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Abstract 

The SLAC 8 GeV/c spectrometer was optically calibrated using the floating 

wire technique. The forward and reconstruction optics coefficients were measured 

as a function of spectrometer momentum. The point-to-point uncertainty for the 

large, first-order coefficients was f 0.4% or better, with an absolute normalization 

uncertainty of &l.O%. These coefficients were used to determine the momentum de- 

pendence of the acceptance, and to constrain a newly developed TRANSPORT model 

of the spectrometer which reproduces the measurements to within their errors. The 

central momentum, PC, was measured for fourteen nominal set-points to 310.025% 

absolute uncertainty. A linear fit to measured central momenta and corresponding 

dipole NMR field measurements gives P, = 0.41511B + 0.00054, where B is the 

magnetic field of the dipoles in kG, and P, is in GeV/c. 



1. Introduction 

This report gives a comprehensive summary of the optical properties of the SLAC 

8 GeVt spectrometer as determined via the floating wire measurements taken during 

the fall and winter of 1986. There are four chapters followed by four appendices. 

Chapter one motivates the need for new measurements, describes the basic optical 

properties of the 8 GeV spectrometer and underlines the principles of the floating 

wire technique. Chapter two focuses on the hardware designed and built for the mea- 

surements, and on the method used to make the measurements, with emphasis placed 

on error minimization and determination. In chapter three the analysis procedures 

are outlined and the results are presented. The final chapter contains comments and 

concluding remarks. 

l.l- Background and Motivation 

With a new. generation of high precision experiments being undertaken, precise 

knowledge of the 8 GeV spectrometer optical characteristics is required. Measur- 

ing cross sections to f l.O%, as in SLAC experiments E140is3 and NE11,4 requires 

knowing the acceptance or solid angle to an equal precision, and determining the 

central-momentum to at least f 0.1%. Previous studies of the 8 GeV optics, the 

dark-current5t6 calibration in 1968, and the jailbar’ calibration in 1984, which relied 

on fitting electron beam data, yielded relatively large uncertainties in the optics coef- 

ficients when systematic effects were folded in. Also, the dark current data indicated 

a rather strong momentum dependence5 to some of the optics coefficients. Since 

experiments El40 and NE11 measured cross sections at various kinematics, any mo- 

mentum dependence of the acceptance had to be well understood, and corrections 

made to account for it. 

. 
?. For convenience, the units GeV/c will be written as GeV throughout this report. 
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, 

A new set of measurements was needed which could determine the optics coeffi- 

cients and the central momentum to high precision over a wide range of spectrometer 

moment a. The precision of the large, first-order coefficients, which are inversely 

proportional to the spectrometer acceptance, had to be better than f 1.0% in or- 

der to determine the acceptance equally as well. Accomplishing these goals meant 

minimizing systematic effects and having a full understanding of the errors and any 

correlations when determining the uncertainties in the final results. 

The decision to use the floating wire technique instead of the electron beam in a 

new optical study was made based on the level of precision and control offered by this 

technique. With a floating wire the entrance and exit trajectories of the simulated 

particle are directly measurable; in particular there is no guess-work involved regard- 

ing the position of the input trajectory. The result is that a set of optics coefficients 

can be obtained from a least squares fit to the measured elements of the input and 

output vectors. This is contrary to the situation one has in an electron beam study 
e 

using the jailbar technique where an initial optics matrix must be assumed and an 

iterative process undertaken until the reconstructed quantities satisfy reasonable dis- 

tributions at the jailbar grid. In addition, the floating wire method provides a means 

of calibrating the spectrometer momentum independent of the beam energy. Before 

describing the measurements in detail it is useful to describe the apparatus on which 

the measurements were made and the quantities being measured. 

1.1.1 The Apparatus-The 8 GeV Spectrometer 

The SLAC 8 GeV spectrometer’ is one of three magnetic spectrometers in End 

Station A designed for fixed target electron scattering experiments with extended 

targets. It is free to rotate about a central axis, known as the pivot, and spans an 

angular range of roughly 11.5 to 100 degrees. The spectrometer consists of five mag- 

nets. From pivot to detector hut these are: Q81 and Q82, two quadrupoles for initial 

foe-using of incoming particles; B81 and B82, two 15 degree vertical bend magnets 
.- 
which provide the momentum dispersion; and Q83, a quadrupole for final focusing 
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before the particles reach the hut. The overall path length for a particle traversing 

the magnetic center of the spectrometer is nearly 15 meters from the entrance face of 

Q81 to the exit face of Q83. Figure 1.1 illustrates the layout of the spectrometer. 

0 GEV I IUT DETECTOKi 

. ..l.,ii-iR\~~N~~l-~ 

Figure 1.1. The 8 GeV spectrometer in End Station A. 

The optics9 for the 8 GeV spectrometer have been optimized to accommodate 

long targets, while simultaneously maximizing both the solid angle and the momen- 

tum resolution. This means allowing for particles which can scatter from any point 

along the length of the target. Thus, in the horizontal plane the focusing is line-to- 

point so that particles scattering with the same angle theta, but from different points 

along the length of the target, will be focused to the same point in the theta focal 

plane in the hut. On the other hand, in the vertical plane the focusing is point-to- 

point. Due to large chromatic aberrations, the momentum focal plane is tilted at an 

angle of 13.9 degrees with respect to the central ray. It is located+ roughly half a me- 

ter behind the theta focal plane. Particles leaving the target with like momenta but 

, varying vertical angles, phi, are focused to the same point in this plane. Figure 1.2 

t Results of this study indicate otherwise, see section 3.2.4. 

. 



Figure 1.2. The focal properties of the 8 GeV spectrometer. The upper 
diagram shows the first order horizontal focusing properties, while the lower 
diagram shows the first order vertical focusing properties. 

illustrates the horizontal and vertical focusing properties of the 8 GeV. 

The 8 GeV has a acceptance of approximately 0.7 msr by 10% in momentum 

with a momentum resolution of 0.05Y 0.” The solid angle is nominally given by the 

following ranges: 

0 11 f8mr 

4 N f 28 mr I 
6 2! Ik5%. 
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;12.1.2 The Coordinate System 

The coordinate system used in the measurements was a right handed system 

oriented such that zt points along the trajectory corresponding to a central ray, x 

points to the left of a central ray, and y is orthogonal to the x-z plane and points 

upward. A central ray is defined as a particle which passes through the magnetic 

centers of the magnets, and thus has a momentum equal to the central momentum 

of the spectrometer. This coordinate system coincides with that of TRANSPORT,"912 

a program used in designing beam transport systems. However, in TRANSPORT a 

bending magnet is defined to bend in the x-z plane, and specifically toward the -x 

direction. Thus, a rotation of -90” must be applied to the dipole magnets when using 

TRANSPORT to accommodate the 8 GeV bend plane bending in the y plane. See, for 

example, the TRANSPORT model given in section 3.2.4. 

Within this Cartesian system, a particle’s instantaneous position is given in terms 

of six coordinates. These represent deviations of the respective coordinate from the 

central trajectory. The six coordinates are defined below and illustrated in Figure 1.3. 

displacement along the-x axis of a particle with respect 

to the central ray, 

angle the particle makes in the x-z plane with respect to the 

central ray, 

displacement along the y axis of the particle with respect to 

the central ray, 

angle the particle makes in the y-z plane with respect to the 

central ray, 

difference in path length between the particle and a central 

ray trajectory for a given value of 2, 

fractional momentum deviation of the particle from the 

. 

t Throughout this report the convention for denoting coordinates is as follows: z 
refers to the generic coordinate axis, z refers to a specific value of the respective 

- coordinate in the right-handed system described above, and 2 refers to coordi- 
nates in a right-handed system centered on tooling ball B of Q83. 
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Figure 1.3. The coordinate system. The TRANSPORT coordinate system 
is a right handed system in which a particle’s position is represented by 
deviations from the central trajectory path. 

central ray trajectory; 6 E (P - P,)/P, where P, is the central 

momentum. 

Distances are in centimeters, angles in milliradians and S is in percent. Notice 

that z is not used explicitly but is replaced by the variable 1. 

1.1.3 The Measured Quantities-The Optics Coefficients 

TRANSPORT simulates the effects of a given beam transport system on charged 

particles traversing it through the use of matrix multiplication.‘i If we associate with 

each element, i, of the spectrometer (i.e. magnet, drift space etc.) a matrix Mi 

which characterizes the effect on a charged particle traversing the element, then we 

can represent the entire spectrometer by a matrix M, which is the product of the 
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matrices Mi, thus 

Ma = n Mi. (14 

In principle M, embodies all the information we need to know about the focusing 

properties of the spectrometer: its elements are the coefficients of a Taylor expansion 

about the central ray trajectory, and they are known as the TRANSPORT coefficients 

or more generally optics coefficients. If we let Q denote the initial coordinate vector 

of the particle, 

Q - b, k, go, 40, lo, 61, 

and q the final coordinate vector,’ 

(1.2) 

q= {xf,ef,Yf,+fylf,q, (l-3) 

then. we can write down the following transformation which relates the initial co- 

ordinate vector to the final coordinate vector via the TRANSPORT coefficients, the 

elements of M,: 

q=Ms Q. (1.4) 

This is referred to as the forward transformation as it transports a particle from the 

target point to the detector hut. A reverse transformation can also be expressed as 

follows: 

Q = M,‘q, P-5) 

where My’ contains the reverse TRANSPORT coefficients, those necessary to take a 

particle from the detector hut back to the target. 

