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EXPECTED CALIBRATION AND CALIBRATION TOLERANCES
OF THE BEAM POSITION SYSTEM

R.Shafer
November 3, 1981

The purpose of this report is to consolidate various calculations
and measurements on the calibration of the beam position system.

Many pieces of equipment contribute to the calibration of the system,
and the tolerances of each individual calibration affect the ultimate
accuracy of the system. Specifically, this report derives the
nominal calibration of both the position and intensity measuring
channels, and examines the effect of various tolerances on the final
accuracy.

This report is not meant to be an introduction to the beam
position system. A thorough understanding of the various elements
of hardware comprising the system is recommended before this report
is read in detail. It is especially important that anyone who
intends to make adjustments on any component in the analog signal
processing portion understand the overall effect of the adjustment
on the system.

To a certain extent this report presents algorithms and cali-
bration constants which are design objectives rather than final
values. The purpose of writing this report at this time is to
understand the sensitivity of the system's accuracy to various
calibration tolerances and to be able to specify what those tolerances
must be in order that the design objectives be achieved. In addition,

understanding the dependence of the system calibration on individual
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parameters will allow modification of these parameters if such modifi-
cation leads to better accuracy, linearity, or matching of the system
to the Energy Doubler requirements.

There are two basic calibration channels in this system. The
primary one is the beam position system, which is expected to measure
beam position with an accuracy of *1mm at *25mm displacements of
the beam from the central orbit, and with correspondingly better
accuracy at smaller displacements. This 1is supposed to work for
beam intensities in the range 10° to 10!! protons per bucket. In
addition, a second channel for measuring beam intensity to *20% over
the same intensity range 1s also discussed. Each channel is
reviewed separately.

I. THE POSITION CHANNEL

The position channel includes the detector, the cable, the rf
module, and the sample and hold/ADC in the analog box.

I-A. THE DETECTOR

The detector is discussed in IEEE NS Vol. NS-28 #3, pages 2290-3
(1981). Measurement of the position sensitivity presented in this

paper show the response to be

.67x =(’Bi)db = 20 logi, (A/B) (1)

where x 1s the displacement of the beam in mm from the detector
centerline, and (A/B)db is the db ratio of the rf signal amplitudes
out of the two detector output ports. In the case where the beam is

also displaced in the y (orthogonal) direction, the relation becomes
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(y also in mm)

+67x =(1 ] zggo)(%) (2)

db

I-B. THE CABLE

The cable being used to transport the rf signal back to the
nearest Service Building where the electronics 1s located 1is a foam
type RG8. The foam dielectric was chosen for two reasons: to
minimize the attenuation (~1.3dbper 100' at 53 MHz) and to minimize
the time skewing of the various signals arriving at each Service
Building. Cable lengths typically range from 150' to 650' hence
leading to expected attenuations of 2.0 and 8.5 db respectively.

As cable pairs are expected to be the same length (within a few cm),
the relative attenuation is expected to be zero. If one cable has
attenuation (AI/A)db and the other (BI/B)db, where the amplitudes Al

and B! are outputs and A and B inputs, then it can be shown that
<A1> A (Al) Bl)
=1 = — + — —_ —_
B/ ab (%) ab A ap (5 db

=(%)db + A(db) (3)

It is important that the signals A! and B' be in phase relative
to each other within a few degrees in order that the phase difference
not effect the amplitude measurement. In Appendix A, the amplitude
to phase conversion technique is discussed and the sensitivity of
the technique to phase differences is calculated. Specifically, if

the phase difference can be held to z10° max then the effect on the
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position measurement will be less than .2 mm for x<+25 mm. This
corresponds to about 12 cm for 53 MHz in Foam-8 cable.

I-C. THE RF MODULE

The rf module (described in IEEE NS, Vol. NS-28, pages 2323-5
(1981) uses AM/PM (amplitude modulation to phase modulation) con-
version followed by hard limiters, a double balanced mixer, a low
pass filter and a low frequency amplifier to convert the AM signals
to a voltage output. The equations are derived in Appendix A.

Specifically

6,-6
Al A B
5l - tan( > 3 (4)

where A' and B' are the amplitudes of the two rf input signals and

eA and eB are the phases of the signals out of the AM/PM circuit.
A double balanced mixer and low pass filter is used to produce

a voltage output such that

=

8,-6
o (V‘Vo>+ =%—§ (5)

where C; and Vy are calibration constants.

Hence the overall performance of the rf module is
Al =20 T

Nominal values for the calibration constants are
C1 = ﬂ/lo

Vo = 0
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I-D. THE ANALOG BOX

The analog channel circuit for the position signal is entirely
contained on the daughter cards in the analog box. The circuit 1is
described in detail in Appendix B. Specifically, the relation between

the input voltage V and the 8-bit digitized number cut is of the

form

V = - (7)

where nominal values for the constants are

C2

128.0
Cs = 51.2

I-E. OVERALL CALIBRATION

Combining the nominal value equations (1), (6), and (7) we get
- 20 _y? m (128-N) u
X = 7110 (1 2830 3>1n tan (17 (512) * 7 )

2
Y 128-N T
12.96 (1 2835) ln tan [ 1635 * E] (8)

The inverse relation is

2
128-163 {tan-lexp{n%%-é +7§3@>j g} (9)

I-F. APPROXIMATIONS

As the 1n tan and tan~! exp expressions will be used often in
converting between '"user' (i.e., engineering) units and "raw" (i.e.,
microprocessor) units, more efficient approximations have been
developed. Specifically the expressions
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r ]
f 128-N 128-NY\?3
x = 12.96 L}.866 ( 5 ) + 2.548 <;T6§;) | (10)
and -
N = 128 - 163 [o 2947 (XN - 0667 (XN
- : 12.96 . 12.96

+

.0063 (fj§§é>s] (11)

are approximations for equations (8) and (9) which are accurate within
+0.5mm for |x|<24 mm.

