam and transverse motion of the fecal 
point with respect to the ball is independent of ball size, but there is 
transverse motion of the beam that is inversely proportional to the ball size. 
It should be noted that the criteria for pointing is the transverse distance 
from the ball center to the focal point of the laser beam. Angular motion 
of the beam is only a measure of this transverse error. A sensor for 
case I can be located anywhere in the la|er chain, from input pinhole to the 
final focus lens. The main consideration is access to the beam and other 
factors such as field of view for acquisition, optical attenuation and aberra
tions. Since it was decided that the sensor must sample the entire beam, a 
sensor for case I must have an aperture equal to the beam diameter at the 
point of entry. » 
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Case II is the condition where the lens is focused exactly at the focal 

point of the ball so that the beam from the ball back to the lens is collimated 

and hence is refocused at the back focal point of the ball. Transverse motion 

of the ball causes the output focal point to shift transversely as shown in 

Figure D-2. The rate of focal point shift with input angle or ball motion is 

inversely proportional to ball diameter. The reflected beam diameter, from 

the ball to the lens, is proportional to the ball diameter. 

The focal point for case III is located between the focal point of the ball 

and the center of the ball. As the focal point of the lens is shifted axially 

from the focal point of the ball (case II) to the center of the ball (case I) the 

focal point of the reflected beam shifts axially from the back focal length of 

the lens to the (apparent) focal point for the source, This factor provides the 

flexibility for locating the target at any desired intermediate distance and 

the sensor aperture can be smaller than the original beam and still capture 

all of the beam. 

Case IV shows the laser focal point just ahead of the ball focal point, so 

that the reflected beam from the ball is imaged in the plane of the lens as if 

it were being used as a field lens. Transverse motion of the ball or input 

angular motion cause the reflected cone to pivot about the focal point of the 

lens as the second focal point moves in the plane of the lens. 

Case V shows the laser focused on the front surface of the ball. The ball 

is acting as a retro and the beam is being returned exactly on itself. Note 

that transverse motion of the ball does not cause angular motion of the return 

beam as did case I. Transverse motion of the ball causes a transverse shift 

of the return beam that is directly proportional to the ball motion and 

inversely proportional to the ball diameter. In this case the information 

regarding the transverse er ror between the ball and the focal point is con

tained in the transverse motion of the beam. 

Figure D-2. Case II with transverse error 
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SYSTEM CONFIGURATIONS 

An important fact to note is thai: at any focal plane in the system, 
sensitivity is a constant. Sensitivity is defined as follows: 

Transverse Magnification 
Blur Diameter 

Axial Magnification 
Depth of Focus 

constant 

constant 

Transverse magnification in any focal plane is proportional to the lino, at 
that focal plane as is the blur diameter. Axial magnification is proportional 

2 
to the (lino.) as is the depth of focus. Since this is true, sensitivity cannot 
be improved through clever manipulation of focal lengths or f/no. 's. Sensi
tivity can be degraded vlth a configuration through introduction of aberrations. 
The optical configuration can be arranged, however, to match blur to com
ponent size, to minimize tolerance requirements, etc. 

In the following paragraphs, the system configurations given major consid
eration are briefly described and the reasons for rejection are given. There 
were many others, both completely unique and/or variations on these that 
were conceived and discarded on the blackboard and on the back of envelopes. 
These however represent the system configuration that were considered more 
worthy, for a time at least. 

Configuration I is shown in Figure D-3. The focal point is at the center 
of the target and the sensor is located at reference pinhole right after the 
MO. The primary advantage of this configuration is that all chains utilize the 
same single sensor, This sensor requires no reference sensor since it is 
mounted on the original source of the laser signal, the reference pinhole. 
The primary disadvantages accrue because the alignment laser energy must 

Figure D-3. System Configuration-I 
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traverse the Laser chain twice. The returning signal is attenuated an 
additional 45 db and the aberrations are doubled. The worst effect is due to 
non-axially symmetric aberrations which introduce a pointing error. This 
occurs when, for instance, coma causes the centroid of energy at the focused 
spot to be transversely shifted from the optical axis. A sensor at the target 
end of the chain would sense this shift and correct accordingly. However, 
when the signal travers&s the laser chain again the centroid is transversely 
shifted again so that the centroid error at the input sensor is doubled. When 
the sensor nulls the error at the input then the centroid at the target is over 
corrected. Since the non-symmetric aberrations cannot be predicted at this 
time this configuration was rejected. Another possible problem was a con
flict between the many spatial filters in the chain and the sensor field of 
view required for acquisition. 

Configuration II is shown in Figure D-4. The focal point is located the 
same as configuration I, at the center of the ball, but the sensor is a 25 cm 
aperture located near the final lens. Entry to the beam is achieved by using 
the last polarizer in the laser chain as a beamsplitter. At the time this con
figuration was under consideration, the polarizers were transmissive, as 
shown in the figure; however, the function is the same with reflective polar
izers. The reference for this sensor is the incoming beam from the laser 
chain, as seen through the retro. It is important whether the steering mirrors 
are before or after the sensor. If they are before the sensor, then the refer
ence must be sensed continuously while aligning to the target, whereas if they 
are after, the sensor can be reference aligned before aligning to the target. 
In either case, if the sensor is located in the 25 cm beam alignment to the 
reference is touchy. The reference alignment sensitivity is 2.5 (i.rad/|Am, 

BEAMSPLITTER 

LENS 

POINTING 
MIRROR 

Figure D-4. System Configuration-II 
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which means, that if the sensor is angularly misaligned by 2.5 firad, then 
there will be a 1 \xm pointing error at the target. The most Berious defect 
in this configuration is the reference for focus, since this sensor must utilize 

• I * 

the beam from the laser chain. * If the beam is perfectly collimated, then the 
focal point of the incoming beam and the reflected beam are at the same loca
tion. If the input beam is divergent, then the return beam will be convergent 
by the same amount, The input focal point will be behind the sensor lens 
focal point and the reflected beam will be ahead by the same amount. To 
correctly sense focus, the distance from the sensor lens focal point must 
be measured on an absolute basis, and then the reflected focal point driven 
an equal but opposite distance. This, of course, results in an unnecessarily 
complex sensor, since it would require two focus sensors with absolute 
measuring capability. An alternative is to precisely control the divergence 
of the input beam, either collimated or non-collimated and to calibrate the 
sensor for a known input beam divergence. The sensitivity to divergence 
error is 0.7 (Jun/firad, i. e., a divergence error of 1. 4 urad would cause a 
focal error of 1 nm. 

Configuration II was rejected as being both too complex (expensive) 
and/or because it would put excessive requirements on the laser chain. 
Also the sensitivity to sensor misalignment would require that the sensor be 
realigned just prior to performing the target pointing and focusing alignment, 

A variation of configuration II is to locate the sensor at some convenient 
location within the laser chain. The same general discussion as for configu
ration II applies. The sensitivity to angular misalignment is, however, 
reduced according to the reduction in beam diameter at the point of entry 
into the chain. 

Configuration III is shown in Figures D-5 and D-6. In this scheme, a 
vet/ bmail surrogate target is used, and the focal point is selected at the 
target focal point (or just in front of it. See case I or IV in Figure D-l) so 

As opposed t-> the baseline system that utilizes the beam only for pointing 
reference and uses the sensor location for focus. The baseline sensor 
measures the error between the focal point and the ball directly. 
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POLARIZER 
USED AS 
BEAMSPLITTER 

LASER 
CHAIN 
AND 
NUTATOR 

MASK 

Figure D-5. System 
Configuration-III 
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CENTER OF NUTATION 
DISPLACED FROM 
CENTER OF MASK 

Figure D-6, Generation of Modulation at lens 
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that the reflected beam is refocutsed at the lens. Then the input beam is 
deflected so that the reflected spot is centered on the mask, as shown in 
Figure D-6, and nutated about the optical axis The sensor, which is located 
at the first polarizer, is just a collector, i. e,, measures only the amount of 
energy into its aperture. The error modulation is created at the mask so 
that neither angle or transverse position is important after the mask. The 
scheme requires that the beam be centered when the nutation device is 
removed. This can be accomplished by utilizing an indexing rotating wedge 
as the nuitater. Since derivative angle is the nutation angle, the beam is 
aligned precisely to the nutation axis when the wedge is removed, The 
location o£ the wedge is not critical to the operation so neither bearing runout 
nor indexing must be accurate. 

Table D-l gives a list of the parameters for this technique and their 
relation to surrogate target size. 

This scheme is very attractive when the reference problem is considered, 
since the focusing lens itself becomes the reference and the error signal is 
generated at the target chamber and not in a sensor that must be referenced. 
Also, the sensor is only a single detector energy-in-the bucket type collector. 

The disadvantages of this scheme are that it is sensitive to non
symmetrical aberrations; and, more important, there does not seem to be a 
workable focus sensing technique that is compatible. It is for these reasons 
and the undesirability ol nutation, that this pointing technique was rejected. 

Configuration IV is shown in Figure D-7. This configuration is similar 
to configuration III in that the reflected beam is reimaged in the plane of the 
focusing lens, but a second lens, in the sensor, is used to reimage the focus
ing lens mask and the reflector beam onto a detector. Since the mask can be 
used as a reference, the sensor now has a reference in the detector plane. 
Note that the focusing lens is acting as a field lens to the reflected beam, and 
hence does not effectively introduce optical power on the second pass. If a 
small (1 mm) surrogate target is used, then the f-cone into the sensor is 
very large («f/2000), so that the tolerance on the axial location of the sensor 
(for focus) is large. A relatively large field of view is required to see the 
mask. The large field of view is undesirable when the field of view is 
compared to the accuracy required for pointing. A 1 mm surrogate target 
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Table D - 1 . P a r a m e t e r table for nu ta t ion on m a s k s c h e m e 

Ball 
Diameter 

* Blur 
Diameter 
Dili L im 

Array-
Disc 

Sens 
M/M 

Reticle 
Tol 

at 1 nm 

Mod 
Coef 
%/M 

Input 
Angle 

» 

* #AD 
Input 
Trans 

a t 48M 
Focus 

at A Conditions 

d 1 0 \ F 2 

dD 
4F 
d 

4 x 1 0 " 6 F 100D 
XF 

dD 
8 F 2 

6dD 
F 2 2 F 

Gtnera l 
(Uniform 
Blur = 
2. 44X/D) 

d 1 0 \ F 2 

dD 
4F 
d d 

100D 
XF 

dD 
8 F 2 

6dD 
F 2 2 F 

Gtnera l 
(Uniform 
Blur = 
2. 44X/D) 

d 30XF 2 

dD 
4F 
d 

4 x 1 0 " 6 F 33D 
XF 

dD 
S F 2 

fcdD 
F 2 

d 2 

2 F X3 Diff l im d 30XF 2 

dD 
4F 
d d 

33D 
XF 

dD 
S F 2 

fcdD 
F 2 

d 2 

2 F X3 Diff l im 

d 3 x 1 0 " 5 

d d 
2 x 1 0 " 6 

d 16 x 1 0 6 *f ±6d A* F - 0. 5m 
D = 0. 25m 

1 mm 
2 mm 
8 mm 
5'rorn 

3 cm 
1. 5 cm 
0. 4 cm 
0. 6 cm 

2 x 1 0 + 3 

1 0 3 

25C 
400 

2m m 
1 m m 
1/4 mm 
0. 4 mm 

16 x 1 0 6 

16 x 1 0 6 

16 x 1 0 6 

16 x 1 0 6 

125 ^ rad 
250 H.rad 
1 m r a d 
625 (±rad 

0. 6 cm 
1. 2 cm 
4. 8 cm 
3 cm 

1 fj.m 

4 p.m 
6 4 jxin 

2 5 JJ.TT1 

X = 10~ 6 

5 cm 0. 6 m m 40 40nm 
1. 6 mi l s 

11 6 m r a d 5 cm 0. 6 m m 40 40nm 
1. 6 mi l s 

11 6 m r a d 
i 
i ' 

P = Lens focal length 
D = input beam rliameter 
d = ball d iameter 
X = wavelength 
Units in m e t e r s and 
radians 
Lens focused on ball 
so that focal point i s 
in plane of lens 
*D = aper tu re d iameter 
(deflection to get to 
edge of aper ture) 



Figure D-7 

gives a sensitivity at the lens of 1 mm blur motion per 1 [im error (assuming 
. in f/2 focusing lens) and image of the mask on the lens would be equivalent 

to a 250 |im field. Since the sensitivity is inversely proportional to target 
size a smaller target would effectively decrease the field subtended by the 
mask; however, decreasing the field also complicates acquisition. 

The disadvantages of this configuration are that it is difficult to illuminate 
the mask so that it can be seen by the sensor, There is the difficulty in con
figuring an inexpensive detector for sensing t^e blur location with respect to 
the image of the mask. Another factor is that there may be a "hole" in the 
center of the focusing lens for suppression of internal reflections. This 
"hole" would then be in an image plane of the system, which is undesirable. 
This configuration was rejected because of the difficulty in illuminating t1 e 
mask, the senBor complexity required for sensing the mask image and the 
"hole" in the lens being in the image plane. 

It should be noted that for this configuration the tolerances for alignment 
and stability of alignment for the sensor are very good and are, in fact, the 
same as for the baseline configurations. 

Configuration V is shown in Figure D-8. In this configuration, the focal 
point is at the surface of the ball so that it acts as a perfect retro. The input 
beam is deflected at an angle such that the return beam is translated laterally 
so that it is centered at the edge ot the aperture, again defined by a mask. 
Modulation is generated by nutating the input beam at this angle. If the input 
beam is nutating around the optical axis with no error, then the return beam 
is moving transversely with a circular motion about the optical axis and the 
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Figure D-8. System configuration-V 

center of the beam will be vignetted symmetrically by the mask. If there is 
an error , then the axis of the nutation cone is offset by that error and the 
return beam will be vignetted unsymmetrically, A single collecting sensor 
for all chains can be located back near the pinhole since aberrations in the 
return path have no effect. However the sensor would need to be sensitive 
due to the attenuation. The advantages a re that the er ror is generated at the 
target chamber and hence is self-referencing, and only one sensor is needed 
for all chains. A 1 mm baLl gives a modulation index of about 30 percent/um. 
The nutation of the beam could be implemented with a rotating wedge (see 
Figure D-9) just past the pinhole on the master oscillator bench. Since the 
nutation is not affected by lateral position of the wedge, bearing runout and 
indexing accuracy are not important. In order to get the beam through the 
laser chain the nutation angle at the pinhole must be less than about 100 jj.rad, 
so the surrogate target would have to b" small, on the order of 100 urn. Since 
the beam is focused on the surface of the target, the surface quality would 
nave a serious effect on this sensing technique. The configuration was 
rejected because it was felt that placing such requirements on surface quality 
for such a small ball would be too gamey. 
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Figure D-9. Nutation of beam by wedge 

Configuration V is shown in Figure D-10. The focal point is slightly after 
the focal point the small (1 mm) ball so that the reflected beam is focused at 
a quad detector that is just behind the lost polarizer which is used as a beam
splitter. This arrangement provides the ultimate in simplicity for sensing 
pointing error. If a 1 mm target is used then the 1/e blur diameter is about 
5 mm for a 2. 5 timer diffraction limited system, and the transverse alignment 
sensitivity ia on the order of 1 mm for 1 jim of error. Since no other optics 
are used, there is no angular misalignment sensitivity. The problem with 
this configuration is in obtaining a compatible focus sensing scheme. Since 
the depth of focus is on the order of 20 M, the two energy balancing schemes 
for focusing are the astigmatic technique and the scheme where the focus is 
dithered plus and minus by moving a focusing lens, and the eaergy is collected 
by a single detector through a pinhole. (See Appendix B) The astigmatic 
technique was considered to be less desirable due to the requirement for 
balancing detector elements. The dither technique was considered undesirable 
because the 25 cm focusing lens would have to be dithered. 

D-12 



Figure D-10, Coiifiguration-VI 

Configuration V was modified slightly to incorporate a lens in front of the 
detector, thereby giving up the insensitivity to angular alignment, but provid
ing a means for incorporating a better focus scheme, as well as providing a 
more convenient blur diameter on the pointing quad. This modification led 
directly to the configuration described in Volume 1, Section 2 of the report 
as the baseline system. 
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APPENDIX E 

FALSE START CENTERING SENSOR 

In the earlier phases of the study, a method of sensing beam centering on 

the final focusing lens was devised which later proved to be faulty in concept. 

In this appendix, the original concept is described as well as the reasons it 

does not work. This is offered because Hughes thinks this self-made trap is 

an easy one in which to fall. The following is presented as a caveat to other 

researchers in this field. 