In this study, the Taylor expansion is taken out to second order. Standard 

notation has been developed to represent the expansion and it is useful to introduce 

it here as the results will be quoted in terms of this notation. Thus, to second order 

the expansion can be written explicitly as follows: 

6 6 i 

qk = z(qblQi)Qi + C x(4kI&i&j)QiQj, 
i=l j=l 

(1.6) 

t Note that 6 remains constant due to energy conservation. 
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where Qk and qi are the elements of the coordinate vectors Q and q respectively. 

The quantities (Q~IQ~) and (qk]QiQj) are the first and second order optics coefficients 

respectively, where for example, (q1 I&2) E (xfle,). Interchanging q and Q will give 

the expression for the reverse transformation. 

1.1.3.1 The Significance of Reconstruction Coefficients 

In an experiment it is the final coordinate vector of the scattered particle which 

is measured in the detector hut. The initial coordinate vector at the scattering point 

within the target needs to be determined via the reverse transformation. A compli- 

cation arises however, since only the particle’s position and angles are measured, xf, 

yf, ~9, 4, but not the particle’s relative momentum, 6. For most experiments in ESA 

the particle’s path length deviation from the central ray, lf, is not measured, but 

neither is it needed in analysis. Thus 1 is omitted from the elements of the coordinate 

vectors. In rare cases where time of flight information is needed, and thus 1 is needed, 

one must rely on TRANSPORT models or ray traces for these coefficients as they have 

not been measured. The relative momentum is vital however, and to determine it, a 

constraint, y0 = 0, is placed on the system 7. This is consistent with the fact that the 

spread in beam height at the target is small, and it allows one to solve for 6 in terms 

of the four remaining coordinates. With this constraint applied, and omitting 1, the 

expressions for the coordinate vectors reduce to: 

& = {% eo7 do7 a P-7) 

q= {xf,ef,Yf,4fh 

and the transformation equation is given as: 

(14 

Q = JLq. (14 

The coefficients of the matrix R, are called reconstruction coefficients, as they are used 

to reconstruct the target scattering coordinates in practice. There is a relationship 



9 

between a subset of the reverse TRANSPORT matrix elements and the reconstruction 

matrix elements, i.e. one can express one set of coefficients in terms of the other. The 

equations relating the two sets of coefficients can be found in Appendix A. 

The set-up for the floating wire calibration was designed to optimize the deter- 

mination of the forward and reconstruction coefficients. 

1.2 The Floating Wire Technique 

A current-carrying wire suspended under tension was used to simulate the tra- 

jectory of a charged particle traversing the spectrometer. This technique is known 

as “The Floating Wire Technique”13j1* and is a standard method used to calibrate 

magnets when mapping the magnetic field is not a viable option. 

For a wire to assume the same trajectory as a charged particle implies the equiv- 

alence of the equations of motion governing a massless, current carrying wire under 

tension in a magnetic field, and a charged particle traversing the same magnetic field. 

Figure 1.4 shows the forces acting on the wire and an electron traveling with initial 

velocity CO, both in the presence of a uniform magnetic field 5. 

Summing the forces on the wire, and neglecting the force due to gravity gives 

the following relation for a wire in equilibrium: 

(1.10) 

For an electron experiencing constant acceleration in the presence of a magnetic field, 

we can write: 

P 
-=pp,B. 
e 

(1.11) 

For the wire to assume the same trajectory as the electron requires pw = pe. This 

leads to the floating wire relationship: 

T P -=- 
I e’ 

(1.12) 
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A ‘1, p *” = 

6534A4 

--Figure 1.4. Force diagram for a wire and an electron in a magnetic field. 
The wire carries a current I and has-a radius of curvature pW. The electron 
has an- initial momentum given by 9 = mv’,, and has a radius of curvature 
Pe- 

For T in g, I in A, and P in GeV/c, this becomest 

P = (2.93770 x lo-3);. (1.13) 

-. 
‘“t The local value for the acceleration due to gravity, g = 979.914 cm/sec2, has 

been used. 



2. Apparatus and Data Sample 

The floating wire calibration was designed to achieve a precision of f 0.05% in 

the calibration of the central momentum and f 0.5% in the determination of the 

large, first order optics coefficients. For each trajectory several quantities had to be 

measured: the tension on the wire, the current in the wire, and the position of the 

entrance and exit trajectories. In addition, the wire current had to remain constant to 

within 0.01%. To ensure stability and measurability of the system within the desired 

precision new apparatus was designed and built. These included a current regulator 

with a response time in the millisecond range, as well as position measurement frames 

which located the wire position electromagnetically. The air-bearing pulley was the 

only acquired piece of equipment and it was studied extensively to fully understand 

boy it affected the applied tension. The following sections describe these itemsI 

emphasizing those aspects which were crucial to minimizing the uncertainties. Section 

2.2 gives the uncertainties in each of the measured quantities, tension, current, and 

position, and discusses how they affect and limit the precision of the calibration. The 

last section describes the data collection procedure and the range of data obtained. 

2.1 bloating Wire Apparatus 

A 0.0127 cm diameter copper-beryllium wire of linear density p = 0.001082 g/cm 

was anchored roughly 152 cm upstream of the momentum focal plane in the detector 

hut. The wire passed through the spectrometer beam pipe and over an air-bearing 

pulley located at the pivot. The tension in the wire was supplied by a known weight 

which hung from the wire as it passed over the pulley. Two weights, nominally 410 g 

and 100 g were used to span a range in momenta from 0.5 GeV to 9.0 GeV. A 160 V 

Tucker power supply provided the current in the wire, which was measured using a 

HP 3468A DVM to record the voltage drop over a calibrated shunt. The currents 
-. .- 
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ranged from 0.07 A for the 100 g weight at 4 GeV, to 0.6 A for both the 100 g weight 

at 0.5 GeV and the 400 g weight at 2 GeV. A fast current regulator with a sensitivity 

of 0.01% in a range of 0.05 A to 1.5 A was used to counter any noise arising from air 

currents induced by joule heating, thus maintaining a constant current in the wire to 

0.01%. Figure 2.1 illustrates the setup. 

Focal 
Planes 

Frame 4 \ 

L& Weight 

- v 

e, 
I 

3-92 

Fast 
Current 

Regulator 

Shunt 

Voltage 
Adder 

II I 
DC AC 653.I;’ 

Figure 2.1. Schematic of the wire float apparatus. In the detector hut the 
Cu-Be wire is fastened to a “half-pulley” free to rotate about a vertical axis. 
The pulley is anchored to a pin which is placed into grid holes in Frame 4. 
At the target, the wire runs over the air-bearing pulley and is attached to 
the hanging weight. The resistive load in the Cu-Be wire is roughly 150 a. 

The entrance and exit trajectories of the wire were measured using four frames 

. 
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mounted transverse to the wire path. These were referred to as Frame 1 and Frame 

2 at the spectrometer entrance, and Frame 3 and Frame 4 in the hut. The outer two 

frames, 1 and 4, represent the planes in which the wire endpoints lie. The position of 

the endpoint in the hut was limited to a grid of one inch spacings in both x and y. The 

target endpoint could be positioned continuously in x, while the y position remained 

fixed at beam height in keeping with the constraint that y0 = 0. The two inner 

frames, 2 and 3, were similar and determined the wire position electromagnetically. 

Cylindrical “position sensors” within each frame, containing inductors, relied on a 

25 kHz frequency AC current superimposed on the wire to indicate when the movable 

cylinder was electrically centered about the wire. The cylinder location in x and y 

was then recorded. Operation of the sensors is described below. 

The frames allowed the position of the trajectory to be determined relative to 

the arbitrary coordinate system within each frame. These arbitrary positions had 

to be converted into displacements in a TRANSPORT coordinate system. The frames 
c 

were carefully surveyed to determine the relationship between the internal coordinate 

system of each frame, and that of TRANSPORT. Details of the survey are described in 

Appendix B. 

2.1.1 Pulley Assembly 

The pulley wheel16 had an axle with spherical bearings on each end. The bearings 

rested in cups through which pressurized air flowed, as shown in Figure 2.2. The angle, 

y, at which the wheel had to be supported by the cups such that the net force was 

directed into the cups was a function of the applied tension, and was given by 

MT Y = arctan 
> MT$MP ’ (2.1) 

where MT is the mass supplying the tension and Mp is the mass of the pulley wheel. 