I-G. ALLOWABLE TOLERANCES

The design objective for the system accuracy is +.5 mm for

|x|<25mm. This tolerance includes both electrical and mechanical
tolerance contributions. If we assume that electrical and mechanical
tolerances are equal, each individually should be ~%0.35mm. The

mechanical tolerance includes all dimensional tolerances related to
the positioning of the detector relative to the magnetic centerline
of the quadrupole as defined by the alignment lugs, the internal
tolerances of the detector which may affect the relative signal
output amplitudes, etc. The electrical tolerances include cable
phase error and attenuation, and the calibration constants of both
the rf module and the analog box.

It is important to note that all detector channels will be
assumed to have the same electrical calibration. Only in this way
is it possible to maintain the system calibration over long time
periods when individual components may be exchanged or replaced
from time to time.

We start with the following equations:
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1 y? A
detector: X = 7 1 - 2830 B (2)
: db
cable:  (8)  =(&) o+ aab) (3)
B Zap B A
1
rf module: (%l>db = <1i%ib In tan {C,(V -Vy) + %} (6)
analog box: V = EZ_N (7)
3
then
. : B 2
1 20 Co=N -y a T [_Y__]
X = &5 1}n.10 ]jltan.[C1< o Vo) +4]-+A(db{§ 1 - 5225 (12)

The rms error on x is then given by combining the contributions from

all tolerances in quadrature:

_ | fox 2, [ox 2. [ox 2 [ ox 2
§xX = ]:(5—615(:1) (;)ﬁz (SCz) (Q_C3 6C3) ((—Jvo (SV0>
o [ 5N>2 ¥ (Cl’i d(Adb))z : (13)
(JN o Adb

We are ignoring both the cable phase error contribution and the effect

*

of the y dependence which will be discussed separately.

If we write the expression (12) in the following form

x = (12.96 In tan ¢ +éé‘;b)) (1 - %‘;@‘)

where 6 = C, (té;N - VO) + % (14)

The partial derivatives may be written
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X _ QX ¢ _ oyt 2 C,-N _
5Ty %6 oC, 12'96(1 2830)(sin2¢) ( o (15)
9X = X 0 15 96 (1 - X 2 Cy (16)
J2C, 29 2C, \ 2830 sinZ¢ 3
X _ 2X 29 _ oy 2 (‘CI(CZ'N)
3C.° 3¢ a9C,° 12.96 (l 2830)( SinZo > —C,Z (17)
IX _ ox Qdd _ ) y?- ( 2 i
5V," 3¢ av,- 1296 (1 7830 )\ stazg ) (1) (18)
2
B 4 2 (‘Cl)
RT3 1290 (1 2830)(Sin2¢) op (19)
DX 1
J5db .67 (20)

In Table I, 8x in mm is tabulated, as well as the individual

contributions from each individual component, as a function of x.

The following average values and tolerances were used:

C1
P
Cs
Vo

SN

.314%.003

128+0.5

52.820.5 (measured value)
0.00x0.01

+0.5 (least count resolution)

= 0.0+0.1

In Fig. 1, 8x 1is plotted against x. It is apparent that the

size of 8x 1s adequately small near x=0, the largest contribution

being from the #0.1 db tolerance on the relative cable attenuation.

At large x, the two largest contributions arise from the tolerances

on C1 (the gain of the rf module) and C; (the conversion gain of the



DB= 0.00 +/- .10
ci= .314 +/- .003
vo= 0.000 +/- .010
C2=128.00 +/- .50 I‘“f’“Jr P“"‘“’”"j"*s
N= +/- .50
Cc3= 52.80 +/- .50
Y= 0.00 ] _
— Co\d\r\\mj\ow 1o SX(\M\M) @kov« |
X(mm) N 2356~ N S(ad) S Ci SVo §Cr  ScCs SN S % (mam)
0.00 128.0 128.0 .15mm 0.00mm .08mm .08ww 0.00mm .08mim .20
1.00 121.5 134.5 .15 .01 .08 .08 .01 .08 .20
2.00 115.1 140.9 .15 .02 .08 .08 .02 .08 .21
3.00 108.7 147.3 .15 .03 .08 .08 .03 .08 .21
4.00 102.5 153.5 .15 .04 .09 .08 .04 .08 .21
5.00 96.3 159.7 .15 .05 .09 .08 .05 .08 .22
6.00 90.4 165.6 .15 .06 .09 .09 .06 .09 .23
7.00 84.6 171.4 .15 .07 .09 .09 .07 .09 .24
8.00 79.1 176.9 .15 .09 .10 .09 .09 .09 .25
9.00 73.8 182.2 .15 .10 .10 .10 .10 .10 .27
10.00 68.7 187.3 .15 .11 .11 .10 .11 .10 .28
11.00 63.9 192.1 .15 .13 .11 .11 .13 .11 .30
12.00 59.4 196.6 .15 .15 .12 J11 .15 .11 .32
13.00 55.0 201.0 .15 .17 .13 .12 .16 .12 .35
14.00 51.0 205.0 .15 .19 .13 .13 .18 .13 .38
15.00 47.1 208.9 .15 .21 .14 .13 .21 .13 .41
16.00 43.5 212.5 .15 .23 .15 .14 .23 .14 .44
17.00 40.2 215.8 .15 .26 .16 .15 .26 .15 .48
18.00 37.0 219.0 .15 .29 .17 .16 .28 .16 .52
19.00 34.1 221.9 .15 .32 .19 .18 .31 .18 .56
20.00 31.3 224.7 .15 .35 .20 .19 .35 .19 .61
21.00 28.8 227.2 .15 .38 .21 .20 .38 .20 .66
22.00 26.4 229.6 .15 .42 .23 .22 .42 .22 .72
23.00 24,2 231.8 .15 .46 .25 .23 .46 .23 .79
24.00 22.1 233.9 .15 .51 .27 .25 .50 .25 .86
25.00 20.2 235.8 .15 .56 .29 .27 .55 .27 .93

.036 CP SECONDS EXECUTION TIME.