The original intention was to combine the final lens centering sensor with 

the pointing and focus sensor by placing an additional quad detector in the 

focal plane of the image of the focusing lens as reflected from the surrogate 

target. As illustrated in Figure E - l , the focusing lens can be thought of as 

an object, 0 . This object appears as a virtual image, I, reflected from the 

surrogate target. The virtual image is, in turn, viewed by the focusing lens 

and recast as an image I". This later image, the one cast by the fina, reus

ing lens, may be virtual or real depending upon; 

• whether the incident laser beam is convergent or divergent and 

• the point of "correct" fecus established by the focus sensor concept 
employed 

The image, I" , is then focused as a real image, I ' " by the sensor lens 

and lays in the plane of the centering quad. 

In Figure E - l , in which dimensions are grossly exaggerated [or clarity, 

the incident beam was chosen to be collimated and the point of "correct" 

focus was chosen to be at the center of the ball. This is not the system 

configuration; however, the interrelationships to be discussed still apply. In 

this figure, a sensor is shown with a quad aligned on the focused image of the 

focused point, indicating alignment in pointing and a quad which is aligned to 

the image of the lens. 

It would seem that pointing and centering alignment prevails and that 

decentering would cause an error to be detected by the centering quad. 
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Indeed, if one were to insert a blocking edge as indicated in the figure, the 

quad would sense an unbalance which would imply decentering. 

In Figure E-2, a true centering er ror is illustrated; however, the central 

ray of the incident beam passes through the center of the surrogate target 

and is reflected back upon itself. No centering error is detected. The 

reason for this is that the object, 0 , whose position is finally detected by 

the position oi its image I 1 " with respect to the quad, is really the beam foot

print on the focusing lens and not the focusing lens itself. 

The point here is that the achievement of perfect pointing is concomitant 

with the central ray passing through the center of the surrogate target. The 

returning central ray is , therefore, coincident with the in ingoing central 

ray and is centered on the ingoing beam. 

The above is true for any focus criterion; i . e . , center of the sphere, 

surface of the sphere, half-radius point or intermediate points. 
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RCA APPLICATION NOTES ON QUAD DETECTOR 

RCA Application note PE-514, 
Dr. R. J. Mclntyre, et. al., 

Solid State Detectors for Laser Applications, 
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FREQUENCIES, STRESSES, AND STIFFNESSES 
FOR ELLIPTICAL FLEX PIVOTS 

J 

INTRODUCTION 

Circular and elliptical flex pivots have been used to support Hughes 

designed beam steering mir rors . The configuration of these flex pivots is 

defined in Figure 1. In the past these flex pivots were rough sized by 

assuming an effective constant cross-section over the entire pivot length. 

The final dimensions of these pivots were obtained by a relatively costly, 

time consuming iterative process using eight beam STARDYNE finite 

element models. 

SECTION A-A 

THE ELLIPTICAL PIVOT SHAPE IS GOVERNED BY THE 
EQUATION 

( * ) * ( * ) 
NOTE THAT ALL CROSS SECTIONS (A-A| FOR ALL 
ELLIPTICAL PIVOTS ARE CIRCULAR 

SPfCIAl CASES: 

t ) n - b, THE PIVOT HAS A CIRCULAR SHAPE 

2) fa = 0, THE PIVOT HAS A CONSTANT 
CROSS SECTION 

Figure 1. Elliptical flex pivot 
configuration 
definition. 
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A GE265 time-sharing program is herein described which enables the 

LCG NUMBER — £ 
EMPLOYEE NUMBER 

FLXPVT OLD PROBLEM NAME 
The computer will indicate when it is ready to receive data. 

2) Inputting the data string 

For the elliptical flex pivot suspension system shown in Figure 2 
the data string reads as follows: 

525 DATA L, R , R., E, G, W, I , I , I , X 

G = shear modulus, psi 

J 
design engineer or structural analyst to quickly, easily, and accurately I 
determine the natural frequencies, and infinite life offset and dither capa
bilities, stiffness matrices, and equivalent eight-beam finite element models j 
of elliptical flex pi/ot mounts for beam-steering mirrors. >-> 

PROGRAM INSTRUCTIONS | 

1) Signing on to the GE 265 time-sharing system 

After dialing SOU, the following information will be requested: .J 

SYSTEM - |XBA| 
NEW OR OLD-- |OLD| J 

. i 

f 

y z- o j 

•J 

where 
; • ( 

L = length of flex pivot, in, s l 

R n = base radius of flex pivot, in. J 
-J 

R. = throat radius of fl«x pivot, in, 
•1 E = elastic modulus, psi . j j 

G-4 

& 

1 
1 



MiRflonc.a. 

w . . x . i v . , z 

Figure 2. Definition of FLXPVT 
input variables. 

W = weight of steering mirror , lb. 

I = principal rotary weight inertia of steering mirror about 
x 2 

an axis through its e.g. parallel to the x axis, lb-in 
I = principal rotary weight inertia of steering mirror about 
y 2 

an axis through its e.g. parallel to the y axis, lb-in 
I = principal rotary weight inertia of steering mirror about 

2 2 
an axis through its e.g. parallel to the z axis, lb-in 

X = offset of steering mirror e.g. along positive x axis 
(negative as shown), in. 

Please note that the following program limitations must be observed: 

1. The type of system analyzed by FLXPVT is restricted to those 
having mirror e.g. 's located only along the flex pivot x-axis. 

2. Only principal weight moments of inertia are allowed. 

3. Care must be observed in specifying the sign of X . The e.g. 
of most mirror systems will usually be located at the 
midsections (throat) of the pivot, i . e . , at X = +L/2. 
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4. Vv" has weight units, l b s . , and I has weight moment of inertia 
it - 2 unus, Lb-in. . 

3) Running the FLXPVT program 

Type 
RUN 

The computer will printout the input data and results of the problem. 

SAMPLE PROBLEM 

Co^side? a system for which 

L = 0.625 inch (pivot length) 

R 0 = 0.256 inch (pivot base radius) 

R. = 0,1445 inch (pivot throat radius) 

E = 17;-0 x 10 psi (elastic modulus for titanium) 

G = 6. 51 x 10 psi (shear modulus for titanium) 

W = 41,36 lbs (mirror weight) 
2 

I = 1274,4 lb-in (twist inertia) 
x 

2 
I = 458,4 lb-in (rocking inertia) 

2 I = 859.1 lb-in (rocking inertia) z 
X Q = +0. 3125 inch (distance from coordinate system origin to 

mirror c. gj) 

For this system, the data string reads as follows: 

525 DATA 0. 625, 0.256, 0,1445, 17 .0E6, 

6.51 E6, 41.36, 1274.4, 458.4, 

859.1, .3125 

G-6 



if repeated iterations involving only one or two changes in the data string are 

to be run, a more convenient way to input the data would be as follows: 

525 DATA 0.625 

526 DATA 0,256 

527 DATA 0. 1445 

528 DATA 17. 0E6 

529 DATA 6.51E6 

530 DATA 41.36 

531 DATA 1274.4 

532 DATA 458.4 

533 DATA 859.1 

534 DATA 0.3125 

This format allows changes of a single piece of data without rewriting the 

entire data string. 

For this system, the FLXPVT program will compute the following: 

1) The six natural frequencies 

2) Maximum offset and dither excursions for infinite flex pivot fatigue 

life. 

3) The section properties describing an eight-beam, finite element 
flex pivot model suitable for incorporation into a larger, more 
complex system model, 

4) The 12 x 12 stiffness matrix 

The program output i s : 
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FLXPVT 1 6 : 1 5 M0N. U / l B / 7 4 

FREQUENCIES,1 STRESSES, AND STIFFNESS MATRICES FOR 
ELLIPTICAL FLEX PIVOTS 

t 

FLEX PIV0T LENGTH L, IN = . 6 2 5 
FLEX PIVOT 3ASE RADIUS RO, IN : . 2 5 6 1 
FLEX PIVOT THR0AT RADIUS R t , IN = . 1 4 4 5 ; 
FLEX PIV0T ELASTIC MODULUS E , PSI : 1 7 0 0 0 0 0 0 
FLEX PIV0T SHEAR MODULUS G, PSI : 6 5 1 0 0 0 0 
FLEX PIVOT SUSPENDED WEIGHT VI, LBS s 4 1 . 3 6 
FLEX PIVOT SUSPENDED X HEIGHT R0TARY INERTIA IX , L B - I N t 2 : 1 2 7 4 . 4 
HJX PIVflT SUSPENDED Y WEIGHT ROTARY INERTIA IY, LB-INt2 : 456.4 
KLEX PIV0T SUSPENDED Z WEIGHT R0TARY INERTIA I Z , L B - I N t £ : 8 5 9 . 1 
FLEX PIV0T SUSPENDED WEIGHT C .G, 0FFSET XO, IN s . 3 1 2 5 

FLEX PIVOT X TRANSLATI0N FREQUENCY, HZ : 7 3 6 , 5 3 2 

FLEX PIVflT Y TRANSLATI0N FREQUENCY, HZ < 301 .069 

FLEX PIVOT Z TRANSLATION FREQUENCY, HZ : 303.504 

FLEX PIVOT X R0TATI0N FREQUENCY, HZ : 9.24191 

FLEX PIVOT Y ROTATION FREQUENCY, HZ : 17.3043 

FLEX PIVOT Z ROTATION FREQUENCY, HZ : 12.7424 

ALL0UA3LE OFFSET AND DITHER F0R INFINITE LIFE 
ASSUMING 100 KSI UTS MATERIAL 

0FFSET-RAD DITHER-RAD 

0 5.43416E-03 
1.08683E-03 4.89074E-03 
2.I7366E-03 4.34733E-03 
3.26049E-03 3.80391E-05 
4.34733E-03 3.26049E-03 
5.43416E-03 2.71708E-03 
6.52099E-03 2.17366E-03 
7.S0782E-03 1.63025E-03 
8.69463E-03 1.086B3E-03 
9.78148E-03 5.43416E-04 
1.08683E-02 1.45519E-11 

SECTION PROPERTIES F0R EQUIVALENT 8 ELEMENT STARDYNE MODEL 

ELEMENT A J 12:13 K2:K3 

I - B .134397 2.87475E-03 1 43738E-03 0.89 
2 - 7 .08766 1.22299E-G3 6.1149SE-04 0.89 
3 - 6 7.24304E-02 B.349S3E-04 4.17477E-04 0.89 
4 - 5 6.66731E-02 7.07493E-04 3.53746E-04 0.89 
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THE 12 X 12 FLEX PIV0T STIFFNESS MATRIX ISi 
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Table 1 summarizes the results of the FLXPVT run and compares them 
with the eight-element STARDYNE model results. 

Table 1. Comparison of FLXPVT and STAFDYNE results 

•Description of Results FLXPVT 
STARDYNE 

(8 element model) 

In-plane x twist frequency 

Out-of-plane y rocking frequency 

Out-of-plane z rocking frequency 

In-plane y translation frequency 

In-plane z translation frequency 

Line-of-sight x thrust frequency 

9.24 Hz 

12.74 Hz 

17.30 Hz 

301.00 Hz 

304.00 Hz 

737.00 Hz 

9.14 Hz 

12,74 Hz 

17.44 Hz 

291.00 Hz 

291.00 Hz 

732,00 Hz 

Maximum dither rotations for 
infinite fatigue life assuming 
100 ksi UTS material 

5.43 mrad 5.68 mrad 

Comments 

1) The discrepancies between the FLXPVT and STARDYNE results 
are caused by the difference in the number of elements used by 
each program in subdividing the flex pivot, The STARDYNE model 
used only eight elements to model the pivot. The FLXPVT program. 
however, used a numerical integration scheme in the analytical 
solution for which the pivot was divided into 100 elements. It 
should be noted, however, that even with the seemingly "crude" 
eight-element STARDYNE model, frequency results matched the 
FLXPVT results within 3.3 percent. The 6 percent error in the 
offset-dither results stems from the sensitivity of bending stresses 
with respect to section properties. The natural frequencies are 
a function of the square root of the section properties and hence 
are less sensitive to changes in the section, 
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2) It should be noted that the offset dither results were developed with 

the following assumptions: 

a) F = 100,000 psi 
tu 

b) <r j = I / 3 F, 
endurance tu 

C > * tensile allowable r 2 ' 3 F t u 
The endurance limit thus calculated should be conservative. 

However, the effect of stress ra isers and surface finish may cause 

this endurance limit to be unconservative. The offset-dither results 

should therefore be interpreted carefully, 

3) The two special cases of a circular pivot (a = b) and a constant 

cross section pivot (b = 0) are easily handled. 

4) The accuracy of the FLXPVT solution may be altered if desired 

by changing the parameter "N" in statement 105, Changing "N" 

will probably have little effect on the result? however, 

5) Manipulation of the stiffness matrix will produce the external forces 

needed to produce a given displacement (see "Theory"). 

6) The four sets of beam section-properties calculated can be incor

porated into larger finite element models. Alternatively, the 

12 x 12 stiffness matrix can be put in the larger model as a matrix 

alteration, 

THEORY 

Formulation of System Stiffness Matrix 

Consider the elliptical flex pivot suspension system shown in Figure 3, 

The strain energy in the system can be written as 
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EN01 

END2 

M=W/3W 

J Y - I Y / 3 M 

Figure 3. Elliptical flex pivot suspension system. 

, r L V 2 , d x . fL V2.dx , fL V 2,dx 
u 2 J Q EA(x) 2 J 0 GA(x) 2 J 0 GA(x) 

l ( L ^ > + l f L Myl^l**** 
2 J Q GJ(x) 2 J 0 EI(x) 

" L ( M z l - V y l x > 2 d x 

t i , 
2 ) 0 EI(x 

where <* = 1.12 is the shear shape factor for circular cross-sections. 
The non-zero terms of the 6 x 6 flexibility matrix are 

32U \ _dx_ 
1 1 ~ 3 2 V , " J 0

E A ( X ) 

xl 
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»2u 
22 2 

yi 

cdx . x dx 
0 GA(x) J Q E I W 

8'U 
3 3 32V " J 0

G A ( X | 

zl 

rL 
adx 2 , x dx 

EI(x) 

J 
J 
J 

xl 

5 5 9 2 M 
yi 

6 6 a 2M zl 

dx 
GJ(x) 

dx 
EI(x) 

dx 
El(x) 

J 
a2u xdx 

"26 ~ "62 ' 9V y 3M 2 l

 = J 0 E I ( x ) 

â u 
/•L 

l35 °53 " 9V ,9M . zl yl 
xdx 

0 EI(x) 

J 
J 
y 
o 

The 6x6 stiffness matrix is obtained by inverting this flexibility matrix; 
that is 

ft] = [a]"1 
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The 12x12 stiffness matrix for subsequent STARDYNE analysis, relating 
displacements and rotations at end 1 (x = y = % - 0) to those at end 2 
(x = L, y = z = 0), can be obtained by applying a coordinate transformation 
to the 6x6 stiffness matrix; that is 

^12x12 = M X r f l P l 

where 

t u }6xl = ^6x12 { u> 12x1 

or 

V xl 

yi 
zl 

M. > -
xl 

M yi 
M zl 

1 0 0 0 0 0 -1 0 0 0 0 0 

0 1 0 0 0 0 0 -1 0 0 0 +L 

0 0 1 0 D 0 0 0 -1 0 -L 0 

0 0 0 1 0 0 0 0 0 -1 0 0 

0 0 0 0 1 0 0 0 0 0 -1 0 

0 0 0 0 0 1 0 0 0 0 0 -1 

''..1 
yi 
zl 

M xl 
M yi 
M zl 
x2 

V 
' 1 

M x2 
M y2 
M z2 

G-14 



The sign convention associated with this 12 x 12 stiffness matrix is defined 

in Figure 4. 

! 0 . ,M« 

Figure 4. Flex pivot sign convention. 