Dry nitrogen gas was used to supply the pressure as “house air” was found to contain 

too much dirt and oil, requiring frequent cleaning of the bearings. The angles and 

bressures required for the tensions used are given in Table 2.1. If the pressure was 
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too low, the circuit shorted to ground when the bearings contacted the cups and the 

wire would not float. 

12-89 
6534A3 

Pressurized 
Air 

Figure 2.2. The air-bearing pulley. The pulley was originally built for the 
wire float of the 1.6 GeV spectrometer. The bearings and cups were cleaned 
and polished for re-use. 

Knowledge of the tension in the wire required a full understanding of the air- 

bearing pulley. Since the pulley was not completely balanced, it introduced a small 

additional tension in the wire. The problem was complicated by the fact that the 

magnitude of this induced tension was dependent on the orientation of the pulley 

wheel bearings within the cups. This was a direct consequence of the non-uniformities .. ._ .* 

.’ in the surfaces of the bearings and cups, which even a cushion of air flowing between 

the surfaces could not remedy. It might be possible to reduce this problem in the 
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Table 2.1. Properties of the Air-Bearing Pulley. To guarantee a float, it was 
best to over-pressure the pulley first and then bring it down to its set point. 
The over-pressure values are given in parentheses. 

Tension Y Pressure 

410 g 
100 g 

37.6” 
24.2” 

30 (50) psi 
15 (50) psi 

future by using a pulley with a cylindrical axle thereby mitigating the difficulties 

inherent in constructing two identical, perfectly spherical bearings. 

In studying the pulley, we were able to greatly reduce the initial dependence of 

the induced tension on wheel orientation, and obtain a measure of the resultant effect. 

By placing pieces of tape on the wheel at a specific location we were able to balance 

the pulley, thereby flattening out the sinusoidal shape of the dependence, leaving a c 
nearly constant tension, independent of wheel orientation. Figure 2.3 illustrates the 

initial effect, indicated by the crosses, -and the final effect, shown by the diamonds, 

when the wheel was balanced. These measurements were made by maintaining a 

constant current in the wire and recording the y position of the wire at Frame 1, each 

time rotating the wheel position in the cups. If the induced tension was independent 

of position of the bearings within the cups, then one should see no change in the 

y position at Frame 1. This technique had to be repeated for the 100 g and 410 g 

weight since the location of the place to add tape depended on y. 

To measure the magnitude of the resultant induced tension16 the pulley was 

removed from the pivot and set up as an Atwood’s machine. Two equal masses, m, 

were hung, one from each side of the pulley. A small weight, m,, where m, << m 

was alternately placed on each side of the pulley and the time, t, required for the 

mass, m + m,, to fall a distance h was recorded. This was repeated many times 

while varying the initial wheel orientation in the cups. The equation of motion for 
-, .* 



16 
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Wheel Position in Degrees 

L Figure 2.3. The pulley intrinsic torque. By maintaining a constant current 
in the wire and recording the y position of the wire at Frame 1, the induced 
tension could be mapped out as a function of wheel orientation. The crosses 
show the initial dependence and the diamonds the final dependence once the 
wheel was balanced with tape. 

the system is given by: 

0 = ; [ cosh(J17; t) - 11, P-2) 

where 

K = 2r29p 
I ’ 

and M = dmo + mr> 
I . 

. 

Here, 0 is the angle through which the pulley turns, r is the pulley radius, g is the 

acceleration due to gravity, p is the density of the wire supporting the two masses, I 

is the moment of inertia of the pulley wheel, and m, is the mass associated with the 

induced tension. One can solve for m, and m, in terms of tL, tR, h=, and hR, where 

the subscripts L and R refer to the left and right sides of the pulley respectively. For 
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r 

;heights, hL and hR, both positive and measured in cm, this gives: 

hL hz 
m,=p 

cosh(fi tL) - 1 - cosh(fi t,J - 1 I ’ 
(2.3) 

hL + hR 
m” = cosh(fi tL) - 1 cosh(fi tR) - 1 I . 

P-4) 

. 

This technique was repeated for two values of m. In each case we found a slight 

sinusoidal dependence to m, on wheel orientation with an average value of -0.025 g 

f 0.002 g. As a conservative estimate we assigned an overall systematic uncertainty 

of f 0.020 g. Since the result was independent of m, the same correction was applied 

to data taken with both the 100 g and 410 g weights. Consistency between the results 

obtained with the two weights further indicated that this procedure was satisfactory. 

See-for example, the forward coefficients, (~fl0,) and (0,l@,), and the plots of y1 

versus current in Appendix C. 

2.1.2 Inner Frames 

. 

The inner frames provided precise and highly reproducible means of determining 

the wire position. Four inductors located on the inside of the cylindrical “position 

sensor”, as shown in Figure 2.4, were sensitive to the EMF induced by a 25 kHz 

signal superimposed on the DC current in the wire. The two inductors on the x axis 

were coupled together and were used to determine the x position of the wire. Signals 

from these inductors were adjusted so that they were in phase, then amplified and 

subtracted from each other. The same was done for the two inductors on the y axis 

which were used to find the y position of the wire. The resultant signals were fed 

to an oscilloscope. The position sensors could be moved remotely in x and y. As 

the sensor was moved about the wire, the signals on the scope were observed to pass 

through a minimum and change phase. This minimum point was known as the “null” 

position of the wire and it indicated that the wire was centered electromagnetically 
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within the position sensor for the respective coordinate. When the “null” position 

was reached in both coordinates, the location of the position sensor, given by Sony 

Magnetic Strips, was recorded. 

Sony Magnetic Strips h 

Sony Magnetic 
x2 Y2 X3 Y3 , Strips 

j SOT$FAC i 

,Sony Encoder 

Frame Motors 

I CAMAC 1 

A iPCl 
3-92 

653AA2 

Figure 2.4. The inner frame position sensors. See text for a description. 

-, ,. .* The precision obtained with the inner frames was largely due to the automated 

process by which the inductors were centered around the wire and to the Sony mag- 

. 
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netic strips which have a sensitivity rating of f 0.00025 cm. Given an arbitrary 

floating wire, we were able to determine the x and y positions to within f 0.0013 

cm and f 0.0025 cm respectively for Frame 2, and f 0.0025cm and f 0.0051 cm at 

Frame 3. These uncertainties doubled when the 100 g weight was used as the wire 

was slightly less stable due to high currents. Table 2.2 gives the uncertainties in de- 

termining the wire position at each frame. The statistical uncertainties are properties 

of the inner frames coupled with the electronics set-up. They correspond to uncer- 

tainties in the relative wire position, whereas the systematic uncertainties, which are 

much larger, stem from uncertainties in determining the absolute wire position from 

the survey. Appendix B describes the survey techniques and the origins of the survey 

uncertainties. 

2.2 Uncertainties in the Measured Quantities 

In this section the uncertainties in the tension, current, and position are sum- 

marized. Table 2.2 gives the value or range of values in each quantity and the cor- 

responding statistical and systematic errors. The systematic uncertainties dominate, 

especially for the wire position. The total uncertainty in a given quantity is obtained 

by adding the systematic and statistical errors in quadrature. 

2.2.1 - Tension 

The total tension+ in the wire was given by the following relation: 

T=MTi-m-km,, (2.5) 

where MT is the mass of the applied weight, m, is the mass associated with the 

tension due to friction in the air-bearing pulley, and m, is the mass of the length of 

wire running from the top of the pulley to the hanging weight. For a central ray m, 

? Note for tension we use mass units. Thus tension has units of grams. The factor, 
.- g, for the acceleration due to gravity is contained in the constant in equation 

1.13. The uncertainty for the local value of g is given in Table 2.2. 
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Table 2.2. A summary of the uncertainties. The x and y positions listed 
here represent displacements relative to the central trajectory at each of the 
respective frames. The quantities, 01,~ and Oa,d are the distances between 
frames 1 and 2 at the target and 3 and 4 in the hut respectively. 