Teble T.  Eevor awa(u‘sk c( fPos'\ft‘ou\, refpouse loased oo l;\rw-(- Pa‘rawﬂtfrs

al Sele ded above .
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ADC). If each of these are held to #1%, then the minimum error on x
is about *3%. Other contributions raise 1t to about *4%. At present

it appears that there may be a large temperature coefficient in the
double balanced mixer in the rf module (-0.4% per °C) which would make
the contribution from C; four times larger for 8T = #10°C.

I-H. THE NORMAL PLANE DEPENDENCE OF POSITION SIGNAL

The position signal for an x plane detector is dependent on the
orthogonal coordinate y as 1is shown in Eq. (2). To correct for this
it 1s necessary to extrapolate the measurements of the orthogonal
coordinate from adjacent detectors. As roughly 25% of the detectors
in any service building have no adjacent detector (in that building)
the problem of making this correction has been left to the Host.

An interim solution 1is to ignore this coupling. The following
analysis shows how serious the effect would be.

If we assume the beam orbit to be contained within a certain
excursion r from the center of the detector, where r? = x? + y?, then

it is possible to calculate the maximum effect of the uncertainty in

y or X.
. §x _ y* _ r*- x?
Since = = 79%7 = 7§30 (21)
d 6x _ d x(r? - x2 ] _r? - 3x? _
Ix - dx [ 7830 = 7830 - 0 (22)
2~ x = 1r/V/3' (23)
_ 23 _ T 3
and §x = 383070 = (m) (24)

If a maximum deviation éx of 1 mmwere allowed, this would lead to
an uncertainty of +.5mm. This occurs at r = 19mm. This uncertainty

is plotted in Fig. 1.
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I-J. THE ACCURACY OF APPROXIMATIONS

The accuracy of the approximations x(N) and N(x) [Eqs. (10) and

(11)] are presented in Table II.

Specifically
(" (&
: - \ _

Ny (x) = Cz-gi <tan 1xexp 1412 96 (14-730.}J-+C Vo - _ (25) (tqu\
e 1 el

N, (x) =Cop - %i— (CoVo +.4947 | )

!12).(96 (1+ Zggoﬂsz (26) (Apprer)
J

L J L B
2 -
X1 (N) =12.96 (1%-3-@ 1n tan {C, [(—%2;-& -VJ £ (27) (Fxad)
~L :
2 -
X, (N) =12.96 <1 - J537) {1-866 [Cléfz N) -cIVo}
"L . -
7 _ T3
+2.548 ‘lc—l—é—fz—ﬂ - CiVo | (28) (Approx)
g ! {
The table presents
X12(x) = x1[N2(x)] and x;2(x) - X
X21(x) = x2[N;(x)] and x,;(x) - X
X22(x) = x2[N2(x)] and x22(x) - X

The reason for needing these approximations Nz (x) and x,(N) 1is
that there will be many conversions between user units and raw units
in the BPM operation, and calculation of the 1In tan function or the

-1

tan exp function may be time inefficient.

IT. INTENSITY CALIBRATION

The intensity calibration depends on the detector sensitivity,
the cable attenuation, the rf module calibration and the conversion

gain of the log amplifier/ADC in the analog box.
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Table T - ccuvch fAf)P)voX!w\aJ(lcv\s Cfehef E;Pahstlaw:) ‘\s.\ Waln .

Y: LN ]
Yu: KM
Xt XL[N‘-OQ]

CWM\ Kin (ﬂﬂ-n.' X) K (’ku’ ) Kar ( X1~ ‘k)
0 0.0 ( 0.0) 0.0 ( 0.0) 0.0 ( 0.0)
0 1.0 ( -.0) 9 ( -.1) 9 ( -.1)
0 2.0 ( -.0) 1.9 ( -.1) 1.9 ( -.1)
0 3.0 ( -.0) 2.8 ( -.2) 2.8 ( -.2)
0 4.0 ( -.0) 3.8 ( -.2) 3.8 ( -.2)
0 5.0 ( -.0) 4.8 ( -.2) 4.7 ( -.3)
0 6.0 ( -.0) 5.8 ( =-.2) 5.7 ( -.3)
0 7.0 ( -.0) 6.8 ( —-.2) 6.8 ( -.2)
0 8.0 ( -.0) 7.8 ( -.2) 7.8 ( -.2)
0 9.0 ( —-.0) 8.9 ( -.1) 8.9 ( -.1)
0 10.0 ( .0) 10.0 ( -.0) 10.0 ( -.0)
0 11.0 ( .0) 11.0 ¢ .0) 11.1 ¢ .1)
0 12.0 ( .0) 12.1 ¢ .1) 12.2 ( .2)
.0 13.1 ( .1) 13.2 ( .2) 13.3 ( .3)
0 14.1 ( .1) 14.3 ( .3) 14.3 ( .3)
0 15.1 ¢ .1) 15.3 ( .3) 15.4 ( .4)
0 16.1 ( .1) 16.3 ( . 3) 16.4 ( .4)
0 17.0 «( .0) 17.3 ( .3) 17.4 ¢ .4)
0 18.0 ( -.0) 18.3 ( .3) 18.3 ( .3)
0 19.0 ( -.0) 19.3 ( .3) 19.2 ( .2)
0 19.9 ( -.1) 20.2 ( .2) 20.1 ¢ .1)
0 20.9 ( -.1) 21.1 ( .1) 20.9 ( -.1)
0 21.9 ( -.1) 21.9 ( =-.1) 21.8 ( -.2)
0 22.9 ( -.1) 22,7 ( -.3) 22.6 ( -.4)
0 24.0 ( .0) 23.5 ( -.5) 23.5 ( -.5)
0 25.2 ( .2) 24.2 ( -.8) 24.4 ( -.6)
34 CP SECONDS EXECUTION TIME.
N, (x) exact T (N exact
N"-U’) amoyox N) C((pra)t

/3
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II-A. DETECTOR

The detector signal output is calculated in IEEE NS, Vol. NS-28,
#3, page 2290 (1981). The calculated response is (see Fig. 2 of
reference).