Formulation of System Mass Matrix 

The kinetic energy of the flex pivot suspension system shown in 

Figure 5 is 
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Figure 5, Flex pivot displacement detail, 

KE = 5-Mx 2 + j M ( y + X Q e ) 2 + j M ( z - XQe ) 2 

y y 2 z z + T J x e x + T J - e - + - J - 6 

The non-zero terms of the 6x6 mass matrix are 

92KE m - - 2 7 " = M 
3 x 

m 
8 2KE 

22 = M 

J 
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ni_, - —5— = M 
o Z 

d 2KE 
44 a 2 e x 

3 2KE T i X , 2 
m C r = -7-;— = J + Mx 

55 a 2 e y 0 
y 

3 2KE . x . . 2 
m, , = , • = J + Mx 66 a 2 e z ° 

z 

9 KE 
26 62 3 V96 o 

' z 

a2 m , c = m e l = ° KE = -Mx 35 53 •• "• o dz30 

Extraction of System Natural Frequencies 

The equations of motion for the elliptical flex pivot suspension system 
in matrix form are 

(-w 2[m] + [k]) {u} = (0) 

Noting that the equations of motion for x translation and ft rotation are 

decoupled gives 
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x Zir V m. , 

iJ^il 
1GX " 2 n V m 4 4 

Noting that the equations of motion for y translation and 6z rotation are 

coupled gives a characteristic equation of the form 

° = u 4 ( m 2 2 m 6 6 " m 2 b 2 ) - u 2 ( m 2 2 k 6 6 + m 66 k 22 " 2 m 26 k 26> 

+ ( k 2 2 k 6 6 " k 2 6 2 ) 

for which the associated natural frequencies are 

f 1 \ b - Vb 2 - 4ac 
*6 " 2w V 2a 

,1 Ub + Vb2 - 4ac 
2TT I 2a 

f - - 1 - l) " ' ' " - i*C 
y " 2TT I 2a 

where 

a = m 2 2 m 6 6 " m 2 6 

b = m 2 2 k 6 6 + m b 6 k 2 2 ' 2 m 2 6 k 2 6 

c = k22 k66 " k26 
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Noting thai the equations of motion for z translation and 6 rotation are 
coupled gives a characteristic equation of the form 

4 2 2 
0 = w (m m g g - m 3 5 ) - u> ( m ^ k ^ + m j g k ^ - 2 m 3 g k 3 g ) 

+ < k33 k55 " k35» 

for which the associated natural frequencies are 

iV np1 
1 \ b - Vb - 4 a c 

B 2TT v 2a 
y 

z " 2TT V 2a 

— ? 

b - 4ac 

where 

a = m , , m - . - rn-jr2 

b = m 3 3 k 5 5 + m g 5 k 3 3 - 2 m 3 5 k 3 5 

k 33 k 55 " k 3 5 2 

Allowable Offset and Dither for Infinite Life 

The allowable offset and dither for infinite fatigue life can be obtained 
using the modified Goodman diagram shown below. 

G-19 



Figure 6. .Modified Goodman 
diagram, 

where 

a- = mean stress 

Ao- = alterating stress 

F. = ultimate tensile stress tu 

This curve can be expressed in the form 

3o- 3A<r 
2Ftu X = 

Since flexure tilt is proportional to bending stress, the above expression 
can be recast in the form 

6 + 2A6 = 7 6 

where 

©.= mean angular offset 

&8 = angular dither 

flo * ff/4*l Ftu*55 
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- I -

FLXPVT 

5 PRINT "FREQUENCIES, STRESSES, AND STIFFNESS MATRICES F 0 T 
10 PRINT "ELLIPTICAL FLEX PIV0TS" 
15 PRINT 
20 Did A C 6 , I 2 ) „ K a 2 f 1 2 ) , M < 6 , 6 ) , B < « , l 2 ) , C < 1 2 f 6 > 
25 WAT AsZEJKS.S) % 
30 MAT K=ZER(6,6) 
35 P 0 = 3 . 1 4 1 5 9 2 7 
40 READ L , R 0 , R I , E , G , V , I 1 , I 2 , I 3 , X 0 
45 PRINT "FLEX PIV0T LENGTH L, IN ="L 
50 PRINT "FLEX PIV0T BASE RADIOS RO, IN ="R0 
55 PRINT "FLEX PIV0T THR0AT RADIUS R I , IN ="RI 
60 PRINT "FLEX PIV0T ELASTIC MODULUS E, PSI ="E 
65 PRINT "FLEX PIV0T SHEAR M0DULUS G, PSI :"Q 
70 PRINT "FLEX PIV0T SUSPENDED WEIGHT W, LBS :"V 
75 PRIW "FLEX PIV0T SUSPENDED X WEIGHT ROTARY IHERTIA IX, LB-INT2 r " H 
80 PRINT "FLEX PIVOT SUSPENDED Y WEIGHT ROTARY INERTIA IY, LB-IWT2 s " I 2 
85 PRINT "FLEX PIV0T SUSPENDED Z WEIGHT ROTARY INERTIA IZ, LB-INt2 s"I3 
90 PRINT "FLEX PIV0T SUSPENDED WEIGHT C.Q. 0FFSET XO, IN s"XO 
95 A0sL/2 
100 D0=R0-R1 
105 N=100 
110 FAR X=L/N T0 L STEP L/N 
115 R=R0-B0*SQR(l-CCX-A0)/A0>t2) 
120 A=P0*Rt2 
125 I=A*Rt2/4 
130 A<l,l):A(l tl)+L/N/E/A 
135 A(2,2)=A(3t3)=A(2,2>+L/N*Xt2/E/I 
140 A(5,5)=A(6,6>sA(5,5)+L/N/E/I 
145 AC2,6)!A(6,2)=AC2,6)+L/N*X/E/I 
150 NEXT X 
155 A(2,2):A(3t3)=A(2,2)+l,12*E/G*A(t,t) 
ISO AC4,4)5E/G/2*A(5,5) 
165 A(3,5)=A<5(3)5-A(2,6) 
170 MAT K:INV<A) 
175 M(l,l)sM(2,2)=MC3,3)=W/386 
180 M(4,4)=Il/386 
185 M(5,5)s(I2+«*X0t2)/386 
190 M(«,6)s(I3+W*X0t2)/386 
195 M(2,6>=M(6,2)sV*X0/586 
200 MC3,5)slM3,3)s-W*X0/386 
205 A2=MC£t2)*M<6,6)-MC2,6)t2 
210 A3=M(3i3)*M(5,5)-M(3,5)t2 
215 82=MC2,2>*K<S,tt+W<«,6)*KC2,2>-2*IK2f6>*K(2f6) 
220 S3=M(3,3)*K<5,5)+M(5,5>*KC3,3>-2*M<3,?>*!(«,$> 
225 C2=K<2,2)*K<6,«)-K<2,6)t2 
230 C3sK(3,3)*K(5,5)-KC3,5)t2 
235 C2=S9R<U2t2-4*A2*C2) 
2'»0 C3=SQR(33t2-4*A3*C3) 
245 TOslE5*P0/4*RlT3*A<5f5> 
250 Fl = l/2/P0*SQR(K<l,D/M<M>> 
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FLXPVT C0NTINUED 

255 F2:l/2/P0*SQR((B2+C2)/2/A2> 
260 F3=l/2/P0*SQRC(B3+C3)/2/A3) 
265 F4rJ/2/P0*SQR(K<4,4>/W(4,4>) 
270 F5il/2/P0*SQRCC33-C3)/2/A3) 
275 F6:l/2/P0*SQR((B2-C2)/2/A2) 
280 PRINT 
285 PRINT "FLEX P1V0T X TRANSLATION FREQUENCY, HZ :"Fl 
290 PRINT 
295 PRINT "FLEX PIV0T Y TRANSLATION FREQUENCY, HZ ='F2 
300 PRIHT 
305 PRINT "FLEX PIV0T Z TRANSLATI0M FREQUENCY, HZ :"F3 
310 PRINT 
315 PRINT "FLEX PIV0T X R0TATI0N FREQUENCY, HZ ="F4 
320 PRINT 
325 PRINT "FLEX PIV0T Y R0TATI0N FREQUENCY, HZ ="F5 
330 PRINT 
335 PRINT "FLEX PIV0T Z R0TATI0N FREQUENCY, HZ ="F6 
340 PRINT 
345 PRINT "ALLOWABLE 0FF5E? AND DITHER FAR INFINITE LIFE" 
350 PRINT "ASSUMING 100 KSI UTS MATERIAL" 
355 PRINT 
360 PRINT "0FFSET-RAD","DITHER-RAD" 
365 PRINT 
370 FAR T=0 T0 2*T0/3 STEP .2*T0/3 
375 PRINT T,T0/3-T/2 
380 NEXT TXPRINT 
385 PRINT "SECTI0N PROPERTIES F0R EQUIVALENT 8 ELEMENT STARDYNE M0DEL" 
390 PRINT 
395 PRINT "ELEMENT","A","J","12=13","K2:K3" 
400 PRINT\R3=R0 
405 F0R X=L/8 T0 L/2 STEP L/8 
410 R=R0-B0*SQR(1-(CX-A0)/A0)t2) 
415 R4=<2*R+R3)/3 
420 R3=R 
425 A=P0*R4t2 
430 I:A*R4t2/4 
435 PRINT 8 * X / L t " - " H + 8 * n - X / L ) 5 A , 2 * I , I , " 0 . 8 9 " 
440 NEXT X\PRINT 
445 MAT 3=ZER(6,I2) 
450 3 ( l , l ) z B ( 2 , 2 ) = B ( 3 , 3 > s B ( 4 , 4 ) s B < 5 , 5 ) r B C 6 , 6 ) = l 
455 B ( l , 7 ) = B ( 2 , 8 ) : B ( 3 , 9 ) : B ( 4 , 1 0 ) r B ( 5 , U ) r B ( « , l 2 > s - l 
460 3 ( ? , 1 ? ) : L 
465 3 ( 3 , I 1 ) : - L 
470 WAT A=ZER(6,12) 
475 MAT A=K*B 
480 MAT C:ZER(12,6) 
485 MAT C=TR»(B) 
490 MAT K=ZERC12,12) 
495 MAT K:C*A 
500 PRINT 
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FLXPVT CONTINUED 

505 PRINT "THE 1. 
510 PRINT 
515 MAT PRINT K 
520 G0T0 575 
525 DATA .625 
530 DATA .256 
755 DATA .1445 
540 DATA 17ES 
545 DATA 6.51E6 
5;0 DATA 41.36 
5'>5 DATA 1274.4 
>60 DATA 458.4 
565 DATA g59.1 
570 DATA .3125 
575 END 

X 12 FLEX PIV0T STIFFNESS MATRIX ISt" ^ 

h 

J; 

J; 
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APPENDIX H 

SERVO MIRRORS CROSS COUPLING 



APPE NDK H. SE RVO MI RRO RS C ROSS COU PLING 

This Appendix describes cross coupling in angle and translation beam 

control systems which utilize steering mi r ro r s . 

OPERATIONAL CHARACTERISTICS 

Figure H-l shows e. simplified schematic of the steering mi r ro r 

control system. Mirror A is utilized primarily to control transverse motion 

at the reference (sensoi) plane and Mirror B is utilized primarily to control 

angle at the reference plane. The so called cross coupling comes about 

because of the attempt to utilize only one mi r ro r for each function. 

Figure H-2 is a servo block diagram of the measurement chain of one 

axis for a beam angle and transverse control system. This diagram will 

also be used to generate the servo block diagram. Table H-l lists the sym

bols used in Figure H-2, The dotted lines in Figure H-2 enclose that part 

of the servo for which a measurement is made of angle only. Figure H-2 

can be used to determine the necessary bandwidth needed for the servos. 

The sources of servo distrubances illustrated in Figure H-2, have 

been lumped together into three power spectral densities (PSD): (1) an 

angular vibration power spectral density. (2) a translational vibration power 

spectral density, and (3) an acoustic pressure power spectral density. A 

OR B / / 

>"V 
REFERENCE 
PtAUE 

Figure H - i . Simplified schematic of angle and 
transverse beam control system 
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Figure H-2. E r r o r measurement chain 

simple calculation based on the above PSDs can indicate the required 

bandwidth. 

The e r ror from torque disturbance, T^i is given by 

h „ T D * K 8 

h D x 
2 

wA 

where? u. = loop bandwidth for servo A 

w „ = loop bandwidth for servo B 

R = lead ratio of Type II servo (optimum s 2,4) 
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Table H-l , List of symbols 

°M = Measured angular error 

Y M = Measured translation e r ror 

fll = Position of the mirror A 

ff2 = Position of mirror B 

T CI = Torque command to A 

T *C2 = Torque command to B 

T Dl = Torque disturbance to A 

T *D2 = Torque disturbance to B 

a 
R = Angle disturbance of the reference package 

Y R = Translation disturbance of the reference package 

Y l = Translation disturbance of A 

Y 2 = Translation disturbance of B 

9 V 9 «2 = Optical angle gain for angular motions of B 

9V 3*1 = Optical angle gain for angular motions of A 

9 Y M / 3 f t 2 = Optical translation gain for angular motions of B 

9 V 9 «1 = Optical translation gain for angular motions of A 

9 * M / 9 " R 
= Optical angle gain for angular motions of reference 

9 Y M / 9 * R = Optical translation gain for angular motion of reference 

9 Y M / 9 Y R = Optical translation gain for translations of reference 

9 V 9 Y 1 = Optical translation gain for translations of A 

9 Y M / 3 Y 2 = Optical translation gain for translations of B 
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Kg = angular e r ror 
mir ror angle 

K = transverse e r ror 
mirror angle 

These relationships define the bandwidth requirements for the servos. It 
should be noted that servo bandwidth is directly related to servo gain for 
correcting of torque disturbances. 

SYSTEM ARCHITECTURE AND COMPONENTS 

The key feature of the system architecture is that the intersensor and 

interaxis sources of crosscoupling are compensated for by the signal process

ing and the choice of drive axes for mirror A and mirror B, 

The sources of intersensor cross coupling is schematically shown in 

Figure H-2. In this diagram, note that if the angle er ror signal a is solely 

used to generate the drive signal for mirror B (i. e. at the exclusion of Y ), 

then motion of B will generate a Y M error signal. In the same manner, if 

Y M exclusively is used to generate the drive signal for mirror A (i. e. T„ ), 

then the resultant motion of A (i. e. a ) generates an angle error . This cross 

coupling is acceptable based on the preceding er ror analysis if loop stability 

can be maintained. 

Stability can be guaranteed with two different servo design aoproaches. 

The first approach is to modify the drive signals by inclusion of a feedforward 

terms from the complementary loop. The intent here is to undo the cross 

coupling. The amount of feedforward needed can easily be calculated by 

forming a matrix of the feedback terms as indicated 

'M 

LM 

da. 
M/da1 daM/fa 

, 3 Y M / 9 0 l a Y M / 9 o 

2 'al 
= A 

V 
2 J al 

. f f 2 . 
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The feedforward gains are just the elements of A . Now the modified er ror 

signals are given by 

r *i 
= A " 1 

-
- A ^ A 

-
°1 

ffl 

YM* Y M aZ aZ 
L J J L J 

This form of processing is termed feeback decoupling. The signal processing 

done is effectively an observer of the servo outputs. The problem with this 

scheme is that the dynamics of A and B must be matched well to achieve high 

bandwidths for the angle loop. 

The second approach is to not include the fc» ! Jrward terms, and to 

separate the bandwidths of the angle and translation loops. With this scheme, 

the servo block diagram for the angle loop is giv n in Figure H-3. 

•0 OPEN ANGLE 
LOOP DYNAMICS 

CLOSED TR, iSLATION 
LOOPOVUAMICS 

Figure H-3. Angle servo block diagram—no decoupling 

Note that in Figure H-3, the closed 1 op dynamics of the complementary loop 

is in the feedback path. If it is ass< nned that the angle loop bandwidth is 

higher than the translation loop bandwidth, then Figure H-4 represents a 

simplified Bode diagram of the angle loop open loop response. 
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EFFECT Or TRANSLATION 
LOOP DYNAMICS 

• H, 

Figure K-4. Angle loop frequency response 

Note the poles and zeros of the translation loop have a stabilizing effect on 

the response at the expense of a small amount of error rejection. 

Similarly, the translation loop frequency response is plotted in 

Figure H-5. Note here that the effect of the angle loop dynamics is destabili

zing. However, since the loop gain does not have to be high for this loop 

sufficient gain margin can be achieved so that the system remains stable. 

Note that in the above discussion that it has beer, tacitly assumed that the 

mirror A would t e used as the driver mirror for the translation zervo. The 

reason for this is to maximize the distance from the sensor to the translation 

steering mirror in order to reduce the required dynamic range to steer out a 

translation error . 