UNCERTAINTIES IN THE MEASURED QUANTITIES 

Value Statistical Systematic 
Quantity 

Range Tf Values 
Uncertainty Uncertainty 

c*> et> 

Tension 

MI 
M2 

mw 
mr 
Tl 
T2 

g 

410.552 g 
100.685 g 

0.054 g 
- 0.025 g 
410.581 g 
100.714 g 

979.914 cm/sec2 

0.009 g - 
0.005 g - 

- 0.005 g 
0.002 g 0.020 g 
0.009 g 0.021 g 
0.005 g 0.021 g 

- 0.020 cm/sec2 

Current 

I 0.07 - 0.61 A < 0.01% 0.017 - 0.022 % 

Position * Double statistical error for 100 g weight 

Xl 

Yl 
52 

Y2 

x3 

Y3 

54 

Y4 

f 10.2 cm 0.0076 cm 
Fixed 0.0 cm 0.0076 cm 

f 10.5 cm 0.0013* cm 
f 4.6 cm 0.0025* cm 
f 21.2 cm 0.0025* cm 
f 12.5 cm 0.0051’ cm 
f 25.4 cm 0.0025 cm 
f 10.1 cm 0.0025 cm 

0.0076 cm 
0.0178 cm 
0.0076 cm 
0.0178 cm 
0.0305 cm 
0.0508 cm 
0.0330 cm 
0.0483 cm 

Frame Separations 

D1,2 162.877 cm 0.0076 cm 0.635 cm 
D3,4 128.841 cm 0.0076 cm 0.640 cm 
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was estimated at 0.054 g f 0.005 g. The dominant uncertainty in the tension comes 

from the intrinsic torque introduced by the air-bearing pulley. For the 100 g data, 

this amounted to a f 0.02% uncertainty 

2.2.2 Current 

The current in the wire was determined by measuring the voltage drop over a 

0.1 R shunt. The shunt and HP DVM were calibrated as a unit for currents ranging 

from 0.1 A to 1 A. The uncertainty in the calibration current was estimated at 0.01% 

at 0.1 A, or 0.00001 A. In addition to the uncertainty in the calibration current, we 

also included an uncertainty based on the observed fluctuations in the value of the 

current needed to get a level wire at 4 GeV. The standard deviation of the fluctuations 

was f0.017% of the average value. An uncertainty of 0.017% was thus assigned for 

all currents at all momenta. The above two uncertainties were added in quadrature 

to give the total uncertainty in current listed in Table 2.2 The inclusion of an uncer- 

tainty due to the fluctuations in central current gives a conservative estimate of the 

total uncertainty since the observed fluctuations could also stem from true differences 

in the magnetic field settings. Without accurate magnetic field measurements (see 

section 3.1), we were unable to conclude the source of the observed fluctuations in 

current. The fit to the measured voltage versus calibration current yielded statistical 

uncertainties which were negligible. 

2.2.3 Position 

The uncertainties in the trajectory position measurements were dominated by 

systematic effects inherent in the survey method. For Frames 1 and 2, the systematic 

errors in x and y were due to the uncertainty in knowing the exact location of beam 

center-line and beam height. In the hut, since x and y were not measured directly, but 

rather determined from survey measurements of several other points, the systematic 

errors in wire positions at Frames 3 and 4 stemmed from errors in the measured hut 

quantities which were propagated through to the determination of x and y. 
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The most significant systematic uncertainty in position came from the measure- 

ment of the frame separations. This relatively large uncertainty was due to the design 

of the inner frames which made the location of the plane in which the wire position 

was sensored difficult to discern. Because the inductors were located within the cylin- 

drical position sensor, it was difficult to measure them with a steel tape. Fortunately, 

this uncertainty limited the determination of the absolute acceptance and not the 

point-to-point or momentum dependence to the acceptance or matrix elements. It 

also had no affect on the central momentum calibration. It would be worthwhile to 

try and reduce this problem in future calibrations by marking the location of the 

plane on the exterior of the cylinder during assembly. The uncertainty in frame sep- 

aration could be reduced by a factor of two before uncertainties in the other survey 

quantities would begin to dominate. 

Statistical uncertainties in the inner frames give rise to the point-to-point fluc- 

tuations of the coefficients versus momentum. These uncertainties were small, 0.005 

cm or less for the 410 g weight, and would be difficult to improve upon. 

2.3 The Measurement Process and Data Sample 

There were six data sets analyzed in this report and they are classified in Ta- 

ble 2.3. The data fall into one of two categories: those which pertain to the horizontal 

or production angle plane, where x and 6 are varied; or those pertaining to the ver- 

tical or momentum dispersion plane where y, $ and 6 are varied. Data sets 5 and 6 

were taken with the 100 g weight while the others were taken with the 410 g weight. 

For each set the maximum possible range in momenta was covered. To go below 2 

GeV with the 410 g weight, although the wire could support the current, introduced 

too much instability. 

The measurement procedure was similar for all data sets. The spectrometer 

was set to the desired momentum according to a standard procedure. Whenever 

possible, and at least once per eight hour shift, a standard reference trajectory was 

floated at 4 GeV as a consistency check to ensure that the system was stable and 
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Table 2.3. Overview of the six data sets. Data set 6 and a subset of data set 
4 were used to determine the central momentum. Data set 6 was insufficient 
to obtain first order optics coefficients since the range spanned by yf was 
too small, i.e. near zero. This lack of data covering a larger range in yf was 
due to a time constraint rather than any physical limitation. 

THE DATA SAMPLE 

Data Set 1 2 3 4 5 6 
.- 

Tension 410 g 410 g 410 g 410 g 100 g 100 g 

Moment urn 
Range (GeV) 2-9 3-9 2-9 2-9 0.5 - 4 0.5 - 4 

Average Number 
of Trajectories 5 5 12 100 3 100 
per .? Setting 

Order of Fit lSt 1 st 2 nd 2 nd 1 st - 

Forward and/or 
Reverse Fit fwd fwd both both fwd none 

Coefficients 
Yielded 0 0 x70 x70 none 

Ranges spanned by variables 

x0 - 0 0 f 10 cm 0 0 0 

XCf f 24 cm f 30 cm f 12 cm 0 f 24 cm 0 

0, f 5mr f 6mr f 3mr 0 f5mr 0 

Of f 26mr f 32mr f 15mr 0 f 26 mr 0 

Yo 0 0 0 0 0 0 

Yf 0 0 0 f 15 cm 0 f 5cm 

90 0 0 0 f 28 mr 0 f 28 mr 

4r 0 0 0 f 28 mr 0 f 28 mr 

6 0 0 0 f5% 0 f 2 % 

. 
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reproducible. This was defined as a level wire entering the spectrometer on beam 

height, as determined via a transit on the floor, and exiting as close as possible+ to 

the nominal spectrometer center line. The production angle data were taken with 

.- 

the wire endpoints fixed and the current adjusted such that the wire entered the 

spectrometer on beam height. When the wire was stable, the x and y coordinates 

at the four frames were recorded as well as the current. The endpoints were then 

changed and the process repeated until the desired range in x and 8 was mapped 

out. In the vertical plane for each set of fixed endpoints approximately twenty-five 

trajectories were measured, each corresponding to a different 6, or current. For all 

measurements the y position of the target remained fixed at beam height consistent 

with the constraint that y. = 0. 

.* +- Given the limitation of the grid hole spacings of Frame 4, the hole closest to 
beam center line actually corresponded to x4 = -0.54 cm and y4 = -0.68 cm. 



3. Analysis and Results 

The floating wire relation given by equation 1.13 is valid for a massless wire. To 

reconcile the fact that the measurements were made with a massive wire, a “mass 

correction” was needed, and applied to each trajectory. The mass correction provided 

a method for assigning a new trajectory to each measured one, such that the new 

trajectory corresponded to that which would have been measured had the wire truly 

been massless. Given the scale of the 8 GeV spectrometer, and hence the length of 

wire necessary to calibrate it, the size of the mass correction was large compared with 

the uncertainties in the measured quantities. Thus, it was important to fully study 

the mass-corrected data and provide careful checks to ensure the proper application 

of the correction. Appendix C describes the mass correction method and illustrates 

the-checks which were used to demonstrate its accuracy. 

Once each trajectory has been corrected for the mass of the wire, and its raw 

coordinates converted to TRANSPORT coordinates as described in Appendix B, the 

central momentum can be calibrated and the optics coefficients obtained via straight 

forward techniques. In addition, given the momentum dependence of the optics co- 

efficients, one can draw some conclusions about the momentum dependence of the 

spectrometer acceptance. The techniques and results for the above are presented in 

the following sections. Also presented is a section pertaining to a new TRANSPORT 

model derived from a fit to this data and previously existing magnetic measurement 

and survey data. The model gives very good agreement with the data and has been 

used to generate a new standard set of reconstruction coefficients. 

3.1 Central Momentum Calibration 

The central momentum was measured for each of fourteen nominal momentum 

settings. For most set-points at least two measurements were made separated in . . 
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.- 

time by several days. To determine the central momentum, PC, one needs to know 

the tension, T,, and the current, I,, which correspond to the central ray. A central 

ray is defined to be a ray which enters the spectrometer at beam height and on the 

spectrometer center line (see Appendix B) and exits at 30” to the horizontal. The 

tension+ is given by equation 2.5. To obtain the central current, a quadratic fit to 

y2 versus I for mass corrected trajectories was done for a subset of data sets 4 and 

6 where -2% 2 6 5 2%. The central current was then determined by evaluating I 

for ~2 = 0. This is equivalent to requiring the trajectory to enter the spectrometer 

at beam height. As a check, ys was also fit to a quadratic and the two values for 

central current agreed to 0.01%. With the central current determined, the central 

momentum is obtained from equation 1.13. 

In Figure 3.1 the percentage deviation of the measured central momentum, PC, 

from‘ the nominal set point, P,, is plotted for each measurement taken. The squares 

represent data taken with the 100 g weight, while the diamonds are data with the 410 g 

weight. The error bars contain the statistical error from the fit to I versus ~2, which 

is negligible, and the systematic error -added in quadrature. The systematic error 

dominates and is perfectly correlated for all points. Thus, the error bars represent 

a uniform shift in the data rather than point-to-point fluctuations. The systematic 

errors were determined by adding in quadrature the uncertainties due to the tension, 

the current in the wire, and the determination of the local value for the acceleration 

due to gravity. 