I =C1Vb ppb . where Cy;~ 2.17 x10'° ppb/peak volt (29)

where I is the number of protons per bucket and Vp 1s the peak
voltage output at 53 MHz. This is the signal amplitude output of
each electrode when the beam is centered. As is shown in the above
reference, the output voltage is somewhat dependent on the bunch
width.

IT-B. THE CABLE

The amplitude attenuation in the Foam-8 cable at 53 MHz is
approximately 1.3 db/100 ft. If Vb and Vbl are the signal amplitudes
at the detector and at the far end of the cable respectively, then

V. =V 'exp (L/C2) where C,~ 2000

b= Vp T.31n10 008 (30)

L ranges from about 150 ft to 650 ft.

II-C. THE RF MODULE

The rf module uses 1/2 the total input signal power (the summa-
tion of the signals from the two electrodes) to provide a voltage
output proportional to the input signal amplitude. The circuit
utilizes a double balanced mixer in a synchronous detector circuit
to minimize the low level nonlinearities. The gain of the circuit is

adjusted at two amplitudes:
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Vp(in) Vout
.178V (-5 dbm) Vppy (= --500 volts)
.00178V (-45 dbm) VRPL (= .005 volts)
This leads to the following response function
Vp(in) = C3Voyut *+ Cu (31)
where €y = g0 0078 (o 556 for Vgpr = 100 Vgpp = -500V)  (32)
RFH RFL
Tol99 v .
and Cy = .178 1..V9 _FiH 1 (=0 for above conditions) (33)
RFH RFL

II-D. THE ANALOG BOX

The analog box includes a buffer amplifier, a logarithmic
amplifier, and an ADC. There is no temperature compensation in the
log amp. The ADC is shared with the position measurement system.

The buffer amplifier has the response (see Fig. 2)

Vin =V, - Vgg (34)
where Vyg; is the voltage offset in ICl, and V; the output voltage.

The logarithmic amplifier consists of a 2N2060 matched pair of
NPN transistors in a transdiode configuration and three RCA CA3140
operational amplifiers. The log dependence is based on the fact that
the current-voltage relationship in the transdiodes is given
approximately by

I = I.exp %% (35)

where I, is the saturation current

q = electron charge = 1.602 x 10°'? Coulombs
k = Boltzmann constant = 1.3805 x 1072% Joules/°K
T = junction temperature in °K.
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This leads to the following equation for the log amplifier response

(see Appendix B-4)
1 N
Vig = coexp g ¢ oy (36)
where nominal values of the coefficients are

Cs = 200

(@)
o
1l

32.1 (at T=20°C); 34.3 (at T=40°C)
0

(@]
~
i

IT-E. OVERALL CALIBRATION

We may now combine the above equations to yield

I =C,;« Cs (6; exp( é% >+ C7! + Cy ) exp (gt»
- L _ _
T ™
C,C N / L
=« és3 eXp( EE» + 16307 + C1Cu? €Xp <E;> (37)

——

Using nominal values of the coefficients, this becomes at 40°C

- 7 N L\
I = 3.86 x 10 exp<§zjg>exp< 63§/Jprotons per bucket (38)
where N is the ADC output count and L the Foam-8 cable length in

feet.

IT1-F ALLOWABLE TOLERANCES

The overall system variance, not including mechanical, is the
quadrature sum of all the contributions from the tolerances of

individual parameters:
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/ /2 . 1
al - %{il (\acgi dCi>2 J\% dN/\)2 +(\;—I{ dL/fz}z (39)
the partial derivatives are
TG (40)
GG (41)
AR A
- e (&) 4
I - L {1 - (C1C3Cy7 + C1Cy) exp (L\j: (44)
oCs Cs Ca,
)_(I:G . i:.z (I - (C1C3Cy + C1Cu) exp <%>_‘5 (45)
L J
§é7 = C,C0; exp (é?} (46)
20 = Cl—s {1 - (C1CsCq + clcqﬂ! exp <CL—2> (47)

We analyze the overall system tolerance using the following
values and tolerances for the individual parameters. In particular,

we assume that the temperature is stable to +10°C and the cable length

is estimated to *20 ft.
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Variable Value Tolerance
C, 2.17 x 10%° +10% detector sensitivity
Cs 668 +10% cable attenuation
Cy .356 + 5%
rf module calibration
C, 0 +.0004
Cs 200 5%
analog box calibration
CG 34.3 + 3% at 400C
Cy 0 +.0005
N variable 1 least count
L variable +20 20 ft cable length

In Table III the analysis is presented. For low intensity
the predominant source of error is C,, which causes a *23% error in
§I/I at 1 x 10°® ppb, assuming its tolerance can be held to *400uV.
At the high end, Cs contributes a #23% error due to a temperature
spread of *10°C. Note that the intensity output is off scale for
1 x 10® ppb and L = 650 ft, and also for 1 x 10'! ppb, L = 150 ft.
In order to assure proper operation at 1 x 10°® ppb, it is desirable

to raise Cs to about 300 from its present value of 200. This will

add about 14 counts to all N values. The optimum way to do this is
to raise R, from its present value of 2 megohms to about 3 megohms
An alternate choice is to lower VR to about 4 volts from 5 (see

Appendix C, Eq. 15 for details). In any case, the expected errors
in measuring intensity will for the most part be in the 220% to+30%

range.



Table 1 - Tolerauces and RMS errors ew I"je"‘gd‘] Mewsuie Mvi(

Cl= .217E+11+/-
C2= 668.0+/- 66.8
3= .356+/~ .018
“4=0.0000+/- .0004
C5= 200.0+/- 10.0
Cé= 34.30+/- 1.029
C7=0.0000+/- .0005

N=+/-1.0
L= 650.+/- 20.
T(pool N
.100E+09 ~1.

. 200E+09 23.
.500E+09 54.
.100E+10 78.

.020 Cp SECONDS EXECUTION TIME.

.200E+10 102.
.500E+10 133.
.100E+11 157.
.200E+11 181.
.500E+11 212.
.100E+12 236.