The second type of cross coupling accounted for is interaxis cross couplin 

This cross coupling arises from the fact that the natural drive axes of the 

steering mirrors are their major and minor diameters. The sensors will 

sense angle and translation errors about two orthogonal axes. If these axes 

are projected along the optica] axis back to the reference surface, the image 

of the projection on the reference surface will be a pair of perpendicular 

lines. The optical axes of the sensors can be rotated so that the lines in the 

image on the reference surface are vertical and horizontal. In this case, 
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EFFECT0F ANGLE LOOP 

v\ 

Figure H-5. Translation loop frequency response 

the projection of the sensor axes on to the surface of mi r ro r A wiii also form 
an orthogonal set, and these two lines are the desired axes of rotation. 
Fortunately, these lines are parallel to the A mir ror major and minor diago
nals. Hence, the desired drive axes and the natural drive .axes are aligned. 
However, the projection of the sensor axes onto B mir ror are neither ortho
gonal nor are they aligned with the natural drive axes of the mir ror . In fact, 
no orientation of the sensor axes will result in simultaneously having ortho
gonal drive axes on both mi r ro r s . Hence, the case chosen is the best attain
able. Figure H-6 is a sketch of the drive axes on the elliptical B mi r ro r . In 
order to drive the mi r ro r about its normal axes and have it respond about the 
desired axis, a decoding matrix must be used to condition the drive signals as 
shown in Figure H-7. 

Finally, Figure H-8 is s simplified block diagram of the servo including 
the necessary encoding matrices and internal loops. Table H-20 is a list of 
symbols for Figure H-8. In Figure H-8, the dotted lines enclose the angle-
only servo. 
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MAJOR AXIS 

DRIVE AXIS,/) 

DRIVE AXIS 1 

Figure H-6. B Mirror drive axis locations 

/3 COMMAND 
COB33JT 

SIN 33.4" 

a COMMAND 
COS 44.7° 

SIN 44.7° 

O MINOR AX IS COMMAND 

^0 MAJOR AXIS COMMAND 

Figure H-7. Drive encoding matrix 
U 
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Table H-2. Symbols used in Figure H-8 

G CPI 1 

H, 'CP1 

XP2 

XP2 

Position loop compensation 

X I 

XI 

JC2 

H, C2 

Current loop feedback gain 

'al 

JP1 
B inertia 

al 
J p2 

"l 
h 

h 

36o 3a, 

aep 3P2 J 

eo 
ecp 
x o 
xcp 

r 

A inertia 

Mirror positions 

Optical loo; feedback gains 

Loop inputs 
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APPENDIX I. OPTICAL MISALIGNMENT ANALYSIS 

Each of the 20 laser beams is provided with an automatic optical alignment 
system that directs the laser energy precisely onto the target. Each alignment 
system employs a pair of two-axis steerable mirrors that function together to 
correct both translational and rotational misalignments of the laser beam. 

The implementation of the alignment mirror servos requires a detailed 
understanding of the kinematic relationships between the many possible opti
cal system misalignments and the detector error signals. The purpose of 
this study is to develop mathematical expressions for the detector error sig
nals as functions of the system misalignments. The resulting equations 
express the sensitivity of the system to misalignments of the various optical 
elements and provide the basis for implementation of the mirror servos. 

The description of the optical alignment system presented here is 
restricted to two-dimensional space. The extension of the concepts to three-
dimensional space can be carried out in a straightforward manner. 

CONFIGURATION OF OPTICAL ALIGNMENT SYSTEM 

The optical configuration of the alignment system is illustrated schemati
cally in Figure 1-1. The diverging laser beam emanating from point i . 
illuminates the target chamber focusing lens. Between the laser source and 
the lens is a pair of steerable alignment mirrors that operate together to 
correct both translational and rotational misalignments of the beam. The 

•••• f i rs t pointing mirror corrects the translational misalignment, and the second 
pointing mirror corrects the rotational misalignment. 

The target chamber lens focuses the incoming beam to an image at 
point i.. The spherical mirror (ball) intercepts the focused beam and reflects 
it back onto the target chamber lens. The ball produces a virtual image at 
point i ? . The target chamber lens then directs the outgoing beam onto the 
alignment mirrors and produces an image at point i-. The beam is therefore 
reflected from the alignment mirrors in both the incoming and outgoing por
tions of its path. 
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Figure I-l, Optical system 
coniiguration 



The detector lens intercepts the converging beam and focuses it on the 
quadrant detector at point i . . The quadrant detector provides a measure of 
the beam pointing error. The detector signal is used to drive the alignment 
mirror servo. 

DEFINITION OF NOMINAL GEOMETRY 

When all misalignments are zero, the resulting system configuration 
is referred to as the nominal system geometry, The misalignments are 
regarded as perturbations about the nominal geometry. 

The locations of optical images relative to the various reflecting and 
refracting surfaces of the optical system are part of the nominal system 
geometry. The image locations are found by applying the appropriate lens 
and mirror formulas. Since the misalignment analysis considers only per
turbations about the nominal geometry it does not deal with the lens and 
mirror formulas directly. 

The nominal geometry is summarized in Table I-1. The distances listed 
in the table are defined in Figure 1-1. 

When all misalignments are zero, the central ray of the laser beam 
traces a path through the system optics called the nominal optical axis. 
Translational and rotational misalignments of the beam and of the optical 
surfaces are measured relative to the nominal optical axis. 

SIMPLIFIED OPTICAL THEORY FOR ALIGNMENT SYSTEM ANALYSIS 

A simplified optical theory is adequate for the analysis of the optical 
alignment system. This theory involves the following assumptions; 

1. The lenses can be regarded as thin. Therefore translational 
misalignments of the laser beam at each lens can be measured 
along an axis through the center of the lens and normal to the 
nominal optical axis. 

2. Lens and mirror aberrations can be ignored. 
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Table 1-1. Summary of nominal 
system geometry 

'o - 151.14 m 

h - 1.76 m 

h - 7.10 m 

h - 39.650 cm 

h - 39.S73 cm 

h - 39.959 cm 

k - 38.84 m 

h - 11.14m 

h - 50.00 cm 

H - 18.84 m 

R = 1 mm 

Distances are defined in Figure 1-1. 

3. The laser beam can be diverging, converging, or collimated as it 
passes through various portions of the system optics. In any case 
the misalignment of the beam can be specified by dealing only with 
the central ray of the beam. The misalignment analysis is there
fore reduced to the problem of tracing the path of the central ray 
through the optical train. 

MISALIGNMENT NOMENCLATURE 

Since many misalignments must be identified, an organized system of 
notation is helpful. The following general rules are applied in the 
nomenclature. 
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Each optical element is identified by a number as follows: 

(j) Iranslational alignment mirror (incoming beam) 

© Rotational alignment mirror (incoming beam) 

© Target chamber focusing lens (incoming beam) 

© Ball 

© Target chamber focusing lens (outgoing beam) 

© Rotational alignment mir ror (outgoing beam) 

© Translational alignment mirror (outgoing beam) 

© Detector lens 

Translational misalignments of the central ray measured at each optical 

surface are denoted by the general symbol A. where i is an integer that 
1 

! identifies the surface according to the list given above. 

,lotational misalignments of the central ray at a point between two opti-

! cal surfaces are denoted by the general symbol 6. where i is a i integer that 

identifies the surface from which the ray has come. 

i Translational misalignments of the lenses are denoted by the general 

•' symbol A„. where i is an integer that identifies the surface. Sin*.e the integer 

• pairs (1, 7), (2, 6), and (3, 5) refer to the same surfaces the lower numbei 

) will be used in each case to avoid duplication in the notation. 

At each place where the beam is focused to an image point (real or virtu?!) 

I the general symbol h. is used to denote the deviation of the image point (and 

of the central ray) from the no:rinal optical axis. The subscript i refers to 

| the surface that forms the image. 

Two additional symbols not ir.cluded in the general notation descr'bed 

i above arc defined as follows; 

A = translation of center of ball relative to nominal optical axis 

i A , = translation of quadrant error detector relative to nominal 
optical axis 
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All translational and rotational misalignments are measured relative tc 

the nominal optical axis, Translational misalignments are regarded as posi

tive if they are above the axis and negative if they are below the axis. Rota-

tional misalignments are considered positive in the counterclockwise direction. 

The deflection angle si of the steerable alignment mir rors are denoted as 

follows: 

6 , = deflection angle of translational alignment mirror 

6 2 = deflection angle of rotational alignment mirror 

The mirror angles are positive in the counterclockwise direction. 

DERIVATION OF MISALIGNMENT EQUATIONS 

The purpose of this section is to derive the mathematical relationships 

between the misalignment quantities for the various optical surfaces, In 

each case the translational and rotational misalignments of the central ray 

on the output side of the surface are expressed as functions of the transla

tional and rotational misalignments on the input side of the surface. In some 

cases an expression is also derived for the image point deviation from the 

nominal optical axis. 

Translational and Rotational Alignment Mirrors (Incoming Beam) 

A diagram showing the geometry of the steerable fiUgnment mir rors is 

given in Figure 1-2. The translational and rotational misalignments of the 

laser sources are denoted by A n and 6. , respectively. The misalignment 

quantities pertaining to mirror (D are 

Ai = W o 
6, = - 6 A + 2 6 , 1 0 m l 

(I-D 

The misalignment quantities pertaining to mir ror © are 

*2 = A l " h \ 

6, = - 6 , + 2 6 , 
1 1 m.2 

(1-2) 
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NOA = NOM.NAL OPTICAL AXIS 

Figure 1-2. Geometry of alignment mirrors 
(incoming beam) 

The translational misalignment at surface (f) is 

A 3 = A 2 + h h (1-3) 

Eqs. (I-l), (1-2), and (1-3) can be combined to give 

h '- 50 " 2 8 ml + 2 6m2 

A3 = A0 + ( 2 0 + £ l + ¥ V 2 < V V 6ml + 2 *2 &m2 
(1-4) 
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Target Chamber Focusing Lens (Incoming Beam) 

The geometry of the target chamber focusing lens (surface (3)) is shown 

in Figure 1-3. The image h . shown at the left side of the diagram is the 

virtual image formed by surface @. This image can be expressed as a 

function of 6, and A, 

h 2 = V<Vl + * 2 ) 6 2 

The image h, formed by surface © is related to h- by 

(h 3 - A i 3 ) ^ 
h 2 - A £ 3 " *0 +h + h 

(1-5) 

(1-6) 

© 

NOA = NOMINAL OPTICAL AXIS 

Figure 1-3. Geometry of target chamber focusing lens 
(incoming beam) 

M O 



Solving Eq. (1-6) for h , gives 

^3 / *3 \ 

Tj^rq h2+1^1 + V T ^ T T J A* 3 «-?) h 3 = - . 

Substituting Eq. (1-5) into Eq. (1-7) gives 

l 3 
h 3 = - £ 0 + ^ + ^ A 3 + V z ^ ^ - n r T r J ^ «-8> 

The rotational misalignment 6, can be expressed in terms of A, and h. 

V A 3 

Substituting Eq. (1-8) into Eq. (1-9) gives 

h •(V^r^rh^'^w^k (I"101 

Ball 

The geometry of the ball is shown in Figure 1-4. The incident central 

ray and the reflected central ray both make an angle $ relative to the normal 

to the surface of the ball. The normal to the surface at the point of incidence 

of the central ray makes an angle 6 relative to the nominal optical axis. 

The translational misalignment J\, is expressed as 

A 4 = A 3 + ^ 4 6 3 ( I - 1 1 > 

The angle of incidence (or reflection) can be expressed as 

* = 64 " 6 C = 6 C - 63 (1-12) 

Solving Eq. (1-12) for 6. gives 

S 4 = - 63 + 2 6 c (I-l?l 
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NOA" NOMINA!, OPTICAL AXIS 

Figure 1-4. Geometry of ball 

! 
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The misalignment *> can be written as 

A. - A 
6 C = - - \ - * (I-H) 

where A is the translational misalignment of the ball. The distance A is c c 
not shown in Figure 1-4 to avoid cluttering the diagram. Substituting 

Eq. (1-14) into Eq. (1-13) gives 

6 4 = " 5 3 + l ( A c _ A 4 > ( I " 1 5 ) 

Substituting Eq. (1-11) into Eq. (1-15) gives 

84 = - I A 3 + 4 A c - ( V + 1 ) 6 3 I 1 ' 1 6 ' 

The virtual image h. formed by the ball is 

h 4 = A 4 + U5 - «4) 6 4 (1-17) 

The distance A, at which the outgoing central ray intercepts the target 
chamber focusing lens (surface (§))is 

A 5 = A 4 - « 4 6 4 (1-18) 

Target Chamber Focusing Lens (Outgoing Beam) 

The geometry of the target chamber focusing lens for the outgoing beam 

(surface (£)) is shown in Figure 1-5. The image h,. is related to h by 

- < hs - A n > _ 
h 4 " All ' ^ 

d-19) 
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NOA • NOMINAL OPTICAL AXIS 

Figure 1-5. Geometry of target chamber focusing lens 
(outgoing beam) 

Solving for h. gives 

hs = " ^ V R)< n (1-20) 

Substituting Eq. (1-17) into Eq. (1-20) gives 

^ • l J A r ] ; ' V V M ( ^ n (1-21) 

The rotational misalignment 8, can be expressed as 

V*5 (1-22) 
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Substituting Eqs. (1-18) and (1-21) into Eq. (1-22) gives 

65 (HM-H)v(HK -
Translational and Rotational Alignment Mirrors (Outgoing Beam) 

The geometry of the steerable alignment mir rors is shown in Figure 1-6 
for the outgoing beam. The misalignment quantities pertaining to surface © 

A, = A, • L 6 2 u 5 

5 6 = - 6 5 + 2 5 m 2 

A ? = A 5 - ( f l + h ) 6 5 + 2 i , 6 m 2 

5 ? = 5 5 - 2 8 m 2 + 2 5 m l 

(1-24) 

(1-25) 

The misalignment quantities pertaining to surface (7) are 

*7

 = A 6 + h h 

h - ' 56 + 2 5 m l 

The translational misalignment at the detector lens (surface (§)) is 

A g = A 7 - « ? 6 ? (1-26) 

Eqs. (1-24) and (1-25) can be combined to give 

d-27) 
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NOA = NOMINAL OPTICAL AXIS 

Figure 1-6. Geometry of alignment mir rors (outgoing beam) 

Detector Lens 

The geometry of the detector focusing lens is shown in Figure 1-7. The 
rays coming from the right side of the lens are converging toward an image 
point designated h- on the diagram.. The interposition of the detector lens 
causes the rays to be focused to a new image point designated h f i . The image 
distance h_ is given by 

v 7 
d-28) 
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Figure 1-7. Detector focusing lens 

The image distance h<, is related to h^ by 

h 8 ' A£8 k 
h 7 " Aes " l9 

Solving Eq. (1-29) for h g gives 

8̂ . /, *8\ 

Substituting Eq. (1-28) into Eq. (1-30) gives 

h 8 = ^ A 8 - i o S A^} •is 

The rotational misalignment 5n can be expressed as 

* A 8 " h 8 
5 8 = " I T -

d-29) 

(1-30) 

(1-31) 

(1-32) 
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Substituting Eq. (1-31) into Eq. (1-32) gives 

(U) *•••>« IS d-33) 

Quadrant Error Detector 

The quadrant error detector is mounted on the same assembly as the 
detector lens. Consequently, its misaligned position can be expressed in 
terms of the misalignments of the detector lens as shown in Figure 1-8. The 
translational and rotational misalignments of the lens are denoted by A,-
and 6,0, respectively. Therefore the deviation of the detector from the 
nominal optical axis is 

d i -izh (1-34) 

M 

QUAD DETECTOR 

/MISALIGNED 
/ POSITION OF LENS 

^CENTER 
OF LENS l. 

NOA - NOMINAL OPTICAL AXIS 

Figure 1-8. Quadrant detector misalignment 
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OVERALL SYSTEM MODEL AND DETECTOR ERROR EQUATIONS 
Overall System Model 

The equations derived in the previous section provide an overall 
mathematical description of the optical alignment system. There are many 
ways in which these equations can be combined to produce a system block 
diagram. In any case the block diagram will have the form shown in Fig
ure 1-9. The actual system pointing error (expressing the deviation of the 
focused lase^ oeam from the target) is defined by 

"1 h, (1-35) 

where h, is given by Eq. (1-8), and A is the translational misalignment of 
the ball normal to the nominal optical axis. The actual system centering 

*c 
OPTICAL 

ALIGNMENT 
SYSTEM 

OPTICAL 
ALIGNMENT 

SYSTEM 

OPTICAL 
ALIGNMENT 

SYSTEM 

OPTICAL 
ALIGNMENT 

SYSTEM 

OPTICAL 
ALIGNMENT 

SYSTEM 

OPTICAL 
ALIGNMENT 

SYSTEM 

OPTICAL 
ALIGNMENT 

SYSTEM 

OPTICAL 
ALIGNMENT 

SYSTEM 

OPTICAL 
ALIGNMENT 

SYSTEM 

OPTICAL 
ALIGNMENT 

SYSTEM 

f , • ACTUAL POINTING ERROR 

£ 2 • ACTUAL CENTERING ERROR 

€3 = MEASURED POINTING ERROR 

Figure 1-9. Optical alignment system 
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error (expressing the translational misalignment of the beam measured at 
the target chamber focusing lens) is defined by 

h -~ A 3 - A ! 3 ( I " 3 6 ) 

where A, is given by Eq. (1-3) or Eq. (1-4), and A», is the translationai 

misalignment of the lens normal to the nominal optical axis. The measured 

system pointing er ror (expressing the misalignment measured by the quad

rant error detector) is defined by 

<3 = h 8 " A d " - 3 7 1 

where h„ is given by Eq. (1-31) and A, is the translational misalignment of 
the detector given by Eq, (1-34). 