In looking at Figure 3.1, there are two points to note. The first concerns the 

peculiar shape of the curve, and the second is the apparent disparity in measurements 

particularly for PC 5 4 GeV. The shape of the curve stems from the polynomial which 

t The tension on the wire changes as a function of S due to the difference in length, 
and therefore mass, of the piece of wire running from the top of the pulley to the 

.- hanging mass, m,. -, .* However, the value for m, corresponds to the best estimate 
for a central ray where 6 = 0. 
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Figure 3.1. Deviations in PC from the P,. Shown are the percentage devia- 
tions of the-measured central momentum, PC, from the nominal momentum 
setting, PO, of the spectrometer. The squares are 100 g data and the dia- 
monds the 410 g data. The error bars are dominated by systematic uncer- 
tainties and are perfectly correlated for all points. They indicate a shift for 
all points rather than a point-to-point fluctuation in the measurement. 

has historically been used to set the current in the dipoles. It is a five term polynomial+ 

based on a fit to old data. Below 1 GeV the curve falls off since there was no data to 

constrain the fit in that region. (In recent experiments when data was taken below 

1 GeV, a simple linear fit was used to set the dipoles for momenta below 1 GeV.) 

Thus, the shape of the curve is a direct result of the prescription used in setting 

t The polynomial used during the wire float measurements is as follows: 

a = - 2.736 + (x)3.14 x 1O-2 - (x2)8.491 x 10-s + (x3)3.708 x lo-l2 

- (x4)7.139 x 10-l’ + (x5)5.063 x 10-22. 

Here x = 8692 PO and the final current is given by I = 1.0011 a. 
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the dipoles. The disparity in measurements made at the same set-point most likely 

corresponds to actual differences in the central momentum for a given nominal set- 

point. Unfortunately, field measurements were not taken each time the spectrometer 

was set to a different momentum, but rather at periodic intervals over the two months 

of data taking. It was later discovered that the current in the magnets was set to 

within f 0.5 A. This uncertainty in current translates into an uncertainty in magnetic 

field of 0.004 kG, which is large enough to produce the observed differences in the 

central momentum measurements. 

It is useful to fit the magnetic field versus momentum for future use. The values 

for PC and B which were fit are given in Table 3.1. For each nominal set-point, an 

average was taken for the corresponding PC measurements and the NMRt measure- 

ments which existed for that set-point. For the central momenta, the error bar on 

the averaged result, aP,, was not reduced since it is dominated by systematic effects. 

However, the error bar on the resultant magnetic field, aB, was reduced accordingly, 

depending on the number of measurements, since it represents a statistical fluctua- 

tion. Before fitting PC versus B, it was necessary to incorporate the error in B, the 

independent variable, into the error in PC, the dependent variable. This was achieved 

by multiplying aB by the ratio of PC/B, which is N 0.415. This additional error in 

PC, given in Table 3.1 by UP:, was added in quadrature with aP, to give the total 

error in PC which was used in the fit. 

The following equation was fit for momenta of 7.5 GeV or less to obtain the 

coefficients al and ~2: 

Pc = UIB + ~2, (34 

where 

a1 = 0.41511 f 0.00006 (GeV/kG), 

t The magnetic fields given in Table 3.1 correspond to magnet B81. The fields 
.- in B82 were normalized to those in B81 in order to correct for an offset found 

during the analysis which caused the fields in B82 to be set 1% low at 0.5 GeV. 
The data were corrected for this effect. 
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Table 3.1. The 8 GeV spectrometer characteristics. Given are the measured 
values of the central momentum, PC, the dipole magnetic fields, B, and their 
respective uncertainties. oP, is the error in measuring PC, while oPcB is the 
additional error in PC which comes from the uncertainty in magnetic field, 
CYB. 

8 GeV FIELDS AND MOMENTA 

(G:V) (G:V) 

Data taken with the 410 g weight 

2.0 
3.0 
4.0 
5.0 
6.0 
6.5 
7.0 
7.5 -. 
8.0 
8.5 
'9.0 

1.99899 0.00036 4.8160 0.0017 0.00070 
3.00012 0.00054 7.2271 0.0023 0.00095 
4.00172 0.00073 9.6402 0.0028 0.00116 
5.00128 0.00092 12.0458 0.0040 0.00166 
6.00065 0.00111 14.4538 0.0023 0.00095 
6.50435 0.00121 15.6640 0.0040 0.00166 
7.00805 0.00132 16.8824 0.0028 0.00116 
7.50786 0.00141 18.0842 0.0028 0.00116 
8.00198 0.00152 19.2820 0.0028 0.00116 
8.50482 0.00163 20.4923 0.0028 0.00116 
9.00937 0.00174 21.7128 0.0028 0.00116 

Data taken with the 100 g weight 

0.5 0.49824 0.00012 1.1976 0.0013 0.00054 
1.0 0.99974 0.00024 2.4072 0.0015 0.00062 
1.5 1.49959 0.00038 3.6119 0.0018 0.00075 
2.0 1.99922 0.00051 4.8160 0.0017 0.00070 
3.0 3.00069 0.00079 7.2271 0.0023 0.00095 
4.0 4.00442 0.00112 9.6402 0.0028 0.00116 

a2 = 0.00054 f 0.00042 (GeV), 

and the off-diagonal element of the covariance matrix is ai az = -1.92 x 10s8. , 
This fit is very useful as it allows the central momentum to be calculated from NMR 

. 
measurements of the dipoles. With new, highly accurate NMR probes installed in 

1’988, PC can be determined to an accuracy of f 0.07% at 0.5 GeV and 0.01% at 8 
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GeV. This was used in SLAC experiment NEll. Figure 3.2 illustrates the deviation 

of the measured values of PC from the fitted value, Pfit. The error bars on the 

low momentum points are dominated by the large statistical uncertainty in knowing 

the value of the magnetic field for each measurement. The 100 g and 410 g data 

are plotted with the solid and open diamonds respectively. The level of agreement 

between the two data sets is an indication of the accuracy of the mass correction. 

We can conclude that the central momentum was measured to f0.02% for mo- 

menta greater than or equal to 2 GeV, and to f0.025% for momenta less than 2 

GeV. This precision is a statement of the accuracy obtained using the floating wire 

technique, namely of measuring the central momentum via the floating wire relation, 

equation 1.13. However, since measurements of the dipole fields were not made with 

equivalent precision, it is their uncertainties which limit the precision with which the 

central momentum can be determined via NMR measurements in the future. 

3.2 Optics Coefficients 

The optics coefficients were obtained from linear fits to the initial and final coor- 

dinate vectors, Equations 1.7 and 1.8. To determine 6 we made use of our knowledge 

of the central current, I,, as defined above for the central momentum calibration. We 

can write 6 as follows: 

(3.2) 

. 

where I corresponds to the current in an arbitrary trajectory. A factor, T/Tc multi- 

plying I, has been neglected since it was negligible in our case. The fits were either 

first-order or second-order linear polynomial depending on the number of trajectories 

in a given data set. Table 2.3 summarizes the order of the fit used for each data set, 

and which coefficients were determined. The fits also gave a constant offset term. 

Due to the nature of the data, namely that either x or y was varied but never both 

simultaneously, the horizontal and vertical planes of the spectrometer were treated 

independently. To first-order the horizontal and vertical focusing properties are in- 
..* 
dependent, so this is a valid approximation. As a consequence however, cross terms 
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Figure 3.2. Deviations in PC from the fitted value, Pfit. The solid diamonds 
are 100 g d-ata and the open diamonds the 410 g data. The error bars for 
the low momentum points are dominated by the uncertainty in the magnetic 
field. 

between the two planes were not obtained. 

3.2.1 Statistical Uncertainties 

. 

The statistical uncertainties in the coefficients were due to random fluctuations 

in the data sample consistent with the uncertainties in measuring the coordinates of 

each trajectory at the inner frames. It is important to note that only the statistical 

uncertainties associated with the inner frame position measurements led to statistical 

uncertainties in the coefficients. The statistical errors in determining the coordinates 

at the outer two frames were propagated systematically since for a given data set 

they affected every trajectory in the same way. In other words, they did not intro- 

duce random fluctuations in the data. A similar argument holds for the statistical 

uncertainty in the tension, as listed in Table 2.2. It was propagated systematically 
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throughout the data analysis. 

.- 

To determine the statistical errors on the coefficients, a Monte Carlo simulation 

was used. This was needed since the fitting routine did not allow each element in 

the coordinate vector to be weighted differently, and there was no means of weighting 

the independent variables. The Monte Carlo method consisted of fitting the data ten 

thousand times, each time randomly varying the coordinates of the inner frames via 

a Gaussian distribution centered about the nominal measured values, with a width 

corresponding to the uncertainty in the wire position coordinates. The results gave 

a spread in values about the nominal for each coefficient, and the quoted statistical 

error was taken to be plus or minus the half-width half-maximum value. The Monte 

Carlo was run for a single momentum for the 410 g weight and the 100 g weight since 

the errors in the wire position depended only on which tension was used and not on 

the momentum of the spectrometer. 