Cl= L.217E+11+/-

C2= 668.0+/- 66.8

C3= ,356+/- .018

C4=0.0000+/- .0004

Cs5= 200.0+/- 10.0

C6= 34.30+/~- 1.029

C7=0.0000+/- .0005

N=+/-1.0

L= 150.+/- 20.

i(pph) N
.100E+09 25.
.200E+09 49,
.500E+09 80.
.100E+10 104.

- .200E+10 128.
.S00E+10 159.
.100E+11 183.
.200E+11 207.
.500E+11 238.
.100E+12 262.

.217E+10

Frrer Cem ’;tbu‘h;w 1o g:/é due +° 7(°/e"‘7“¢4 L~

a) Nax@gm cuble leuj‘fL (\65‘0’)

b) T: Ho°C % [0

l ¢,
.10
.10
.10
.10
.10
.10
.10
.10
.10
.10

Cv

.10
.10
.10
.10
.10
.10
.10
.10
.10

10

.217E+10

Eveor cob\-('k;bw-tl'ow ‘t‘o

Ca

.05
.05
.05
.05
.05
.05
.05
.05
.05
.05

Cy
.23
.11
.05
.02
.01
.00
.00
.00
.00
.00

C§ CG C7 N

.05 -.00 .10 .03
.05 .02 .05 .03

.05 .05 .02 .03
.05 .07 .01 .03
.05 .09 .01 .03

.05 .12 .00 .03

.05 .14 .00 .03
.05 .16 .00 .03
.05 .19 .00 .03
.05 .21 .00 .03

L ST/I
.03 .30
.03 .21
.03 .18
.03 .18
.03 .19
.03 .20
.03 .21
.03 .23
.03 .25
.03 .26

Y a) Mtv.uuuww Cabole (Q'A‘Iﬂ\ (ISO‘}

b) T= ge°c 2 0P

2%& dwefo‘+dekam¢ I~

G

.10
.10
.10
.10
.10
.10
.10
.10
.10
.10

C+

.02
.02
.02
.02
.02
.02
.02
.02
.02
.02

&

.05
.05
.05
.05
.05
.05
.05
.05
.05
.05

Cy
.11
.05
.02
.01
.01
.00
.00
.00
.00
.00

M A A e MmN AGETLN MR eI TR ST W AT ewn el S

L

Cs e (4 N

.05 .02 .05 .03
.05 .04 .02 .03
.05 .07 .01 .03
.05 .09 .00 .03
.05 .11 .00 .03
.05 .14 .00 .03
.05 .16 .00 .03
.05 .18 .00 .03
.05 .21 .00 .03
.05 .00 .03

.23

1

L Sk
.03 .18
.03 .15
.03 .15
.03 .16
.03 .17
.03 .19
.03 .21
.03 .22
.03 .25
.03 .26

20
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APPENDIX A: AMPLITUDE TO PHASE CONVERSION

Consider two rf signals of amplitudes A and B, and phase
difference ¢,applied to the inputs of a passive amplitude-to-phase
conversion circuit as shown in Fig. A-1. The amplitude-to-phase
conversion circuit is made up of four power splitter/combiners and
three 90° delay lines. Specifically

Vi

A sin(wt + ¢/2) (A1)

V, B sin(wt - ¢/2) (A2)
The outputs of the amplitude-to-phase conversion circuit are,

neglecting the approximately 6 db losses in the circuit:

Vs = L[A sin(wt*—%)+]351n(Wt -%-—%)] (A3)
Ve = L[A sin(wt+%-ﬂ)+BSin(Wt‘%‘%)]

%[—Asin(wt-*%)+}351n(wt-% %)] (A4)

We assume that V; and V, may be written in the form

Vs Cs sin(wt + 63) (AS)

Vy Cy sin(wt + 84) (A6)

Hence

C3 sinwtcos 83 + C3 cos wt sin 6,

¢ ¢ ¢

= L[Asinwt cos 5 + Acoswt sin &+ - Bcoswtcos - Bsinwtsin

2 Z

= %[(Acos%—B sin%) sinwt+(Asin%—Bcos%)coswt] (A7)



| [:f Ccmhl‘h(«
Ul * V3

Yo —— st Ve

ﬁquk—% A— la, ‘Eaillb Aw(:mude "0 PW&C Csv\b‘CkS(‘c\«. ’Block Dléqkﬂm

. C;M-
V, sput " Vs
150° pov‘f
. b 1
V’p q0° 5f)hf conloy w,; Vq,
R |

thu\—e A—"lb, Mod'lﬁézp AW(;Huie, ‘*g P‘Mté—& mesfm CL‘(ICLIA\T

usw) o»\h} owe dela} lvwe and a [§0° 'Po»-'f.




Beam Position Monitor

1{;(Asing-Bcos%—)z‘

Design Note #1 -25-
Hence C; cos83 = L(A cos % - B sin %)
and C, sinB; = %(A sin % - B cos %)
But C; = gl{;(Acos%-Bsin%)z + >
-
} ¢ ¢
= %2?2 cos? jﬂ-stinz % - 2AB cos
L
+ B2cos? 2 - 2AB sin & cos &1} 7
2 2 2
g e
= %5 {A* + B* - 2AB 51n¢}2
Hence - ’
N -1 Acos ¢/2 -Bsin¢/2
95 = COS * TRT y BT - ZAB sin gl &
«
- tapn-! }Asinq>/2—Bcos q>/22
LAcos¢/2-Bsin¢/2(
Similarly
Co = 5{A% + B2 + 2AB sin¢ }?
and
5. = cos-! Acos ¢/2 +Bsin¢/2
. =

when ¢ =0, we

shift between
6, -

inverting,

Bl
AT

sin¢/2 + Bcos ¢/2

[AZ+ B2+ 2ABsino1%

tan-1{4
Acos ¢/2 +Bsin ¢/2

note that C; =C,,
V3 and Vi is
Bl
83 = 2 tan—l {A—l:\l
J

= tan (91—%~91>

and in addition the relative

e

L

¢

2

D

sin%~+& sin?

oo

(A8)

(A9)

(A10)

(A11)

(A12)

(A13)

phase

(Al4)