An expanded block diagram expressing £ „ e and e, as functions of 

the system misalignment quantities is given in Figure 1-10. This diagram 

is based specifically on Eqs. (1-1), (1-2), (1-3), (1-8), {1-10), ( M l ) , (1-16), 

(1-17), (1-18), (1-23), (1-24), (1-25), (1-26), (1-31), (1-33), (1-34), (1-35), 

(1-36), and (1-37). 

Each of the alignment er ror quantities, t e and e, on the right side 

of the diagram of i igure 1-9 can be related to the misalignment quantities 

on the left side of the diagram by a set of coefficients a... The specific 

equations are 

«1 = a l l A 0 + ff1260 + a 1 3 A * 3 + a 1 4 A c + a l 5 A * 8 + *l6 62B 

+ a l 7 5 m l + a 1 8 5 m 2 

h = al\H 4 C 22 S 0 + *23 A03 + a 2 4 A c + a Z5 A 28 + a 26 6 *8 

+ *27 6 ml + °28 5 m2 

£ 3 = a 3 1 A 0 + a 3 2 5 0 + a 3 3 A B + a 3 4 A c + tt35A28 + a 36 6£ 

+ «37 6 ml + «38 5m2 ^ ^ 
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Numerical values for the a coefficients can be calculated using the 
relationships expressed in the block diagram of Figure 1-10 and the numeri
cal data of Table 1-1. A suramiry of i./;, - coefficients is given in Table 1-2. 
In addition to the coefficients for e , t and e, the table also lists the 
coefficients for two additional quantities, the scaled pointing error *L and 
the instrumental error <u - ei. These additional quantities are defined and 
discussed in the following paragraphs. 

Scaled Pointing Error 

Any system misalignment between the laser source and the target (the 

ball) ;.ill produce an actual pointing er ror at the target. The appropriate 

scale f.' ctors relating the individual misalignments to target error are given 

by the a coefficients pertaining to e, in Table 1-2. The coefficient for A 

has a magnitude of unity because this misalignment refers to translation of 

the target itself. 

Similarly, any system misalignment between the laser source and the 

quadrant er ror detector will produce a measured error at the detector. The 

appropriate scale factors relating the individual misalignments tr, detector 

error are given by the a coefficients pertaining to e, in Table 1-2. The 

coefficient pertaining to A has a value of -19. 88. This means that any 

misalignment that produces a unit error at the target will produce an er ror 

of 19. 88 units at the detector. There is consequently a scale factor that 

can be applied to the detector signal. This scale factor is given by the ratio 

of the two coefficients of A . 
c 

scale factor = , y ^ g g = 0.05029 (1-39) 

The scaled pointing error il is determined by multiplying e, by the scale 

factor. 

t>3 = 0.05029 £3 (1-40) 

1-25 



The scaled pointing er ror provides the best available estimate of the actua? 
error at the target. The individual a coefficients for the scaled pointing 
error are listed in Table 1-2. 

Instrumental Error 

The actual pointing error at the target is e.. The best available 

measurement of this pointing error is provided by the scaled measured 

pointing error tL defined by Eq. (1-40). The difference between j . and ei 

represents that part of the pointing error that cannot be corrected by the 

alignment mirror servos. This residual error is called the instrumental 

error . 

instrumental error = < - £ ' (1-41) 

A set of a coefficients for the instrumental error is given in Table 1-2. Each 

of the coefficients for the instrumental error is determined by taking the 

difference between the corresponding coefficients of E. and ? ' . 
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APPENDIX J. STRESS INDUCED BIREFRIGENT 
QUARTER-WAVE RETARDER 

During one of the early technical interface meetings between Lawrence 

Livermore Laboratory and Hughes personnel, it was suggested that a quarter 

wave ret'arder could be substituted for the final, 25 cm diameter Farady 

rotator that was, at that time, envisioned for isolation. 

Hughes proposed the development of a stress induced birefringent 

retarder and researched the idea for enough to formulate a seven month 

effort which would lead to a full size prototype. The success criterion is 

the attainment of 23 dB attenuation with less than l/10th-wave wavefront 

distortion. Subsequently, the final Farady rotator was eliminated from the 

Shiva design. 

In the event that final stage ifolation becomes a necessity and because 

such a device may be of use to other areas within the Lawrence Livermore 

Laboratory, we present in this appendix the technical output of this effort. 

ADVANTAGES 

The stress induced birefringent quarter-wave retarder offers many 

advantages over the Farady rotator as the final isolator in the Shiva system. 

• It is much less expensive than the Farady rotator 

• Quiescent state is the same as the activated state 

• No synchronism is required 

• Circularly polarized light hits the target 

• No capacitor banks are required 

• No magnetic or electric fields are created, thus eliminating those 

sources of noise 
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PRECURSOR TASKS TO PROTOTYPE FABRICATION 

The following tasks constitute a program which culmihates in the 

fabrication of a prototype retarder. 

1. Design and fabricate a one inch, variable pressure cell for 

measurement of the stress-optical coefficient. 

2. Design and fabricate a one inch cube of fused silica. 

3. Measure the stress-optical coefficient for wavelengths in the 

visible and extending into the near infrared (1.06 H-m minimum). 

4. Design and fabricate two fused silica windows with 25 cm clear 

apertures. 

5. Desifm and fabricate two pressure frames for above windows. 

6. Assemble two qyarter retarders (at 1.06 nm). 

7. Measure retardation uniformity with visible light. 

8. Measure retardation uniformity at 1.06 |i.m. 

9. Measure flatness of window interferometrically while under 

pressure . 

10, De iver a 1.06 |im, 25 cm quarter-wave retarder. 

11. Prepare report of test results. 

STRESS INDUCED QUARTEk-WAVE PLATE 

When unstrained, certain materials such as glass and quartz are 

optically isotropic; but, when subject to s t ress , they become anisotropic. 

This principle is the basis for the development of stress induced retardation 

plates. 

The relative retardation is directly proportional to the difference in 

principal s t resses , written as 

R = C (o p - aq) d ( j - l ) 
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where 
D 

R = retardation in A 

a and a = principle s tresses infcirs 
p q 

d = thickness in mm 

The constant of proportionality C is the stress-optical coefficient. The unit 
-13 2 is the brewster which is equal to 10 cm /dyne. For British units, the 

equation is: 

R - 1 . 7 " r in - n ) d (J-2) 
4 

where 

C is in brewsters 

a is in psi 

d is in inches 

REQUIRED PRESSURE 

Hughes proposes to fabricate a 25 cm clear aperture by 1 cm thick, 

quartz plate with a. quarter-wave retardation at 1.06 (j.m. The retardation 

will be induced by applying pneumatic pressure along two opposing edges. 

The required pressure can be determined from Equation ( J - l ) given the 

stress-optical coefficient at 1.06 urn. This coefficient has been measured 

in the visible wavelength region by Jog"1, et al, as shown by the solid line in 

Figure J - l . The dashed line in Figure J - l is an extrapolation of Jog's data. 

From this extrapolation, the estimate of the stress-optical coefficient at 

1. 06 urn is C = 3. 18 brewsters. The estimated pressure for a quarter-wave 

retardation at 1.06 |im is 1, 200 psi. 

The first task will be to measure the stress-optical coefficient to obtain 

a better estimate of the necessary pressure. A set up for making these 

""JOG, E.S. and Krishanan, R , S . . "Dispersion of the Photoelastic Constants 
of Fused Silica, " Nature 3/79, 540, March 9, 1957, 
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Figure J- l . Stress-optical coefficient of fused silica 

measurements is shown in Figure J-2. A cube of quartz is stressed by a 
clamp and placed in a spectrophotometer between two polarizers. Given the 

BECKMAN DK2A 
SPECTROPHOTOMETER 

POLARIZER 

Figure J-2, Setup to measure 
stress-optical coefficient 
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clamping p ssure, the stress-optical coefficient can be determined at each 

maximum and minimum of the transmission scan (Figure J-3). 

Figure J -3 . Transmittance scan of a 
retardation plate between two 
polarizers 

PRESSURE UNIFORMITY 

Stress nonuniformity will result in retardation nonuniformity which will 

result in isolator leakage. The electric field, after transmission through a 

retarder can be wrUi.cn as 

E = E cos <&/2 + E sin <t>/2 x ox oy (J-3) 

E = E sin «/2 + E cos */2 y ox oy (J-4) 

where 
E = initial X-directed field ox 
E = initial Y-directed field oy 

• - retardation 

Assume 

"°y 

n + A * 
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where 

A<f>« I 

Then, Eqs. (J-3) and (J-4) become 

E 4 A * E x L ox 

E = E y ox 

Then X-poIarized power 

2 1 ? 2 P » EL = ~ ( A * r E x x 4 ox 

The extinction coefficient 

W = P / P = | (A*) 2 

x o 4 

or 

A* = 2 v/w (J-5) 

This is the allowable phase e r ro r for a given extinction coefficient. In t e rms 
of retardation, the phase is 

<t> = 2n (R/ \ ) (J-6) 
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o r b y E q . (J- l ) 

27rCPdA (J-7) 

Thus 

f-f- (J-8) 

Combining Eqs. (J-5) anc1 (J-8) with $ - n 

AP 2-Jw 
P - » (J-9) 

The desired extinction coefficient is 23 dB or 0.005, Thus, from Eq. (J-9) 

AP 
-p— = 4. 5 percent 

The design goal will be 

- p - .1 1 percent 

The best quarts obtainable on short notice has a specification for residual 

berefringence of 10 nm/cm. The associated phase e r ror at 1.0b (j.m for a 

1 cm thick plate is 

A* = 5.9 x 10" rads. 

If this phase e r ror is added to the j.hase e r ror due to a 1 percent pressure 
variation, the resulting extinction from Eqs. (J-8) and (J-9) is 

W = 2 x 10" 3 
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or 

W = 27 dB 

Ennos* constructed a stressed induced quarter-wave plate at 5461 A. His 

plate was quartz, 1/4 inch thick by approximately 1. 3 inches square. As seen 

from Figure J-4, the phase er ror over most of the plate was less than 

0.9 degrees or 0.0157 rad. This would give an extinction (for two passes) 

of 60 dB. Figure J-5 shows the plate in the unpressurized state. 

EXPERIMENTAL ANALYSIS 

As an aid in determining the pressure uniformities, the retardation plate 

will be first analyzed using visible light. Since the retardation plate will be 

Contour values expressed as percentages of one-quarter wavelength 
relative 10 the centre. 

Figure J-4. Optical retardation of compressed 
silica plate 

Ennos, A .E . , "High-precision tunable retardation plate for use with visible 
and ultra-violet light, " Optica Act 1_0, 105-113, April 1963. 
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Contour values expressed as percentage variation from ane*fluarter 
wavelength at the centre. 

Figure J -5 . Optical retardation of unstressed 
silica plate showing residual strain 

a quarter-wave at 1.06 |im, there will be some point in the visible wavelength 

region where it will be a half-wave. Figure J-b shows the expected visible 

xetardation calculated from Figure J - l . 

The retardation plate will be analyzed using a polariscope setup as 

shown in Figure J-7. The source is focused by Itns LI on pinehole P, filtered 

by F, collimated by lens L2, and polarized by a prism polarizer. The linearly 

polarized light is circularly polarized by the quarter-wave plate, diverged 

by lens L3, and recollimated by mirror Ml. After passing through the 

retardation plate, the light is linearly polarized and then analyzed by a prism 

polarizer rotated 90 degrees with respect to the first polarizer. The analyzed 

light can be viewed on a screen or photographed. With this visible light 

analyzer, Hughes will be better able to determine sources of pressure 

nonuniformity. 

Following visible analysis, the retardation plate will be analyzed by the 

polariscope modified as shown in Figure J -8 . The visible light source will 

be replaced by a YAG laser . The image (split off by the beam splitter B) of 
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SEAMSPLITTE* 6 

RETARDATION PLATE 

Figure J -8 . Infrared polariscope 

the retardation plate will be scanned by a silicon detector. Contours or equal 

retardation, similar to those shown in Figure J-4, will be plotted from the 

data. 

MECHANICAL DESIGN 

The mechanical design task associated with the proposed quarter-wave 

plate experiment consists of designing a specialized window frame to impose 

s tress induced birefringence in a ^lass plate. The primary requirement is 

that the frame apply a very uniform unidirectional stress along two edges of the 

glass plate. In addition, to satisfy the objectives of this experiment, the frame 

must have the capability of varying and accurately measuring the applied s t ress , 

accurately holding the glass while minimizing any forces not in the desired 

stress direction, and must exhibit long-term stability of applied s t ress . 

The proposed window frame, shown in Figure J-9 ( is designed to 

satisfy these requirements. The frame applies s t ress to two opposing edges 

ol the glass by means of a fluid pressure system. The window frame assembly 

consists of two bladders enclosed in bladder cavitities, top and bottom, sup

port channels on each side connecting the two bladder cavitities, fill and 

relief valves for the bladders, and i sealed bellows connected to one of the 

bladders giving a capability for fine adjustment of pressure. These various 

elements are identified in Figure J-9. With a static fluid pressure system 
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Figure J-9, Mechanical design of proposed window frame 

for applying s t ress , stress uniformity will be nearly perfect as long as the 

bladders do not impose elastic forces. Thus, the bladders will be designed 

of a very flexible material and also with thin walls. Either liquid or gas 

could be used as a working fluid, but there are many apparent advantages 

to using a gas such as dry nitrogen. A gas will not contaminate optics should 

there be any leakage. Also, using a gas will desensitize the frame from 

changes in applied s tress due to changes in temperature or changes in volume 

caused by slight leakage. The cavities which constrain the top and bottom edges 

of the glass would be machined to close tolerances to match the thickness of 

the glass, thus eliminating edge effects (force vectors not parallel to the 

desired direction) and preventing extrusion or rupturing of the bladders. 

Once the bladders are filled to the nominal required pressure, fine adjust

ment of this s t ress will be accomplished using the attached bellows. If a gas 

is used to fill the bladders, very precise adjustments in pressure can be made 

due to the compressability of the gas. As a result, the exact btress required 

for quarter-wave retardence can be induced. 
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Prior to birefringence tests with the precision window pressure frame 

described above, it is desirable to determine the stress/birefrigence coeffi

cient for the glass using only a small cube of glass and not requiring very 

precise stress uniformity. The design of a frame to accomplish this goal is 

shown in Figure J-10. The s t ress would be applied mechanically using a screw 

mechanism and flat ground plates to push against the glass. Stress would be 

measured by means of a load cell. This frame is designed for easy and fas! 

adjustments of applied s tress without concern for fine adjustment capability 

or long term stability. 

AOJUSTEMENT 

ELASTOMER PAD 

Figure J-10. Frame design for stress testing 
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APPENDIX K 
DATA BULLETIN ON INCRAMUTE DAMPING ALLOY 



liilrmtifioHftl Co/ijicr Hwarclt Asstieiufiou. inc. 
AAMibs 'ir.v;:<jL.A»Ti«s 

March 31, 1975 

Mr. B.G. Abshere, 
Bldg. 5/fo/S Bl.36, 
Hughes Aircraft Company, 
Culver City, 
California. 

Dear Mr. Abshere: 

Enclosed is the information you requested. 

The major INCRAMUTE licencees in the USA are 
Ampco Metals of Milwaukee, Wisconsin and Olin in East Alton, 
Illinois. The former has been producing castings, whereas 
the latter has been concentrating on sheet strip and plate. 

If there is any additional information you may require, 
please contact me. 

Sincerely, 

Alvin A. Machonis 
Projects Manager, Metallurgy. 
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INTRODUCTION 

Over the years control of noise and vibration has been 

very much on a seat-of-the-pants basis, yet it has been 

remarkably successful in many instances. However, as in 

many cases of technological progress, the details of how 

and why these empirical solutions work are understood 

only after their values have been proven. Today as more 

actual problem sources are seriously attacked, more 

scientific and sophisticated approaches are being used. 