3.2.2 Systematic Uncertainties 

The systematic uncertainties i.n the fitted coefficients, or any derived quantity, 

were obtained by taking the square root of the sum of the squares of the deviations 

in that quantity caused by propagating the uncertainty associated with each “raw” 

measurement through the analysis procedure. In other words, if we let Vj represent a 

quantity whose error we wish to determine, for example a particular coefficient, then 

aVj is given by: 

(3.3) 

where vij is the deviation in Vj caused by propagating the Ph uncertainty through the 

analysis. This method assumes the uncertainties to be uncorrelated errors, and this 

was the case. There were approximately seventy uncertainties, corresponding to each 

individual survey measurement, the tension, and the current. This method was used 

to arrive at the systematic uncertainties listed in Table 2.2 for the x and y positions 

in the hut frames since these positions were derived from the survey measurements. 
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3.2.3 Forward and Reconstruction Coefficients 

.- 

Figures 3.3-3.11 contain plots of the momentum dependence of the non-zero 

forward and reconstruction optics coefficients. Previous data are plotted for compar- 

ison unless they are sufficiently off scale. In addition, model curves, which will be 

described in the following section, are plotted for all coefficients except the offsets. 

One should note that there is no data below 3 GeV for the vertical plane coefficients+ 

and none below 2 GeV for the reverse horizontal plane coefficients. This was due to a 

lack of data taken with the 100 g weight which resulted from a time constraint. The 

solid diamonds are wire float data, the open circle is the jailbar point, and the open 

diamonds correspond to the 1968 dark-current beam data. The error bars on the wire 

float points are statistical and show the point-to-point fluctuations versus momen- 

tum. The systematic error is indicated by the error bar to the left of the first point. 

It is the same for all points and is perfectly correlated. Thus, it reflects a shift in the 

magnitude of the data rather than a change in shape, or momentum dependence of 

the coefficients. For the previous data points, the cross hatch on the error bars gives 

the statistical uncertainty and the-extended error bar is the total error, statistical 

and systematic added in quadrature. The systematic uncertainties were ascribed to 

the previous data points in the following manner: f 1% for the well-measured, large 

first order coefficients; a value equal to the systematic error obtained in the wire float 

for all other coefficients as a lower bound estimate. 

An important feature of these plots is the momentum dependence observed in 

many of the coefficients. Although not nearly as severe as the previous measurements 

indicated, particularly for the momentum dispersion, (yf16), this dependence must 

be incorporated into the analysis of precision experiments. More will be said about 

the momentum dependence of the optics coefficients in the next section. 

f The 2 GeV data was disregarded as it is suspected that a faulty hysteresis curve 
was followed in setting the magnets. 
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Figure 3.3. Forward coefficients measured in the wire float. The solid dia- 
. . monds are wire float data, the open diamonds are 1968 dark-current data, 

* and the open circle is the jailbar point. The solid curve is from a new TRANS- 
PORT model constrained by the measurements. The error bars on the wire 
float data are statistical only. The bar to the left of the first point gives the 
systematic error which is the same for all points and perfectly correlated. 
See the text for errors on the 1968 and jailbar points. 
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Figure 3.4. Forward coefficients measured in the wire float. The solid dia- 
monds are wire float data, the open diamonds are 1968 dark-current data, 
and the open circle is the jailbar point. The solid curve is from a new TRANS- 
PORT model constrained by the measurements. The error bars on the wire 
float data are statistical only. The bar to the left of the first point gives the 
systematic error which is the same for all points and perfectly correlated. 
See the text for errors on the 1968 and jailbar points. 
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Figure 3.5. Forward coefficients measured in the wire float. The solid dia- 
monds are wire float data, the open diamonds are 1968 dark-current data 

’ and the open circle is the jailbar point. The solid curve is from a new TRANS: 
PORT model constrained by the measurements. The error bars on the wire 
float data are statistical only. The bar to the left of the first point gives the 
systematic error which is the same for all points and perfectly correlated. 
See the text for errors on the 1968 and jailbar points. 
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Figure 3.6. Forward coefficients measured in the wire float. The solid dia- 
. . monds are wire float data, the open diamonds are 1968 dark-current data, 

* and the open circle is the jailbar point. The solid curve is from a new TRANS- 
PORT model constrained by the measurements. The error bars on the wire 
float data are statistical only. The bar to the left of the first point gives the 
systematic error which is the same for all points and perfectly correlated. 
See the text for errors on the 1968 and jailbar points. 
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Figure 3.7. Forward coefficients measured in the wire float. The solid dia- 
monds are wire float data, the open diamonds are 1968 dark-current data, 
and the open circle is the jailbar point. The solid curve is from a new TRANS- 
PORT model constrained by the measurements. The error bars on the wire 
float data are statistical only. The bar to the left of the first point gives the 
systematic error which is the same for all points and perfectly correlated. 
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I 
39 

A 
&- 
0 
X .- 

-4.3 ; 

-4.4 7 
f 

-4.5 - 
I I I 

-4.6 ; I-+ It x Y I a*()- 
ve-+ 

-4.7 ; I. I . I. I * I I I I . I * I I . 

I . I . I . I I . I I ’ : 

0.03 7 0 

0.02 7 0 

i l l l * A 0.01 7 l * 
cc --• * 
0 m- 0.00 - 
V 

-0.01 T 
I, I. I ..I * I * I * I. I * I1 

4.4 - I ’ I ’ I ’ I ’ I ’ I ’ I ‘_ 

4.6 - 

$ 
4.0 - 

++ l t l em+**** 

5.0 - 0 

I, I. I. I # I* II II I I I,. 

0 1 2 3 

P, ~GeV;c) 
6 7 a Q 10 

A 

x” 
0 
X 
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TRANSPORT model constrained by the measurements. The error bars on the 
wire float data are statistical only. The bar to the left of the first point gives 
the systematic error which is the same for all points and perfectly correlated. 
See the text for errors on the 1968 and jailbar points. 
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Figure 3.9. Reconstruction coefficients measured in the wire float. The solid 
diamonds are wire float data, the open diamonds are 1968 dark-current 

_ data, and the open circle is the jailbar point. The solid curve is from a new 
TRANSPORT model constrained by the measurements. The error bars on the 
wire float data are statistical only. The bar to the left of the first point gives 
the systematic error which is the same for all points and perfectly correlated. 
See the text for errors on the 1968 and jailbar points. 
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Figure 3.10. Reconstruction coefficients measured in the wire float. The 
solid diamonds are wire float data, the open diamonds are 1968 dark-current 

* data, and the open circle is the jailbar point. The solid curve is from a new 
TRANSPORT model constrained by the measurements. The error bars on the 
wire float data are statistical only. The bar to the left of the first point gives 
the systematic error which is the same for all points and perfectly correlated. 
See the text for errors on the 1968 and jailbar points. 
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Figure 3.11. Reconstruction coefficients measured in the wire float. The 
solid diamonds are wire float data, the open diamonds are 1968 dark-current 

* data, and the open circle is the jailbar point. The solid curve is from a new 
TRANSPORT model constrained by the measurements. The error bars on the 
wire float data are statistical only. The bar to the left of the first point gives 
the systematic error which is the same for all points and perfectly correlated. 
See the text for errors on the 1968 and jailbar points. 
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3.2.4 Modeling the Data 

A new TRANSPORT model was developed based on the wire float optics mea- 

surements and a series of magnetic17 and survey18 measurements of the dipoles and 

quadrupoles. The model is able to reproduce the optics coefficients and their observed 

momentum dependence, illustrated in figures 3.3-3.11, by incorporating a momentum 

dependence to certain parameters which mimic effects due to saturation and varia- 

tion of quadrupole focusing strength with momentum. The model used magnetic 

measurements and survey data to set the initial field strengths and drift distances. 

It also took into account the asymmetric positions of the quadrupole mirror plates 

which introduced an effective z offset in the quadrupole magnetic center with respect 

to the mechanical centers. The product of the quadrupole field gradient times the 

effective length was varied, within an estimated maximum uncertainty of 0.5%, until 

the model reproduced the measured optics coefficients at 3 GeV. Table 3.2 gives the 

new TRANSPORT model for 3 GeV. The final values for the product of the quadrupole 

field gradient times effective length are in good agreement with the average measured 

values obtained from magnetic me&urements. The agreement is within 0.3%, 0.1% 

and 0.5% for QSl, Q82, and Q83, respectively. 