(A14)
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In an actual measurement, a cable pair with a relative phase

shift ¢ will yield a relative phase shift 64-63:

) _ _1§_Asin¢/2+-Bcos¢/2 ) -1 JAsin¢/2 -Bcos ¢/2
4 - 9, = tan LAcos¢/2+Bsin¢/2' tan Acos ¢/2 -Bsin¢/2
; )
,\/‘* -
=tan‘1) sin¢/2 + (B/A) cos ¢/2
cos ¢/2 + (B/A) sin ¢/2
) -1 )sin ¢/2 - (B/A) cos ¢/2
tan {cos 577 = (B/A) sin¢/2 (AL6)
To estimate beam position, (B!/A') will be computed using Eq.
(A15) which assumes ¢ = 0, and using the value of 6, - 63 given in
Eq. (Al6).
Specifically
B! _ Tan (;'t;n‘l (sin ¢/2 +B/A cos ¢/2
AT zf |cos ¢/2 + B/JA sin ¢/2
L

7
- 1/2 |

(A17)

cos ¢/2 - (B/A) sin ¢/2 ¢

(. s
As beam position detectors seem to be linear in

20 log <%>=<%)

an estimate of the error in the position measurement due to the phase

tan-! {éin ¢/2 - (B/A) cos ¢/2}

db

error ¢ can be estimated by calculating (B'/A')4p as a function of
(B/A)db and ¢. This is shown in Table A-I. As the detector sensi-
tivity is about 0.67 db/mm, the error in estimating position can be

held under 0.2 mm for x<+25 mm if ¢ is less than *10°. The corresponding
effect on the signal amplitude for ¢ = +10° is about *17% as can be

seen in Eqs. (Al10) and (Al2). This phase error represents about *12cm

of foam dielectric coaxial cable.



Table A—1. Tabu(afe(p valugs C( (‘B/A’ )c“: asy « chf(ow o( U%)Jb aw,c Plﬂ&e evor (,(

.038 CP SECONDS EXECUTION TIME.

(), -2° 4° &° $° [0? 1n° j4° 16° /8°  20°
.0 1.00 1.00 1.0l 1.01 1.02 1.02 1.03 1.04 1.05 1.06
.0 2.00 2.00 2.0l 2.02 - 2.03 2.04 2.06 2.08 2.10 2.13
.0 3.00 3.01 3.02 3.03 3.04 3.06 3.09 3.12 3.15 3.18
.0 4.00 4.01 4.02 4.04 4.06 4.08 4.11 4.15 4.19 4.24
.0 5.00 5.0l 5.02 5.04 5.07 5.10 5.14 5.18 5.23 5.29
.0 6.00 6.01 6.03 6.05 6.08 6.12 6.16 6.21 6.27 6.33
.0 7.00 7.01 7.03 7.06 7.09 7.13 7.18 7.23 7.29  7.37
.0 8.00 8.02 8.03 8.06 8.10 8.14 8.19 8.25 8.32 8.40
.0 9.00 9.02 9.04 9.07 9.10 9.15 9.20 9.27 9.34 9.42
.0 10.00 10.02 10.04 10.07 10.11 10.16 10.22 10.28 10.36 .45
.0 11.00 11.02 11.04 11.07 11.11 11.16 11.22 11.29 11.37 .46
.0 12,00 12.02 12.04 12.07 12.12 12.17 12.23 12.30 12.39 .48
.0 13.00 13.02 13.04 13.08 13.12 13.17 13.24 13.31 13.40 .49
.0 14.00 14.02 14.04 14.08 14.12 14.18 14.24 14.32 14.40 .50
.0 15.00 15.02 15.04 15.08 15.12 15.18 15.25 15.32 15.41 .51
.0 16.01 16.02 16.05 16.08 16.13 16.18 16.25 16.33 16.42 .52
.0 17.01 17.02 17.05 17.08 17.13 17.18 17.25 17.33 17.42 17.52
.0 18.01 18.02 18.05 18.08 18.13 18.19 18.25 18.33 18.42 18.52
.0 19.01 19.02 19.05 19.08 19.13 19.19 19.26 19.33 19.43 19.53

20.01 20.02 20.05 20.08 20.13 20.19 20.26 20.34 20.43 .53
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APPENDIX B - ANALOG BOX DAUGHTER CARD POSITION CHANNEL

The position channel on the analog box daughter card includes
a 50 ohm termination, a FET switch, a storage capacitor, a voltage
follower, a resistor attenuation and offset network, a FET multi-
plexer switch and an 8-bit ADC. For the purposes of calibration,

the circuit may be represented as follows:

-iSy
IS ke i
‘ 2490 év' y — ? K ]
Vil BVog —MA ?M 5 ApbC — J dtqr‘a-( odpg
=4  S—
— 0¢KE 25§
So 287 Uk

)

VREF: -0.8v

The 2490, 287, and 15K resistors are 1% metal film, the series

50 ohm resistor represents the FET "on" resistance, and the 25K

the ADC input impedance.

The voltages Vip and V, are related as follows:

Vip - Vee -Vi, -15 =V, -V, vy
7430 ¥ 15,000 F 787 25,050 - O (B1)
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or -
_ 1 1 1 15+ 2490
Vin = 2490 Vy {?490 * 15,000 +25,056} * 157000 T 2Vos
= 9.9414 VvV, + 2.490 + AVOS (B2)
V, _ 25,000
Hence: Vin = 9.9613 V, + 2.49 + AVOS (B4)
The ADC calibration is expected to be
V, _ N
=500 © 255 (BS)
L V. = 9.9613 (-.5)N + 2.49 + AV
in 255 oS
_ 127.5 + 512 AV, - N
51.2 (B6)
The offset adjustment will be used to set this to
_128.0 - N
Vin = T3T7— (B7)

For reasons not completely understood at present, the measured value

of the constant in the denominator is about 52.8.
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APPENDIX C - ANALOG BOX DAUGHTER CARD INTENSITY CHANNEL

The intensity channel on the analog box daughter card includes
a 50 ohm termination, a FET switch, a storage capacitor, a buffer
amplifier, a log amplifier, a FET multiplexer switch and an 8-bit
ADC (shared with the position channel described in Appendix B.
The basic circuit is shown in Fig. C-1.