Most techniques used today in1reducing noise and 

vibration involve special materials which have been developed 

on such a trial-and-error basis. Now, with the advent of a 

greater financial commitment to noise-abatement as a result 

of government pressure, the available materials are being 

increased and combined on a more scientific basis. This 

article deals with a metal which has an unusually high 

damping capacity in comparison to other metals, thus offering 

the design engineer a new latitude for controlling noise in 

machinery and other devices. 

NOISE CONTROL 

Practical schemes for noise or \r1>rr, i. inn control may 

involve one or both of two basic approm-hes (a) isolation, 

i.e. prevention of the vibrational energy from reaching the 
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receiver by reducing its ability to radiate; and (b) 

vibrational energy dissipation, i.e. making the vibrational 

energy pass through a material which will absorb it by 

converting it to heat. 

A spring mount is a good example of an isolation 

system where a high force, low amplitude vibration is 

converted into a high amplitude, low force vibration. 

The base can better absorb the lowered force thereby 

reducing the transmission of the noise. A more sophisticated 

spring mount usually incorporates a dashpot or a polymeric 

absorber which converts some of the vibrational energy to 

heat. 

Metallic materials do not, in general, have the ability 

to absorb energy without suffering permanent damage. Metals 

such as lead, magnesium, and soft copper are "quiet" when 

struck because the driving force of the vibration plastically 

deforms the metal in a permanent way. Harder engineering 

materials that are most frequently used for commercial 

products cannot be so easily damaged and lionce are good 

transmitters of noise; and vibration. An exception to the 

compromise of sacrificing uicrhaniral properties of the 

metal in order to reduce noise transmission is a r.eries of 

alloys which have internal mechanisms other than plastic 
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deformation for dissipating energy. Their distinctive 

characteristic is that the process of converting mechanical 

energy into heat does not affect the performance of the 

metal as a structural material in the way that would be 

expected if plastic deformation were taking place. Most 

engineering designs are calculated to avoid plastic deformations 

by a wide safety margin. 

IKCRAMUTE 

One such alloy is called INCRAMUTE and contains 5B% 

copper, 40% manganese and 2% aluminium. It was developed 

by the International Copper Research Association and it is 

now being tested for selected applications. The tables 

shown in the data sheet give a summary of the properties 

of the alloy. 

The most significant factor which must be considered 

when the alloy is being used for vibration control is that 

the amount of energy which is absorbed in each cycle is 

a function of the amount of stress to which the INCRAMUTE 

is subjected. The Ail a show th.it the alloy is most 

effective when it is :;trrv,:srd <o v.i]ii"f> fhove 10,000 p.s.i. 

In many machine coinp.•n--nl .• ! he :;l vn;s vJ.ws :>te below 

this level; h<;nce a rm'.i'siijn may bo iienv-.r.-.-uy to raise the 

stress to such a value. A special <-ajo involves impact loads 
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where the mean stress may be low, but repeated impactB which 

generate noise may cause stress pulses of the correct 

magnitude. 

SAW BLADES (CARBIDE TIPPED) 

A circular saw blade is a good example of how the 

impact of the teeth with the workpiece causes stress pulses 

in the blade which generate noise. The stress waves may 

cause the blade to vibrate in a manner of a vibrating 

membrane and/or the teeth may vibrate as an appendage to 

the blade. Another major source of noise in a saw blade is 

wind noise which can only be reduced by altering the design 

of the blade and/or the teeth. The use of high damping 

materials has been shown to be effective on circular saw 

blades. For instance, polymeric matisrials affixed according 

to constrained layer methods to the side of the blade have 

been shown to be effective in reducing noise, but seriously 

restrict the depth of cut. Blades which are made from two 

sheets of steel adhesively laminated together are also 

quieter, but experience service problaTis unrelated ..to 

damping. Plugs of soft metal have also been tried with 

some success but are limited because the deformation of 

the soft metal plugs tends to reduce their influence with 

age. 

It would seem that an ideal solution would be to make 

blades entirely from INCRAMUTE. However, this is not possible 
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because the mechanical properties are not equivalent to the 

hardened steel now being used. To bypass this problem 

techniques are now being developed to produce a steel which 

is covered on both sides with metallurgically bonded 

INCRAMUTE. A layer 0.010-0.020" thick on each side of the 

steel has been shown to be effective in reducing noise. 

Work is now under way to develop a commercially viable 

procesB for producing this INCRAMUTE-steel trimetal 

composite, 

RAILROAD WHEELS 

Most commuters are aware of the piercing squeal of a 

rail car negotiating a sharp curve. This is caused by the 

repeated fracture of the cold weld made between the wheel 

and the rail due to the extremely high local stress. This 

results in strain pulses within the wheel which cause it to 

vibrate in the audible range. Acoustic wheels of several 

types are available but they are expensive. In general 

they use various schemes for incorporating a polymeric 

material between a hardened steel tire and a hub which may 

be aluminium or steel. Aluminium is preferred from a 

weight standpoint. Those wheels have production and service 

problems which could be alleviated if a high damping metallic 

material would be an effective replacement to the polymeric 

isolator. Wheels composed of a steel tire and an INCRAMUTE 
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hub are now being fabricated and will be tested on a rail 

vehicle. 

MINING EQUIPMENT 

Tests recently conducted by the U.S. Bureau of Mine8 

have shown that the incorporation of a high damping metal 

as a rotation chuck in a mining drill has been effective in 

reducing noise. Sufficient noise reduction was achieved 

so that one manufacturer of this type of equipment is 

redesigning the rotation chuck so as to allow the use of 

a composite steel-INCRAMUTE unit and thereby optimize 

durability in combination with damping capacity. 

Another part of the Bureau of Mines program showed 

that constrained layer damping using polymeric materials 

and steel reducod the noise generated by the drilling tool. 

These systems, however, were subject to damage when the 

side of the drill tool contacted the rock walls of the hole 

being drilled. A shrink-fitted tube of INCRAMUTE is being 

substituted in order to reduce cost, improve durability 

and reduce noise. 

GEARS 

The noise in gear systems is gunor.illy of two typest 

one is due to the design clearances and the method of the 

teeth meshing and the other is due to resonance of a gear 

at specific frequencies which are related to the number of 
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teeth and the revolutions per minute. A higher quality 

gear is usually effective in reducing the first source, 

but the resonance condition requires a change in the rpm 
« 

and/or tooth number. In variable speed power drives such as 

truck transmissions this problem is not easily designed out. 

A high damping gear would be beneficial. However, the 

service temperature is 250-300°F which is above the Neel 

point for INCRAMUTE. At temperatures above 175°F the high 

damping properties_ar.e _lost..and..return., when-the_al1_»y_caols 

below 175.J". There is no change in the mechanical properties. 

New versions of the alloy are now under development which 

promise improved high temperature stability for the damping 

properties. 

For light duty it is envisioned that the gears would 

be made entirely from INCRAMUTE or the high temp- ature 

modification of INCRAMUTE if the service environment so 

dictates. For heavy duty gears, a hardened steel tire 

containing the teeth would be shrink fitted to an INCRAMUTE 

hub similar to the railroad wheel. Using those types of 

gears the resonance poaks in a variable spoed transmission 

would be substantially reduced. 

COMMERCIAL AVAILABILITY 

Production size quantities of INCRAMUTE have been turned 

out by a number of mills in the U.S. In general, conventional 
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equipment and processing techniques were used. Plate 

from 2" thick down to 1/4" was produced. Cold rolling 

was also carried out to process 1/2" plate into sheet to 

0.060" in thickness. Thinner gauges wore also fabricated, 

but an intermediate anneal was required, Bar stock and 

tubing were extruded without serious problem. 

A variety of castings are being made and in general 

the availability of castings is better than the wrought 

mill products. To a great degree the problem is one of 

developing a market of sufficient size to make this an 

attractive alloy for the mills to produce on a routine basis. 
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lii/rniiil/oinil Copper Hcsnircli As.soriulioti. l/ir, 

• <, 1.1 • , . , . r. r r i 

January 1975 

INCRAMUTI: 
High-Damping Alloy 

Data Sheet 

INCRA has developed a new copper-manganese alloy --- (NCRAMUTIi --- which 
possesses a unique combination of properties valuable for controlling noise in 
structural components of machines and devices --- high inherent damping (or deadening 
of vibration) with the strength of structural steel, 

The discovery of lNCRAMU'l |; makes possible noise reduction, elimination of unwanted 
resonances and reduction of structurally propagated sound in machine componmts. 
At the same time, parts fabricated of INCRAMUTI: can support reasonably high engi
neering stresses. 

PRINCIPAL CHARACTERISTICS 

"Damping expressed as a loss factor varies over a range from 
1 to 7 x 10"2 with the higher values occurring ai stresses of 
the order of 20,000 psi. This damping is independent <>f 
frequency. 

These values are far greater than for 
any other engineering alloy of comparable 
tensIle~propenies. 

l n t ' i ia f to H O U M : • M I : f 
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Hioal mechanical properties (equivalent 10 siruetural steel), 

*Good labricability ami cnsialnliiy. Plnie, shcei, strip, 
bar, tube and castings are readily produced. 

DESCRIPTION 

Nominal Composition: 

56% copper 
42% manganese 
2% aluminum 

2. Damping: 

Damping is stress dependent ami frequency independent, as measured over the 
range of 2 to 10,000 eps. Logarithmic decrement of structural vibration 
amplitude decay corrected to a uniformly stressed tcnsile/comprcssive element 
is given below. Ihe table compares the INCRAMUTH alloy and some ulioys 
now in use that exhibit varying damping properties. 

COMPARISON OF DAMPING 

Logarithmic Decrement (Damping) 

Material 

Maximum Gray 
Cyclic Stress Casl 202-1-H 
(psi) (MN/m2) lncramute I Iron Aluminum CI0I8 Steel 410 SS Nivco 10 

10,000 69 0.19)0 0.0(w0 0.0044 0.0138 0.003 0.0437 
2,000 14 0.0780 0. O.V.I 0.00 II 0.0D31 0.0006 0.0270 
1,000 7 0.0608 0.04OS 0.0011 0.0017 (>.o()04 0.0219 

Conversionio (Hiicr I tamping Oiiils 

Loss coefficient equals logarithmic decrement divided by Pi (3.1416). 
Specific damping capacity equals logarithmic decrement multiplied by 2. 
Quality factor is the Inverse of loss coefficient. 
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3. Mechanical Properties: 

Solution Iteat Treated and Aged (High-Damping) Condition 

1. CASTINGS 

1 - to 3-inch (2.5-7.6 cm) Section Thickness 

•a 

English 

68 ksi 

S.I. 

Tensile Strength 

English 

68 ksi 469 MN/m2 

Yield Strength 38 ksi 262 MN/m2 

Klongacion 38% 38% 

Modulus of Elasticity I2xl0 6 p»l 82.7 x JO3 MN/m2 

2. SHEET AND PLATE 

0.020 to 0.25 Inch (.05-. 65 cm) Thickness 

English 

78 ksi 

S.l. 

Tensile Strength 

English 

78 ksi 538 MN/m2 

Yield Strength 32 ksi 221 MN/m2 

Elongation 32% 32% 

Modulus of Elasticity 14 x 10° psi 96.5 x 11)3 MN/m2 

Fatigue Strength (Reverse 
Bending, 100 x 106 Cycles) 19 ksi 131 MN/m2 

3. BAR 

2-Inch (5 cm) Diameter Intrusion 

English S.l. oj 

Tensile Strength 79 ksi 545 MN/m2 

Yield Strength 

Elongation 

49 ksi 

34.5% 

338 MN/m2 

34.5% t 
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4. Physical Properties: 

Solklus: IS65°I- (K5]°c:) 

l.iquiilus: I6S()°I-' (<)16°C) 

Mean Coefficient of 41imiial Expansion: 12.5 x !()"& in / in / 0 ! 7 

67-572<>F (19-,W(:> (22.5 x 10-6 ci)i/cm/°f:) 

Modulus of I'lnsricity: 12-14 x !()'' psi (82.7-%. 5 x l()3 MN/ni2) 
(Soluiion Meat Treated and A>jcd) 

Density: 0.27 lb/in ; } (7.48 gin/cc) 
(Solution Heat I'rented and A^ed) 

Thermal Conductivity: 6.8 liiu/sq f t / f t /hr / l > l ; 

(0.028 cal/sq ciii/cm/sec/ (>C) (Approx.) 

Non-Ferromagnetic 

5. Meat Treatment: 

(a) Solution anneal - J hour at I :?00-1400°I; (704-760<>C) 
(b) Quench - any .suitable medium needed to control distortion. 
(c) Age - l> hours, 750°l ( , W C ) 

AI.THKNATIVI-; AtJINC CYG1.KS FOR INCHAMUTI-. 1 

0|: <>('. 

651) 34:; 
7(10 371 
710 ;!'") 
800 4: ;~ 
8.10 414 

6. Dimensional Stability: 

Gaxl at all tcni|K'rature.s below 7l)f)!,F (:n"C). Acini; produces a 0. (•>% linear 
shrinkage as conipatvd to :li<- solution quenched material. 
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7. Machinability; 

Fquivalent to aluminum bronze. 

8. joining: 

A. Welding 

lUiCOiMMI-Nni'iniiCMNKJUI-lS FOR WINDING IN'CRAMUl !•; I 

Manual Welding 
CTA 

(1) Low Heat Input 

(2) Wide Cap, Beveled Unit Joints 

(3) Ample Filler Metal 

(4) Close Fitted Mold-down and 
Backup Plates 

(5) Inert Gas Backup 

(6) High Frequency Stabilized A. C. 

Automatic Welding 
! • » 

(1) Low I leat Input 

(2) Flush Butt Joint 

(3) No Filler Metal Addition 

(4) Close Fitted Hold-down and 
Backup Plates 

(5) Vacuum Fnvironment 

The following schedules are presented as examples of sound welding practice which 
Incorporates these recommended techniques: 

Gas Tungsten Arc Schedule (Manual Welding) 

Thickness 
0.020 inch (0.05 cm) 0.100 inch (0,25 cm) 0.250 inch (0,64 cm) 

Torch Gas Argon 
Backup Gas Argon 
Backup Plate Copper 
Hold-down Clamps Stainless Steel 
Speed 30 in (76 cni)/mln 
Amperage 20 
Voltage 10 

Argon Argon * 
Argon Argon 
Copper Copper 

Stainless Sled SLiinless Steel 
30 in (7h tm)/n>ln 20 in (51 cm)/min 

70 J 65 
It 14 
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RI;COMMI;NDKI) LII.I.KR WIKI-:MZI-S IOR WIJ.DI-D INCRAMUTL I 

INCRAMini; IhiLincss Filler Win- Diameter 
(inch) (cm) (inch) (cm) 

o. 02 0. (15 \r\2 0.08 

0.06 0.15 :i/64 0.12 

0.125 o. :\2 1/16 0.16 

{). 250 0. 61 1/8 o. yi 

TYPICAL MECHANICAL I'ROI'I'.RTILS 01' WKLIWII INCKAMUTII 1 
C;TA OR I-:B WHLDIJ) 

0.1 to 0.25 Inch (0.25-0.64 cm) 

Tensile Strength Yield Strength, 0.2% Offsct_ Rlong. Tensile 
Condition (ksi) (MN/'in2) (fcsi) " (MN.'rn2) (•=;) l;r«icture 

As-welded in solu
tion heat treated and 
aged (high-damping) 
condition 72 4% 40 276 26 II. A. Z. 

Welded in cold-
rolled condition and 
heat treated and aged 
to high-damping 
condition 75 517 -10 276 36 P.M. 
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Joining (continued) 

I). Brazing 

All surfaces should he mechanically abraded to remove the oxide 
surface layer. Grazing is carried out in a normal manner using 
a reducing flame. 

Braze Strength - The strengths developed in brazed 1NCRAMUTI; I 
joints are primarily a function of the braze alloy. The table below 
shows values which are typical for Easy Flo brazing alloy. 

INCRAMUTF I BRAZI-MKNT STRENGTH, EASY FIX) ALLOY 

ksi_ MN/m2 

Shear Strength 17.0 117.2 

Tensile Strength 40.(1 275.8 

Using this or similar braze alloys, a 3T overlap, i. e., a joint which 
overlaps three times the thickness of the material, will sustain a 
stress in excess of the yield strength of the INCRAMUTK I. 

LIMITATIONS 

1NCRAMUTE 1 will lose its damping characteristics at temperatures above 
approximately 175°|\ However, it regains full damping upon cooling below 
this temperature without any influcni e on mechanical properties. Mtxiifica-
tions to the basic composition arc underway to raise this temperature limit, 
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THE UTILIZATION OP STEPPING MOTORS 

I. Definition of a Stepping Motor 
The stepping motor is a relatively new servo system 

component which has a number of advantages, and some diead-
vantages, as compared to the conventional servo motor. 