There are three effects which give rise to the momentum dependence of the coeffi- 

cients, and can be incorporated into the model by varying the TRANSPORT parameters 

given in Table 3.3 and described below. The first effect is due to the saturation of the 

dipoles at high fields. This effect changes the shape of the fringe fields and thus the 

focusing of the pole face rotations. It can be modeled by the TRANSPORT parameter 

K1, and affects the first-order non-bend plane coefficients. It is responsible for half 

the slope observed in the (zrl0,) and (0,]0,) coefficients. The second effect comes 

from the fact that the integrated field, s B . dl, versus y in the dipoles depends on 

the magnet current. This effect is modeled by varying the radii of curvatures of the 

entrance and exit faces of the dipoles, R 1,2, and causes the momentum dependence 

observed in the second-order vertical plane coefficients. The third effect, unlike the 
.* 

first two which are consistent with the magnetic measurements and are physical prop- 
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Table 3.2. A new TRANSPORT model of the 8 GeV. This table contains the 
input file for an updated TRANSPORT model based on the measured optics 
coefficients, survey and magnetic measurements. 

A NEW TRANSPORT MODEL FOR THE 8 GeV SPECTROMETER 

1 
17. 

16. 5. 
16. 7. 

16. 12. 
16. 13. 

3.0 
5.0 
3.0 
5.0 
3.0 
20. 
2.0 

- 4.0 
2.0 
20. 
3.0. 
20. 
2.0 
4.0 
2.0 

-20. 
3.0 
5.0 
3.0 

13. 4. 
SENTINEL 

‘BEAM’ 
‘2ND ’ 

‘HGAP’ 
‘KPAR’ 
‘IRAD’ 

‘ORAD’ 
‘DRFT’ 
‘QSl ’ 

‘DRFT’ 
‘Q82 ’ 

‘DRFT’ 
‘DROT’ 
‘PFRO’ 
‘B81 ’ 

‘PFRO’ 
‘DROT’ 
‘DRFT’ 
‘DROT’ 
‘PFRO’ 
‘B82 ’ 

‘PFRO’ 
‘DROT’ 
‘DRFT’ 

1.0 1.0 1.0 1.0 0. 0. 
. 

17.50 ; 
0.518 ; 
0.000 ; 
0.000 ; 

2.3181 ; 
1.0369 2.8467 13.97 ; I 

0.9257 ; 
1.3385 -4.0815 19.37 . 

9  

0.9748 ; 
-90. ; 
7.50 ; 

3.6183 7.2404 0.0 ; 
7.50 ; 
90. ; 

0.9385 ; 
-90. ; 
7.50 ; 

3.6183 7.2404 0.0 ; 
7.50 ; 
90. ; 

1.0137 ; 
‘Q83 ’ 

‘DRFT’ 
‘PRNT’ 

1.3385 -2.6874 19.37 
4.7333 ; 

. 9 

3.000; 

erties of the dipoles, comes from an incorrect momentum dependent correction which 

is used to set the current in the quadrupoles. The current is set linearly versus mo- 

mentum, but there is an additional momentum dependent term for momenta of 4.5 

. J&V and above. This additional term, established in the 1968 dark-current calibra- 



45 

tion, effectively changes the quadrupole focal lengths. To reproduce this effect in the 

model, the quadrupole field gradients are varied for momenta of 4 GeV and greater. 

This effect is responsible for half the slope found in the (zrl0,) and (Sfl0,) coefficients, 

and all of the momentum dependence observed in the vertical plane coefficients. 

Table 3.3. Momentum dependence of TRANSPORT parameters. Here Rr and 
R2 are the radii of curvature of the entrance and exit faces of the dipoles, 
respectively. They are given in the TRANSPORT model by the codes 16. 12 
and 16. 13. K1 is a parameter which characterizes the extent of the fringing 
field of a bending magnet, given by a code of 16. 7. w is the ratio 
of quadrupole field gradients for a momentum P, relative to 3 GeV. These 
numbers multiply the quadrupole field gradients given above at 3 GeV to 
determine the gradient for a given momentum. 

VARIATION OF 
TRANSPORT PARAMETERS 

PO -- &ii~ KI SW 

1.0 0.0 0.511 1.0 
3.0 0.0 0.518 1.0 
4.0 -0.002 0.523 1.00017 
5.0 -0.008 0.533 1.00034 
6.0 -0.018 0.547 1.0005 
7.0 -0.040 0.564 1.0010 
8.0 -0.114 0.590 1.0015 
9.0 -0.228 0.630 1.0020 

Figure 3.12 shows a raytrace with respect to the central trajectory of the hori- 

zontal and vertical planes of the spectrometer using the new TRANSPORT model. The 

dashed line represents the respective focal planes. Note that the theta focal plane 

is now a few cm downstream of the momentum focal plane, whereas the 1968 beam 

data placed it approximately a half meter upstream of the momentum focal plane. 

. The rays which end abruptly are lost due to apertures. 

Excellent agreement can be found between the model and the measurements for 
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Figure 3.12. Raytrace of 8 GeV using the new TRANSPORT model. The 
horizontal, or theta plane is shown in the upper plot, while the vertical, or 

* momentum dispersion plane is given in the lower plot. The location of the 
magnets in z is marked accordingly. The dashed line refers to the respective 
focal planes. Note that the momentum focal plane is tilted forward due to 
chromatic aberrations, and that the two focal planes are located nearly at 
the same point. Rays ending abruptly are lost due to apertures. 
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most forward coefficients, with the exception of (~$flS) and ($fj4,6). Both of these co- 

efficients are heavily dependent on the order of the fitting function. The TRANSPORT 

model corresponds to an exact second order fit. It can be shown that a third order fit 

to the data will yield values for these coefficients which are in better agreement with 

those obtained in the TRANSPORT model. A similar argument holds for the reverse 

optics. The reverse model curves were generated by running TRANSPORT with the 

elements in the reverse order and then applying the equations and coordinate rota- 

tions described in Appendix A. Note that TRANSPORT does not yield constant offsets, 

however those measured in the wire float, (zp 11) , and (0, I 1), are real, and most likely 

due to slight misalignment of the quadrupoles. However, since the spectrometer has 

been dismantled after NEll, there is no reason to believe these constant offset terms 

will remain the same when the magnets are reassembled. 

The forward and reconstruction coefficients generated from the model (see Ap- 

pendix A for tables) can be used for future data analysis since they represent a 

seif-consistent set of coefficients. The model also gives cross-terms which were not 

obtained in the calibration, while accurately preserving the well measured coefficients. 

The momentum dependence of the coefficients, particularly in (zcpl0,) and (0,[0,), 

can be accounted for in data analysis by fitting the overall effect on the acceptance 

function and then correcting the data accordingly. The next section addresses this 

correction. 

3.3 Momentum Dependence of the Acceptance 

The forward first-order transformation for the bend plane of the spectrometer, 

for y0 = 0, is given by the following linear relations: 

Yf = (YflhJ)40 + (Yfl6)6 

h = bwo)do + (&lS)S. 

(3.4) 

(3.5) 



48 

.If we consider a bundle of rays filling an initial volume element d&d&, and the cor- 

responding volume element after transport, given by dyfddf, then the two volume 

elements are related by the absolute value of the Jacobian, 

4&Q = IJWo4 W) 

where J is the Jacobian of the transformation. Conservation of the number of particles 

.- requires: 

J 
po (4oQWod6 = J Pf(Yf6fPYfGf7 (3.7) 

where p,, and Pf are the densities of the rays in the coordinates do, S and yf, df, 

respectively. Using Equations 3.6 and 3.7, we conclude that 

~0 = PflJI- (3.8) 

We identify IJI-’ as the acceptance function. Writing J-l explicitly for the bend- 

plane coefficients gives: 

J;+ 1 
0 

(Yf IWf PO) - (Yf po)(#f 16)’ 
(3.9) 

For the non bend-plane, the forward transformation equations are given by: 

Xf = (Xf 1X0)X0 + (Xf pope, (3.10) 

and 

Of = (~fl~o)~o + (0, pop,, (3.11) 

and one can write the Jacobian as: 

J 0, = bf Ixo)(ef PO) - bf ieowf 1x0). (3.12) 

In the x and 8 plane the transformation is canonical and this requires that the Jaco- 

bian must equal unity. The Jacobian was calculated at each momentum as a check 
..- 
on the data, and was found to equal unity within the errors. 
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To determine the momentum dependence of the acceptance in the non-bend 

plane, we consider the rays originating from a fixed value of x0. We choose x, = 

0, but the results will be valid for any fixed value of x,. The forward first-order 

transport equations for x0 = 0 become: 

xf = (xfieopo, 

.- and 

of = (efi44eo. 

Similarly, the reverse transformations can be written as follows, for x0 = 0: 

0 = k&h + ~~ol~,P,, 

8, = (eoixf)xf + vbiefpf. (3.16) 

(3.13) 

(3.14) 

(3.15) 

If we assume that a set of nominal.coe$cients, denoted by a subscript N, was used 

to reconstruct the target quantities, then the reconstructed scattering angle, ON, is 

given by: 

ON = (eolXf)NXf + (&lef>Nef. (3.17) 

Multiplying Equation 3.13 by (0 I ) ,, xf N and equation 3.14 by (8010f)N and then 

adding the equations together, using equation 3.16, gives : 

eN = [(eobf)N(Xf I&> + (&@f>N(flf b%)]&. 