The input circuit is a voltage follower circuit with the
response

Vin = Vi - V051 (C1)

where V0 is an adjustable offset.

sl
The current-voltage relation for the two transdiode connected

NPN transistors 1is

r ,

T = I, fxp (%¥> + % (C2)
where q is the electron charge, k is Boltzmann's constant, T is the
junction temperature in °K, and I, the reverse bias saturation
current. I, is normally in the picoamp range, allowing the
following approximation when I>>I, (i.e., a few microamps):

V = gi In (1/1,) (C3)

Hence in the circuit in the figure we can write the equations for

V., and Vj:
_ kT vV,
Vo = o= In | pg— (C4)
- kT VR -
and V3 = q— 1n m (CD)
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IC4 1is common mode rejection circuit. Specifically, since
V2 V. Vo - Vy
= Co6
= Ro (Co)
V+ RG
d = Cc7
o vy T RTT R (C7)
and Vi V. (CS)
We have
]
v o vy ]
Vy R LV3 V., VOSu; (C9)
Hence \ Vg -V - R Vv (C10)
’ 2 3 OS Y Rq. b

The ADC calibration is (N is the 8-bit conversion output)

V

N

N

=500 755

Combining Egs.

N

+

(C1), (C4), (C35),

510 Vy = (-510) (g&

. Ry kT
(-510) Ry {a~
-510 R, kT 1n

Ry q

This may be written with Vin

(C11)

(C10) and (Cl1):

) -
(Vs - Vo - Voo,

< VR > - Ezljl<vin + Vos)__V z
Rolgs q Rilo: ost4 7
i
Vp R, 1

(Vin * Vos) R

D
osut (C12)

-

as the explicit variable:
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V., = - RIVR\eX 4_ vy +1n Loz exp Rs g N_ -V (C13)
in R, / P kT Yoss Tos R, kT 51 0s1

The nominal value of this equation (with the Vosu set to cause the

first exponent to equal zero) 1is

-1 N
Vip < o exp<566)+ Cy (C14)

Using Ry = 2K ohm
R, = 2 megohm

V, = -5 volts

R3 = 2K ohm
Rq = 4.99K ohm
q = 1.602 x 10°'? Coulombs

k =1.38 x 10723 Joules/?K

Q=
|15

= 27.0 mV at 40°C
T = 313°K (40°C)
The constants are:

- _Ro -q o <102> -
Cs = ﬁTVE exp [kT Vg, ~ 1n 200 (See Note1l) (C15)

_ 510 R« kT _ - 500
Ce = T q—- 32.1 at T 20°C
= 34.3 at T = 40°C
C7 = VOS]- =0

Note 1. The base-emitter voltage of the NPN pair in the 2N2060 is
matched to better than *5mV for a given emitter current.
Using Eq. (C3) it is easy to show that 1In %%% is less than
t5/27 = +.19. Hence a #5mV range on adjusting Vogy 1s

adequate to set the exponent to zero.



pl:*
00100
00200
00300
00400
0500
. 0600
00700
00800
00900
01000
01100
01200
01300
01400
01500
01600
01700
01800
01900
02000
02100
02200
02300
02400
02500
02600
02700
02800
02900
03000
3100
+3200
03300
03400
03500
03600
03700
03800
03900
04000
04100
04200

?2?

50

100
10

’{ZFP@J‘;L D Cevepulten ?quaws

PROGRAM BPMERR (INPUT,OUTPUT)
IMPLICIT REAL(N)
PI=2.*ASIN(1.0)

DB=0
EDB=.1
Cl=.314
EC1=.003
v0=0
EV0=.010
C2=128.
EC2=.5
EN=.5
C3=52.8
EC3=.5
Y=0
EY=10.
X=-1.

PRINT 50,DB,EDB,Cl,EC1,V0,EV0,C2,EC2,EN,C3,EC3,Y
FORMAT (" DB=",F6.2," +/-",F6.2,/," C1=",F7.3," +/-",F6.3,/

" gO:",$6.3é; ;/;":Fg.3:/," c2=",rF6.2," +/-",F6.2,/

n = + _Il’ R ’ 1 3=l F6.2 " + =N F .2 n =" .
Do 10 11,26 ’ ’ " +/-",F6.2,/," ¥Y=",F6.2,///)
X=X+1.

TMP= (1.+Y**2/2830)*X/12.96
PHI=ATAN (EXP (TMP) )

N=C2-C3* (PHI+C1l*V(0-PI/4.)/Cl

N2=256.-N

Tl=1.-Y**2/2830.

T2=12.96*2./SIN(2.*PHI)

El=1.5*T1*EDB
E2=T1*T2* ( (C2-N)/C3-V0) *EC1
E3=T1*T2*C1*EVO0

E4=T1*T2* (C1/C3)*EC2
E5=T1*T2* (C1l* (C2-N)/C3**2) *EC3

E6=T1*T2* (C1/C3)*EN
ERR2=E1**2+E2**2+E3**2+E4**2+ES5**2+Ef**2
ERR=SQRT (ERR2)

PRINT 100,X,N,N2,E1,E2,E3,E4,E5,E6,ERR
FORMAT (1X,F6.2,2X,2F6.1,2X,6F7.2,2X,F8.2)
CONTINUE

STOP

END

/\\ Pkoc(yaw\ év Ca((w{dluk *a{oLL, T



r,*

8 FILE(S)

/ice
DIT:

.? p0:

00100
00200
00300
00400
00500
00600
00700
00800
00900
01000
01100
01200
01300
01400
01500
01600
01700
01800
01900
02000
02100
02200
02300
02400

2500
v2600
02700
02800
02900
03000
03100
03200
03300
03400
03500
03600
03700
03800
?27? eu

APPROX

*

100
10

PROCESSED.