Two basic types of high speed hi-directional stepping 
motors presently dominate in servo type applications.. The first 
of these utilizes a two-phase field or stator winding, and a 
cylindrical permanent magnet rotor which is magnetized across its 
diameter. This type is usually designated as a permanent magnet 
(EM) type, The second type usually employs a three-phase stator 
winding and a toothed rotor made from soft iron. This type is 
designated as a variable reluctance (VII) type. The PM type, 
shown in Figure 1, produces a torque due to ';he attraction or 
repulsion of the poles of the permanent magnet rotor by the poles 
of the stator. Like poles repel and unlike poles attract. The 
rotor then rotates until it has aligned its south pole with a 
Btator north pole and its north pole with a stator south pole, 
at which time the torque produced is zero and the rotor comes to 
rest. If the battery is disconnected from the phase A coils and 
instead similarly connected to the phase B coils, such that the 
pole to the right is a south pole, then a torque is produced which 
will turn the rotor to the right (CW) until its north pole aligns 
with the new south pole. The PM motor has now completed its first 
CW step. The rotor will remain in this position until the current 
is removed from the Phase B coils. If the battery is now recon
nected to the phase A coils, but with the opposite polarity to 
that originally used for phase A, a south pole will be produced 
at the stator bottom pole and the rotor north pole will again 
turn through 90° to align with the new south pole. It may easily 
be visualized that this reconnecting, or switching, of the battery 
alternately from phase A to phase B may be continued in a sequence 
which will make the rotor continue to rotate CW in 90° steps as 
long as is desired. The rotor is smoothly accelerated and de
celerated by the magnetic forces, and there are no impact shocks 
transmitted to the load. Likewise, if the sequence is reversed 
the rotor will turn COW in 90° steps rather than CW. It is 
significant that the rotor is forcibly held at each of the four 
positions in turn by magnetic forces, and may only be moved by 
exerting other forces or torques on the rotor shaft which are 
greater in magnitude than the magnetic forces; or by switching 
the current from one set of stator coils (phaBe) to the other. 
EM motors are also made with a larger number of poles on the rotor 
and stator which produces smaller stepping angles, such as 45°/ 
step and smaller. 

The operation of the VR motor, shown in Figure 2, 
is quite similar. The sequence ABC produces CW stepping in 
60° increments, and the sequence ACB produces CCW stepping. 
The VR rotor is made from soft iron and has no magnetic poles 
of its own. Torque is produced by the magnetic forces attempt
ing to line up the magnetically assymetrical rotor between the 
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poles, in the same manner as iron filings align themselves be
tween the poles of a horseshoe magnet. This simple rotor, used 
for clarity, may be visualized as a "two tooth" rotor. Actual 
VR motor rotors have a larger number of radial projections or 
teeth, typically 8 teeth for a 15° per step VR motor. In this 
case, the stator would have 12 poles with the coils suitably 
connected in groups of 4 to give the desired three phases A, B, 
and C. A sketch of such a motor is shown in Figure 3, 
II. Definition of a Step Motor Servo System 

A conventional servo positioning system is schematically 
shown in Figure 4. It typically requires a voltage input com
mand, Vcj proportional to the desired position, The servo motor, 
through a gear reducer, drives the load to be positioned and a 
position sensing device which produces a feedback voltage, Vp, 
indicating the position of the load. These two electrical signal 
voltages are subtracted to obtain an error voltage signal, Vg, 
proportional to the difference between the desired load position 
and the actual load position. A servo controller is required 
to amplify and suitably process the error voltage, Vg, such that 
the servo motor is driven in the proper direction and with a 
controlled velocity which will bring the load to a stop at the 
desired position. When the load settles at the desired position, 
% is zero and the positioning of the load is completed. Due 
to the feedback employed, the characteristics of both the 
motor and controller must be carefully matched to the load, 
otherwise undesirable side effects such aa slow response, poor 
accuracy, excessive overshooting, or even unstable oscillation 
may occur. These undersirable effects are avoided by proper 
servo system design, using well developed analytical and compu
tational techniques. However, changes in the load or the operat
ing conditions may require a reanalysis and redesign of the 
servo system. 

A typical positioning system using a stepping motor 
(SM) is shown in Figure 5. The SM drives the load through a 
gear reducer, as in the conventional system. The controller 
consists of a group of semi-conductor switches which will 
switch the motor coil currents in a sequence to give the de
sired direction of rotation. Typically the controller will 
have a CW input terminal and a CCW input terminal, and con
nections for the motor leads and the D.C. supply voltage or 
battery. The controller is arranged such that the switching 
sequence is cojnmanded by electrical pulses directed to the 
desired input, CW or CCW. Each pulse directed to the CW input 
channel will cause the motor and the loau to rotate one step 
in the CW direction, likewise, each pulse directed to the CCW 
channel will cause the motor and the load to rotate one step 
in the CCW direction. The magnitude of each step is fixed by 
the motor design and the ratio of the gear reducer. A 90/1 
reduction with a 90"/step motor will give 1°/ step at the load. 
If smaller steps are desired, the gear reduction ratio may he in
creased. If the initial position of the load is known, then it may 
be rotated to any desired position by keeping track of the number 
of pulses directed to the controller. An electronic or electro-
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mechanical counter may be used to perform this counting, and 
give a direct reading of the load position in degrees. 
Alternatively, a manually rotated pulse transducer which pro
duces a fixed number of pulses per revolution may be used to 
command the load position. In this case, the counter is not 
required. Digital data systems such as tape programmers and 
digital computers can readily produce the required pulses and 
avoid the necessity for a digital to analog converter, which 
would be required with the conventional servo system. 

The required initial position of the load can :'n some 
cases be determined visually. In case of a remote load a cam 
driven switch at the load, as shown in Figure 5> may be used 
to operate an index lamp and establish a known initial position. 
This position reference may also be consulted at intervals 
during normal operation to verify the load position. 

III. Step Motor Servo Advantages 
A , Stability and Flexibility 
PM step motors are inherently stable due to the rotat

ing magnetic field of the rotor. This rotating field can be 
utilized to produce a damping or braking action which is 
analogous to the downhill braking supplied by the drive motors 
in electric locomotives. Also, since no continuous feedback 
is required then is no possibility of oscillations or in
stability due to improper servo loop design or changes in load 
from that used in the original design. VII step motor rotors 
do not provide such a rotating magnetic field, and may require 
damping by external means. The required damping may be supplied 
by a mechanical damper on the motor backahaft, or by appropriate 
controller design. Either type of SM is magnetically locked 
in position between steps unless forcibly moved by external 
forces or torques which exceed the motors capability, or the 
motor is commanded to rotate by the controller switching the 
coil currents. Therefore, no drift can occur. As long as the 
load is not excessive and the motor can rotate, it must bring 
the load to the desired position with an error which is less 
than one step. This error is non-cumulative so that subse
quent stepping commands do not increase the error. 

The step motor controller is essentially independent 
of the load. The only significant requirement is that the 
motor be capable of moving and driving the load, and that the 
controller be capable of switching the motor coil currents. 
Changes in load, aa long as they remain within the capability 
limits of the motor, will require no reanalysis or redesign of 
the system. If it is also necessary to drive the load at a 
desired constant speed, no change in design is required. If 
the controller is driven from a:i oscillator or pulse source 
producing pulses at a desired rate, then the load will be 
driven in synchronism at a corresponding exact average speed; 
up to the point at"which the speed or load capacity of the 
motor is exceeded. 
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The flexibility of the step motor servo also enccm-
passes the type of data transmission required to bring the pul
ses to the controller. Since only on-off pulse data is n quir
ed, noisy telephone or radio channels may be utilized. T is 
only necessary to defect the presence or absence of a command 
pulse in the noise to be able to regenerate the original julse 
in usable form. This regenerated pulse will then command the 
desired step equally as well as the original pulse. 

J3. Accuracy 
The positioning accuracy of the SM must always be 

better than one step.. Static friction, present in both the 
motor and load, will cause an uncertainty in the exact stop
ping position of the step motor at the end of a stepping .notion. 
However, for any load which the motor can successfully dr.ve, 
this uncertainty must always be some fraction of a comple'e 
step. Since reduction gearing will allow the step size tc be 
made arbitrarily small, the angular accuracy of the SM petition
er is only limited by the accuracy of the reduction gears. 
Small in-line gearheads, mounted to the front of the motoi are 
usually limited to approximately 10 arc minutes zero to pe ±& 
error over 360° rotation of the output shaft. Larger precision 
gearboxes, which can utilize large diameter gears, can achieve 
accuracies of approximately 1-3 rain, of arc zero to peak. 
Highly specialized super accurate gears have been made whiih 
will allow the gear reducer error to be reduced to approx; 
mately 3-10 arc seconds, 

C. Multiplicity 
If a number of loads must all be simultaneously 

driven to the same position, or all be driven at the exact 
same speed; the step motor servo positioning system, Figure 5, 
offers a simple solution. If the power output capability of 
the controller is sufficient, any number of SM's may be con
nected to the control] r output in parallel. Since the wind
ings of all motors are now connected identically, and the same 
windings of all motors are excited simultaneously, their rotors 
must all be simultaneously driven to the same position. The 
loads of all motors are then driven in exact synchronism and 
will stay in synchronism even though the load varies, up to 
the point at which the load capability of one or more of the 
motors is exceeded. 

Due to the individual position feedback required for 
each load in the conventional servo, Figure 4, separate motors, 
position sensors, controllers, and subtractors are required for 
each load. This duplication of components increases cost and 
decreases reliability. 

D. Torque and Braking Capability 
Volume for volume, the SM will produce a higher 

maximum torque at stall than the commonly used two phase 
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induction or hysteresis synchronous motor. The PM stepping 
motor, or a properly damped VR stepping motor, has a broad 
speed torque curve with an area which is usually larger than 
that of an equivalent size conventional servo motor. This 
large area indicates superior horsepower producing capability 
for the stepping motors. 

The stopping or braking capability of the SM is ex
ceptional. If the motor is operated within its normal step
ping rate capability, up to ^000 RPM for some types, it is 
capable of stopping within one step. Wo extra steps (a number 
greater than the number of command pulses) are gained by over
stepping the stopping position during the deceleration process. 
The motor decelerates and comes to rest at the correct position. 
It is significant that a step command in the opposite direction 
of rotation is not required to achieve this rapid deceleration, 
only a termination of the stepping commands in the existing 
direction of rotation is required. Conversely, the convention
al two-phase servo motor can only achieve rapid deceleration by 
a reversal of the motor input voltage by the controller. This 
reversal commands the motor to produce a torque in the opposite 
direction until its speed is reduced as desired. Even with 
such a reversal, the deceleration capability of the two-phase 
servo motor is not as great as that of the SM. This rapid 
deceleration upon termination of a stepping command has con
siderable value in the application of SM's to sampled data 
and digital servo systems. 

E. Controller Reliability and Power Efficiency 
The step motor controller requires only crude D. C. 

power as an input, typically 28±5 VDC. The controller then 
provides all of the power input requirements of the SM. Since 
the controller is only required to act as a switch, to suit
ably switch the power to the required motor windings, a power 
efficiency of approximately 9Qf° may be achieved. Reliable 
solid state switching techniques are used and the solid state 
components may be conservatively operated due to the high 
efficiency. Conversely, an A.C. power source, typically 115V 
60 cps or 26V or 115V 400cps, is required for the two-phase 
servo motor. If A.C. power is not available, it must be 
generated by an inverter circuit which alone may be as complex 
as the SM controller. In addition, the conventional motor 
requires its own specialized servo loop controller which 
typically includes signal amplification, demodulation, remodu-
lation, and power amplification. This controller may be several 
times as complex as the SM controller, and its power efficiency 
on the order of 50$ to 60$. 
IV, limitations of Stepping Motors 

A. Acceleration limitation 
With the motor rotor and load .initially at rest, and 
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for a suddenly applied train of stepping command pulses; above 
a certain maximum pulse rate the motor does not have sufficient 
torque to pull the motor rotor, and the load, into synchronism 
with the command pulse rate without missing steps. If accurate 
positioning of the load is to be achieved under these conditions, 
the SM must respond to the suddenly applied group of command 
pulses without hesitation in starting such that command pulses 
are not missed. The motor must respond to each pulse input 
with a corresponding step. Th3 SM is only capable of maintain
ing positioning accuracy, under such sudden starting conditions, 
up to a certain maximum command pulse rate called the maximum 
synchronous stepping rate. Beyond this stepping rate the SM 
may hesitate and miss steps in starting, or may refuse to start 
at all. 

If the EM is first started at or below the maximum 
synchronous stepping rate, the stepping rate may then be further 
increased up to what is called the maximum slewing rate. Be
yond this point, the SM falls out of synchronism with the pulse 
rate and will not restart until the pulse rate is decreased 
below the maximum synchronous stepping rate. If the SM is 
running at or near the maximum slewing rate and the pulse train 
is suddenly terminated, then the motor may over step and gain 
extra steps. Since these steps vere not commanded by a corres
ponding pulse input, they represent a position error. The 
speed at which the pulse rate may be increased beyond the max
imum synchronous rate to the maximum slewing rate steadily de
creases as the maximum slewing rate is approached. If the speed 
of pulse rate increase and decrease is suitably controlled 
above the maximum synchronous rate, and the SM is always 
stopped, started, or reversed, at pulse rates at or below the 
maximum synchronous rate; then the slewing region may be utiliz
ed and still maintain the desired positioning accuracy. This 
mode of operation is commonly referred to as a "controlled 
acceleration and deceleration mode." 

If the train of command pulses is suddenly switched 
from the CW input of the controller to the GCW input, which 
requires the SM to decelerate to a stop and then pull into synch, 
in reverse, a further speed limitation exists. This stepping 
speed is called either the maximum synchronous reversing rate, 
or the random stepping rate. The random stepping rate may be 
as low as one half of the maximum synchronous rate (starting 
rate) and only one fourth or one fifth of the maximum slewing 
rate. Typical maximum motor shaft speeds for the various 
stepping modes are as follows: 

1) Maximum synchronous reversing rate 2000 RPM 
2) Maximum synchronous rate (Starting) 3000 RPM 
3) Maximum slewing rate 8000 RPM 

The corresponding stepping rate depends upon the stepping angle. 
For a shaft speed of 1000 RPM, the corresponding stepping rate 
for four typical stepping angles are as follows: 
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Step Angle Steps per Sec. 
in Deg. Per 1000 RfM 

1.8 3,333 
15 400 
45 133 
90 67 

Instant reversal of tne command pulses from CW to CCW can be 
avoided in many system applications, with higher usable SM 
speeds as the reward f~r the extra effort. With the above 
stepping speed limitations in mind it becomes apparent that 
gear reducers must be used with discretion. A larger reduc
tion will give a smaller step size and higher positioning 
accuracy, however, it also reduces the maximum shaft speed. 
An overly stringent requirement for accuracy may overly limit 
the speed capability. Conversely the maximum shaft speed 
should not be overly specified, or the attainable accuracy may 
suffer. 