PROGRAM APPROX (INPUT ,OUTPUT)

IMPLICIT REAL(N)

PI=2.*ASIN(1.0)

DB=0

EDB=.1

Cl=.314

EC1=.003

v0=0

EV0=.010

C2=128.

EC2=.5

EN=.5

C3=52.8

EC3=.5

Y=0

EY=10.

X=-1.

DO 10 I=1,26

X=X+1.

TMP=(1.+Y**2/2830)*X/12.96
PHI=ATAN (EXP (TMP) )

N1=C2-C3* (PHI+C1*V0-PI/4.)/Cl
Z=X/12.96

N2=C2-(C3/C1)* (.4947*Z-.0667*2**3+ 0063*Z**5)
ARG=C1* ( (C2-N2)/C3)+PI/4.

X12=12.96* (1.-Y**2/2830) *ALOG (TAN (ARG) )
Z2=(C2-N1)*C1l/C3
X21=12.96*(1.866*Z22+2.548*Z2%*3)
Z3=(C2-N2)*C1/C3

X22=12.96* (1.866*Z23+2,548%*23*%*3)
DX12=X12-X

DX21=X21-X

DX22=X22-X

PRINT 100,X,X12,DX12,X21,DX21,X22,DX22
FORMAT (1X,F8.1,3(2X,F6.1," (",F4.1,")",))
CONTINUE

STOP

END

FILE: APPROX
/replace,approx

/

R) ’PPOC\\rau,\ (;» Ca\cw(o.‘il;k} Table T1

Loy

(J\



00100
00200
n0300

0400
00500
00600
00700
00800
00900
01000
01100
01200
01300
01400
01450
01500
01600
01700
01800
01900
02000
02100
02200
02300
02400
02500
02600
02700
n2800

2900
03000
03100
03200
03300
03400
03500
03600
03700
03800
03900
04000
04100
04200
04300
04400
04500
04600
04700
04800
04900

05000
??

w)
LS

PROGRAM BPIERR (INPUT,OUTPUT)
IMPLICIT REAL (L-27)
DIMENSION RI (10)
Cl=2.17E10
DC1=2.17ES

C2=668.

DC2=66.8

C3=.356

DC3=.0178

C4=0

DC4=.0004

C5=200.

DC5=10.

C6=34.3

C THIS VALUE (34.3) CORRESPONDS TO 40 DEGREES C.

50

100
10

DC6=1.029

C7=0

DC7=.0005

DN=1.

L=150.

DL=20.

PRINT 50,C1,DC1,C2,DC2,C3,DC3,C4,DC4,C5,DC5,C6,DC6,C7,DC7,
$DN,L,DL

FORMAT (" C1=",El10.3,"+/-",El0.3,/," C2=",F6.1,"+/-",F6.1,/,
$" C3=",Fr5.3,"+/-",F5.3,/," C4=",F6.4,"+/-",F6.4,/,

$" Cc5=",F6.1,"+/-",F6.1,/," C6=",F6.2,"+/-",F6.3,/,

$" ¢c7=",F6.4,"+/-",F6.4,/," N=+/-",F3.1,/,

$" L=",F6.0,"+/-",F6.0,///)

DATA RI/1.0E8,2.0E8,5.0E8,1.0E9,2.0E9,5.0E9,

$ 1.0E10,2.0E10,5.0E10,1.0E1ll/

DO 10 I=1,10

TMP=RI (I)*EXP (-L/C2)-C1*C3*C7-C1*C4

TMP=C5*TMP/ (C1*C3)

N=C6*ALOG (TMP)

EC1=DC1l/C1l

EC2=L*DC2/C2**2

ELC2=EXP (L/C2)

EC3=(RI(I)-C1l*C4*ELC2)*DC3/(C3*RI(I))
EC4=Cl*ELC2*DC4/RI (I)
EC5=(RI(I)-(C1*C3*C7+C1*C4) *ELC2) *DC5/ (RI (I)*C5)
EC6=N*DC6* (RI (I)- (C1*C3*C7+C1*C4)*ELC2)/(RI(I)*C6**2)
EC7=C1*C3*ELC2*DC7/RI (I)

EN=(RI(I)- (C1*C3*C7+C1*C4)*ELC2)*DN/ (C6*RI (I))
EL=DL/C2
EI2=EC1**2+EC2**2+EC3**2+EC4**2+ECS5**2+EC6**2+ECT7** 2+EN**24+EL**2
EI=SQRT (EI2)

PRINT 100,RI(I) ,N,EC1,EC2,EC3,EC4,ECS5,EC6,EC7,EN,EL,EI
FORMAT (1X,E10.3,F6.0,2X,10F5.2)

CONTINUE

STOP

END

C\ /P\'cq\raw\ 14\, Ca(Cw[a"&} Tab&.l—u
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EDIT: PHIERR

2?2 p0:*

nolo0 PROGRAM PHIERR (INPUT,OUTPUT)
0200 DIMENSION DELDB (10) ,ADEL (10) ,X(10)

v0300 PI=2.*ASIN(1.0)

00400 A=1.0

00500 DB=0

00600 DO 10 I=1,20

00700 DB=DB+1.

00800 B=10.** (DB/20.)

00900 PHI=0

01000 DO 20 J=1,10

01100 PHI=PHI+2.0

01200 PH2=PHI/2.

01300 C0OS=COSD (PH2)

01400 SIN=SIND (PH2)

01500 TAN4= (SIN+B*COS)/ (COS+B*SIN)

01600 TAN3= (SIN-B*COS)/ (COS-B*SIN)

01700 TH4=ATAN (TAN4)

01800 TH3=ATAN (TAN3)

01900 THAV=0.5* (TH4-TH3)

01950 IF (THAV.LE.OQ0) THAV=THAV+PI/2.

02000 DEL=TAN (THAV)

02100 DELDB (J)=20.*ALOG10 (DEL)

02200 20 CONTINUE

02300 PRINT 100,DB, (DELDB(J) ,J=1,10)

02400 100 FORMAT (1X,F5.1,2X,10F7.2)
02500 10 CONTINUE

nN2600 STOP
2700 END
2? eu

FILE: PHIERR

/
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