B. load limitations 
Since the SM must be capable of high acceleration and 

deceleration in order to maintain positioning accuracy under 
the conditions of suddenly applied starting or reversing pulse 
sequences; it is more sensitive to inertia load than the con
ventional servo motor. The conventional servo motor depends 
upon the position sensor and the feedback loop for its position 
ing accuracy, For a suddenly applied position command, inertia 
load will cause the conventional motor to hesitate or lag be
hind the command for a considerable time. The motor then 
attains high speed and catches up with the command. Wo per
manent position error results from the initial lag. Inertia 
load will also cause the conventional motor to overshoot the 
desired position by a considerable amount and then finally 
settle at the desired position. The major effect of the in
ertia load is to slow the response of the conventional servo 
system and increase the time required for the load to reach 
the desired position. Inertia load causes no loss in accuracy 
of the final rest position, if the servo loop is properly 
designed for the load. Conversely, the SM requires no external 
position feedback or rate feedback to operate as either a load 
positioning servo system or as a velocity servo. However, this 
unique capability may only be exploited when the SM is capable 
of pulling the load into synchronism with the existing stepping 
commands without missing steps. The SM will miss steps if it 
lags too far behind the position commanded by the SM controller 
in starting or reversing (approximately 180° for a 90°/step 
PM motor and 22£° for a 15c/step VR motor). The SM has no in
herent means to correct this position error and it will con
tinue to exist until the position system is reinitialized by 
visual observation, or by use of an index indicator as shown 
in Figure 5-

The maximum synchronous starting rate and maximum 
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synchronous reversing rate are both decreased by inertia load. 
Therefore, both the running torque (friction) load and the 
inertia load must be considered in applying the S.M. Reduction 
gearing is of great benefit in decoupling or isolating the SM 
from the load, as well as increasing the available torque out
put and increasing the accuracy by decreasing the step size. 
Doubling the gear reduction ratio will reduce the inertia load 
seen by the motor to one fourth of the original value. Simul
taneously, the output torque available is doubled and the step 
size is reduced by one half. Under no load conditions motors 
with small stepping angles will, in general,'have a higher 
maximum synchronous stepping rate than motors with large step
ping angles. However, the maximum shaft speed in RPM will 
probably be close to the same value. Since the motor with the 
smaller stepping angle has a shorter angular distance to travel, 
it can, in general, complete the step in less time than the 
step motor with a larger stepping angle. When driving inertia 
loads this situation may very well be reversed, with the large 
step angle motor capable of driving the load at a greater 
number of steps per second than the small step angle motor. 
The larger step angle motor will allow a larger gear reduction 
to be used than can be used with the smaller step angle motor, 
for the same step size at the load. The increased torque out
put and isolation from the load inertia obtained with the 
larger gear reduction will, in many cases, allow the large step 
angle motor to achieve the highest loaded stepping rate. Table 
I compares the relative torque multiplication and inertia load 
reduction obtainable through gear reduction. In each case, the 
gear reduction ratio is chosen such as to give the same step 
size for all motors. 

TABLE I 
Step Torque Inertia load 
Size Multiplication Reduction 
1.8° 1/1 1/1 
15° 8.55/1 69.3/1 
45° 25/1 625/1 
90° 50/1 2500/1 

With only running friction load (coulomb plus viscous), 
?M stepping motor performance is easily predicted over the 
operating range of interest. At high and medium speeds the 
stepping motor shaft is in continuous rotation at nearly a 
constant speed. The motor shaft rotates through the last 
command step increment but has not had time to come to rest 
before the next step command is received. Under these condi
tions, it is relatively easy to measure and plot average 
shaft speed and average torque. In this region, and with only 
friction load, PM step motor performance may be predicted from 
speed torque curves in the same manner as the conventional 
servo motor. At low speeds the SM shaft does come to rest >•-?-
tween the stepping commands. Measuring average values of 
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speed and torque "becomes difficult at these low rates, since 
SM torque output capability is a function of both shaft speed 
and position and both variables are changing over a consider
able range. This difficulty is purely one of instrumentation, 
no undesirable type of motor operation occurs in this region. 
If the SM will drive the load at the higher speeds, then it 
will also drive the load at the low speeds where specification 
is difficult. Since this low speed region is normally of little 
practical interest, it is usually left as a gap in the speed 
torque curve. The maximum torque the motor is capable of 
developing (motor rotor held stationary at the maximum torque 
position) is usually specified, and is defined as the maximum 
holding torque. Due to the change in torque with rotor position 
(varies from the maximum holding torque value to zero over the 
step increment) the SM cannot generate a running torque equal 
to the holding torque. For a typical PM motor the maximum 
running torque is approximately 0.6 of the holding torque. 

A typical speed torque curve for a PM motor is shown 
by the continuous line in Figure 6. If an inertia load is now 
added to the friction load, the stepping capability is reduced. 
The dashed curve of figure 6 shows the stepping performance 
when an inertia load (as seen at the motor shaft) just equal 
to the inertia of the rotor of the motor is added. A typical 
plot of torque vs rotor position for the PM motor is also 
rhown in Figure 6. Similar curves for the VR type stepping 
motor are shown in Figure 7. Note that these curves have a 
hook, and for some VR motors there may be a number of such 
hooka throughout the operating region. Any of these hooks 
which have a negative slope should be viewed with alarm, since 
they represent regions of unpredictable motor operation. The 
data from most suppliers, does not adequately define such regions. 
In many cases, an average curve is drawn through these regions. 
However, most suppliers' data does note that, "VR stepping 
motors may require external damping." Electrical damping 
supplied by the controller, or mechanical damping supplied by 
a damper unit added to the motor back shaft, may be used to 
straighten out the hooka until the regions of negative slope 
are eliminated. Under these conditions the TR motor will 
operate very reliably. However, performance with inertia load 
is much more difficult to predict than with the PM motor. When 
adequate damping is added to the VR motor its stepping perfor
mance may be considerably degraded from that indict.-ed on the 
suppliers' data sheet. Most of this uncertainty and difficulty 
is caused by the somewhat unpredictable nature of the VR motor, 
not subterfuge by the supplier. When properly tamed, the VR 
motor is capable of stepping at quite high rate3, due to its 
relatively small stepping angle of typically 15°. 

SM's are presently best suited to instrument servo or 
low power applications. In present motor design, it is not feas
ible to simultaniously obtain high stepping rate capability, large 
load handling capability (especially inertia load) and a large 
stepping angle. As the motor is made larger, to obtain larger 
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load capability, the inertia of the rotor increases at an even 
faster rate than the increase in load capability. This dispro
portionate increase in rotor inertia then limits the stepping 
speed of the larger motor. This same effect occurs in the con
ventional two-phase servo motor. As the motor is made larger for 
higher power output, its speed of response (ability to accelerate, 
reverse, etc.) decreases. The most responsive conventional 
servo systems utilize small instrument size motors. In present 
step motor designs the only route to simultaneous high stepping 
rate and high torque output, is snail stepping angles. As pre
viously described, this small stepping angle restricts the capa
bility of the motor to drive inertia loads and also the maximum RPM 

C. Motor Electrical Efficiency 
Stepping motors, like torque motors, are often re

quired to operate under very slow speed or stalled conditions. 
Under these conditions the motor input power is high. Since 
the mechanical power output is negligible, the motor must 
dissipate all of the input power as heat. The first means of 
combating the heat problem is to design a motor with good 
magnetic efficiency, in order to minimize the power input re
quired. The second means, is to operate the SM efficiently 
by the controller. Different suppliers operate SM's in a 
number of different stepping sequences. Some are economical 
in cost and component count, while others are more complex 
but operate the motor more efficiently. Even under ideal con
ditions SM's must .dissipate condiderable heat, if either high 
stepping speed or high torque is required. The operating tem
perature may be'reduced by mounting the motor to an adequate 
heat sink with a good thermal bond. Also, some suppliers list 
finned radiators which may be slipped over the motor case. 
These radiators will significantly reduce ;he motor temperature, 
especially if a forced air flow is available. Motor stepping 
speed and torque decrease as the winding temperature increases. 
It is therefore worth some effort to minimize the operating 
temperature. Well designed stepping motors will operate 
reliably at high case temperatures, however, bearing life may 
be degraded if the case temperature exceeds approximately 180°C. 
At ambient temperatures below 90°C, it is usually not difficult 
to maintain the motor case temperature below the 180°C point. 

In cases where available power is at a premium, or 
motor temperature must be reduced to a minimum, special con
troller designs are available which will greatly reduce the 
required input power under low speed and stalled conditions. 
These controllers are somewhat more complex than the usual type, 
V. Typical Applications 

A. Step Motor Servo Clock System 
This example, shown in Figure 8, is chosen to illus

trate a utilization of the multiplicity capability of the SM. 
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A one pulse per second pulse generator, wb'ch may be made to 
almost any degree of accuracy desired, supplies OW command 
pulses to the controller. The SM, through a suitable gear 
reducer, drives each clock mechanism. All SM's are connected 
in parallel to the controller and must therefore all step in 
synchronism. The long term accuracy of the clock system is 
then equal to that of the pulse generator. Only a single con
troller is required to command all SM's simultaneously. Other 
similar applications include the simultaneous pointing of the 
many antennas of an interferometer type radio telescope array, 
or the simultaneous tuning of a numLsr of circuits in a trans
mitter. 

B. Manual Input Step Motor Servo Positioning System 
Manual control of load position is accomplished by the 

system shown in Figure 9. A knob driven pulse generator is 
used to generate a number of pulses proportional to the knob 
rotation. Actually, two pulse trains are utilized which give 
direction information (CW or CCW), as well as commanding the 
correct number of steps. These pulses are fed to the controll
er, which in turn drives the SM the correct number of steps. 
If required, a cam switch and index indicator lamp will provide 
a means of initially synchronizing the knob position and the 
load position. Additional SM driven loads may be added in 
parallel if desired, or a digital "load Position Display" 
driven by a SM may be added as shown. This display allows 
initial synchronization to be readily accomplished, and con
tinuously displays the load position. 

C. Closed Loop Step Servo Positioning System 
The system shown in. Figure 10 uses a position sensor 

and a position feedback loop. This feedback, used Li con
junction with the SM provides a number of advantages as com
pared to the conventional servo motor with position feedback. 
First, the multiplicity principle still applies. Any number 
of loads or position display indicators may be driven in 
synchronism. Only one controller and one position feedback 
are required. The feedback, in this case, will eliminate the 
need for an index indicator. Second, an unweighted binary 
(digital) output signal indicating load position at all times 
is available. This digital output is readily usable by many 
digital data systems. Third, the closed loop step servo posi
tioning system is inherently a time optional system. The usual
ly complex optimum switching boundary computer required to 
implement a time optimal system is not required. The simple 
differential .amplifier shown provides the required function. 
Controlling the gain of this amplifier sets the magnitude of 
the dead zone shown in Figure 10. As soon as the position 
error exceeds the dead zone, the servo drives at maximum effort 
to the commanded position. Due to the inherent rapid braking 
capability of the SM, it is easily able to stop within the 
dead zone upon reaching the commanded position. No reversal 
of the controller output is required to achieve rapid braking. 

L-19 



MANUAL INPUT STEP MOTOR POSITIONING SYSTEM 

'Index Indicator1 

' Lamp <*" Cam Switch 

" " " ] , ' 

6, 

m-y i \ I. 
Pulae 
Trans
ducer 

Controller *—* Step Motor 
Gear I \ 

Reduceif '~ Load 

Optional Load Position Display 

Step Motor 
Gear 

Reducer ijii.iiJ-P_9.J6 i 
Counter 

Figure 9 

Input 
Command 

Voltage 

Gain 

CLOSED LOOP STEP MOTOR POSITION SYSTEM* 
Optional Load Position Display 

Diff. 
Amp 

CCW 
Gate r 
Pulse 
Gen. 

i 
J C W 
; Gate 

CCWr 

¥-
Controller 

Step Motor 
Gear 

Reducer 
Cou.iter 

Controller Effort 
II 

MaxCW 

I' I 
Unweighted Binary 

Output 

Step Motor 
Gear 

Reducer h #1 Load 

Position 
Sensor 

Positior Error 

Step Motor 
Gear 

Rp+icoi , y 
l 8r 

*? Load 

—'•• .Max CCW 

DeadTzone Figure 10 
L-20 

*Patent Number 
3,228,025 

http://ijii.iiJ-P_9.J6


i 
-t 
I Under these unusual conditions, stability- of the loop is easily 
j realized. A simple rule of thumb has been developed for sta

bility as follows: 
! 1) Set the pulse generator at a rate less than the maximum 
.'•* synchronous rate of the SM under maximum load conditions 

(highest load anticipated). -• -
J 2) Set the differential amplifier gain such that the total 

dead zone width is 3 and 1/2 steps if zero overshoot is required. 
If a single step overshoot is tolerable, then make the total 
dead zone width 2 steps. 
Under these conditions the system vill he stable. The accuracy 
(worst case) will be either ± 1.75 steps or i 1 step, depending 

-' upon the criterion chosen. If greater accuracy is desired, 
the gear reducer ratio may be increased so as to decrease the step size. Since the SM always runs at its maximum speed when-

-.i ever the error exceeds the threshold, it has the characteristics typical of a time optimal system. This property allows the SM system to exceed the speed of response of the conventional ser 3 system under many conditions. It is only under 
wl conditions of a large position change command, where the con

ventional motor has "iime to reach full speed; that the conven-/ tional motor can utilize its typically superior maximum full 
-' speed capability to advantage. For smaller position change 

commands the conventional motor does not have time to reach full speed, and also must begin decelerating considerably in 
](' advance of the final position commanded.Under these conditions 

the SM, running at its maximum synchronous speed all the way, will reach the desired position in less time than the conventional motor. A mathematical treatment of the use of SM's in 
'' time optimal systems can be found in Ref. I. 

D. Step Motor Servo Velocity Control System 
An analog voltage to pulse rate converter is utilized, as shown in Figure 11, to mechemfce a velocity control system. 

j An analog voltage input command will control both the direction and the average speed of the load. The polarity of the input voltage determines the direction (CW or OCW), and the magnitude determines the average velocity. Such a system makes a flex-
•! ible analog integrator with a digital (decade counter) display. 

As in the previous case, an unweighted binary (digital) out-; put is available, In this case the output represents the value 
J of the total integral, or the load position. This system may also he used in a closed loop with interesting properties resulting. If used with position feedback, the controller effort 
^ j will be as shown in the diagram of Figure 11. The system is now somewhat analogous to the conventional positioning system with velocity feedback, and also has the characteristics of a different class of time optimal system. The system as shown also performs as an ideal "brushless B.C. motor". Only crude / D.C. power iB required and it has inherent precise speed control. | V 
J 
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STEP MOTOR VELOCITY CONTROL SYSTEM 
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E. Step Motor Servo System with Digital Feedback 
The rapid starting and automatic deceleration (not 

necessary that the error signal reverse for rapid deceleration) 
capabilities of the SM are also of considerable advantage in 
the conventional closed loop digital sarvo, as shown in Figure 
12. The usually required binary subtractor and ladder net
work, required to give a region of proportional analog control, 
are not required with the SM system. Only a binary polarity 
detector is required. The stability criterion is similar to 
that of the SM system with analog position feedback, except 
that in this case the step size should be no larger than one 
half of a least significant bit. In addition, considerable 
saving in complexity is realized due to the simplicity and 
efficiency of the SM controller. 

F. load Adaptive Step Motor Servo System 
In some applications, unpredictable variations in the 

magnitude and characteristics of the load can occur. With the 
basic step motor servo the steppping rate must be set at a 
value which is less than the maximum synchronous rate under the 
worst load condition, if stepping errors are to be avoided. 
The step motor servo maximum speed is then always fixed at a 
value consistent with the worst load, which may be unacceptably 
low. The system shown in Figure 13 will automatically adjust 
the stepping rate to the highest value which the SM can tolerate 
without missing steps under the existing load conditions. This 
same system also gives automatic acceleration control such that 
the motor will always start at a speed which will insure error
less stepping. Under these conditions, the motor can run at 
high speeds under light load conditions, and will automatically 
slow down if the load increases. This automatic adaptability 
to the load is achieved by a continuous (step by step) com
parison of the actual position of the motor shaft with the 
commanded position. The commanded position in binary form is 
already available at the step servo controller. The addition 
of a simple (typically 2 binary bit) encoder driven by the 
motor shaft will provide the actual motor position. Position 
coic&nd is by CW or CCW discrete (change in level) inputs, 
typically from tape program or computer outputs, as shown in 
Figure 13, Actual load position data is available in unweight
ed binary form (each pulse, CW oc COW, represents one step 
actually completed). Assuming that the SM shaft is initially 
at rest, and that the CW discrete has just switched from false 
to true, detailed operation is as follows: Initially the load 
position and commanded position are in agreement and"the pulse 
generator La inhibited, A3 soon as the CW discrete is received 
the inhibit is removed and the pulse generator produces a 
single pulse. The CW gate is open since the CW command dis
crete is true, and the pulse is directed to the CW controller 
input. The controller then switches the motor coil voltages 
in a few microseconds. Since the motor shaft cannot move 
appreciably in this short time, the binary difference is no 
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r longer zero. Vhenever the binary difference is not zero, the 
output sigral from the binary difference deteoto? Inhibits the 
pulse generator from generating additional pulses. Whea the 
motor shaft, as detected by the simple enccder, completes the 
step; the inhibit is released and the pulse generator is allow
ed to generate one more palse. This process is continued as 
long as a step conoand discrete exists. Each motor step is 
monitored and checked for completion before another step com
mand pulse can be generated. 

The unweighted binary output signal available to the 
computer or programmer provides a constantly updated knowledge 
of the correct load position. A visual load position display 
may also be included if desired. Shaft encoders (step detectors) 
of the type described are available and will attach directly 
to the rear of SM's as small as size 8, and not exceed the dia
meter of the SM. 
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APPENDIX M 

COMPUTER PROGRAM LISTING FOR STEPPER MOTOR 
LOAD SIMULATION 
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