From this equation we can write the change in 0, with respect to ON as: 

d&J -= 
deN teolxf)N(Xf lb> : (k#f>N(ef I&>’ 

(3.18) 

(3.19) 

- . 
This tells us how the true angle, or the true 0 acceptance, changes with respect to 

the reconstructed angle, or the assumed 8 acceptance, which depends on the set of 
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reconstruction coefficients used in determining ON. An equivalent expression is given 

by; 

de* -= 
delv (xflxo)N(efleo)' (~fbCo)N(Xfl&$ 

(3.20) 

where the nominal reverse coefficients have been replaced by their forward counter- 

parts. Since the Jacobian is equal to unity, (O,lxf) = -(OfIxO), and, (O,lSf) = 

(Xf IXO>~ 
Figure 3.13 contains plots of the inverse Jacobian versus spectrometer momentum 

for the $--S and x-0 acceptances. A plot of the momentum dependence of the total 

acceptance, Atotal, is given by the product of the momentum dependence for the $4 

and x-0 acceptances, since to first order they are independent. Equations 3.9 and 

3.19 were used to generate each the &S and x-8 acceptances respectively, and in each 

case the points are normalized to the 3 GeV data. For the x-8 plane this means that 

the*nominal set of coefficients are those from the 3 GeV fit. The error bars on the 

points are statistical and are determined from the Monte Carlo as was the case for 

the statistical errors for all the coefficients. The systematic error is given by the bar 

to the left of the first point and it is the same for all points and is perfectly correlated. 

It therefore indicates a possible shift in magnitude but does not change the shape of 

the curves. 

From these plots, we see that the x-0 acceptance shows a slight momentum de- 

pendence indicated by the slope in the data versus momentum. For the vertical plane 

however, there is no evidence of any momentum dependence to the +S acceptance. 

The slope in the 8 acceptance comes directly from the slopes in the forward coeffi- 

cients, (ef le,) and (xf[Of). Th is effect was found to be half due to the saturation of 

the dipoles, and half due to the method used to set the current in the quadrupoles. 

The quadrupoles were set in the same manner for experiments prior to and including 

NEll, thus the acceptance functions used in analyzing data from those experiments 

,should be modified to account for the momentum dependence found in the t9 accep- 

tance. To find the correction necessary for a given experiment, one must calculate 
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Figure 3.13. The momentum dependence of the acceptance. Shown are plots 
of the inverse Jacobian determinant for the 0 acceptance, the $4 acceptance, 

* and the total acceptance. A slope in the data indicates a momentum de- 
pendence to the acceptance. The errors are statistical with the systematic 
error to the left of the first point. 
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both Jco\ and deN, L@L Equations 3.9 and 3.19 respectively, using the reconstruction 

coefficients actually used in the analysis as the nominal set, or the set to which the 

corrections will be normalized. The results can then be fit and multiplied by the ac- 

ceptance to apply the correction. As an example, Table 3.4 gives the values of these 

corrections as calculated for E140. Notice that in this case there is a 2% correction 

needed for the r$-S acceptance. This is due to the set of reconstruction coefficients 

used in E140, which differed from those measured in the wire float. Note that the 

systematic uncertainty in these corrections is f 1.0%. Thus, at best, the acceptance 

can be determined to within f 1.0%. 

Table 3.4. Acceptance corrections for E140. This is a table of multiplicative 
correction factors for the 8 and $-S acceptance functions for experiment 
E140. 

ACCEPTANCE CORRECTIONS FOR El40 
L 

PO d0 
Tii?yy A total 

3.0 0.9962 0.9853 0.9810 
5.0 0.9957 0.9856 0.9814 
6.0 0.9945 0.9849 0.9795 
7.0 0.9942 0.9860 0.9803 
8.0 0.9916 0.9870 0.9787 
9.0 0.9904 0.9831 0.9737 

Statistical 
Uncertainty f 0.0012 f 0.0004 f 0.0013 

Systematic 
Uncertainty f 0.0041 f 0.0066 f 0.0100 



4. Comments and Conclusions 

With regard to the calibration technique, there are a few minor improvements 

which might increase the precision of future calibrations. As previously mentioned, 

the use of an air-bearing pulley with a cylindrical axle would eliminate the depen- 

dence of the induced tension on the pulley wheel orientation, thereby reducing the 

problems associated with determining the magnitude of the induced tension. The 

second improvement would be to clearly mark the plane in z in which the wire posi- 

tion is determined at each of the two inner frames. The uncertainty in knowing the 

exact location of this plane translates directly into the systematic uncertainty in the 

first-order coefficients. Although the above improvements should, in principle, reduce 

the systematic errors, the size of the reduction is small. More important than fine 

tuning and improving the hardware, is to improve the quantity of data, particularly 

for the bend plane coefficients at momenta less than 3 GeV, and to take accurate and 

frequent NMR measurements of the dipole fields. It was a lack of precise magnetic 

field measurements which limited the precision of the fit to central momentum versus 

magnetic field. 

Overall, the wire float calibration achieved its goals. The optics coefficients were 

obtained for a wide range in momentum and with very high precision. The large, first- 

order coefficients were measured to better than f 0.574, and the central momentum 

was calibrated to f 0.025% in the worst case. These measurements were then used to 

determine the momentum dependence of the acceptance and to update a TRANSPORT 

model of the spectrometer. 



Appendix A: Reconstruction Coefficients 

The reverse TRANSPORT matrix elements need to be modified before they can be 

used to reconstruct the target scattering coordinates from the measured hut quanti- 

ties. In an experiment, the particle’s x and y positions and the corresponding angles, 

8 and 4, are measured via the ten planes of wire chambers. In order to obtain the 

particle’s fractional momentum, S, a constraint, y = 0, is applied to the system of 

linear equations from which the matrix elements are determined. This is consistent 

with the physical characteristics of the beam at the target, which is approximately 2 

mm in y, and it allows one to solve for 6 in terms of the remaining coordinates. The 

details of this calculation and the resulting transformation equations are given below. 

This derivation is based on Sill’s work17 the main difference being that in this case 

TRANSPORT must be run with the .usual ordering of {x, 0, y, 4, I, 6}, and not with y 

first as in Sill’s case. Also, several typing errors appear in Sill’s work and these have 

been corrected here. 

Given the equation for the reverse TRANSPORT transformation as Q = M;lq, 

where for a second order expansion M;l is a six by twenty-seven element matrix, 

Q = bo, eo7 Yo, do, L 61, and q has been expanded to a twenty-seven element vector 

containing {xf,ef, yf, $f, Z,S, . ..} pl us all cross terms, we wish to set y0 = 0 and solve 

for 6. Thus, we must solve 

‘O E O = ~tY~l!Ii)*i + f: ~~Y,l*i~~)gipj 
i=l i=l j=l 

(A4 

for 6, which is qs. If we adopt the notation used by Sill, then we can write the 
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equation as follows: 

Yo = 0 = kA(37i)qi + A(3,6)6 + kkB3(i,j)qiqj 
i=l i=l j=l 

4 (A-2) 

+ c &(6,.hjb + &(V)62, 
j=l 

where, A(3,i) = (yolqi) corresponds to the first-order matrix coefficients in the 

TRANSPORT output and & (i, j) = (Y~]Q~Q~) corresponds to the second order co- 

efficients. Note that now the sum is written from 1 to 4 since all terms with i = 5 

vanish and the terms for i = 6 have been written explicitly in terms of 6. If we let: 

a = B3(6,6>, b = A(37 6) + f: B3(6,j)qj, c = co + Cl ) 

j=l 

where. 

Co = 2 A(3, i)qi 
i=l 

and 
i=l j=l 

then equation A.2 can be expressed as a quadratic in 6: 

0 = c + b6 + d2 . 

Solving for 6 after expanding the radical out to second order yields: 

6 = -;(; + 1). 

(A-3) 

(A.4 

This is the physical solution since A(3,6) must be large for bending systems and 

B3(6,6) small when the optics are dominated by first order terms. We can then write 

b = b,(l + E) where b, = A(3,6) and c = & Bs(6, i)qi/bo. Then, expanding about 

E and keeping terms to second order only in qiqj gives: 

~=2p~ 
0 

$1-c) - F. 
0 0 
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Substituting back the expressions for co, cl, and c and making use of the following 

index switching relations: 

4 

IbE 
'Yij = 22 aij + 2 2 Qij 

i=l j=l i=l j=l i=l j=l+l 

4 

and kc 
i=l j=(i+l) i=l j=l 

gives the following expression for 6: 

6 = - $6 $ A(3, i)A(3, .i)qiqj6ij - 

O a=1 3=1 

~~i;a(3;i)a(3,i)qiqj(l-aij) 

O :=I j=l 

+ $ $ $ A(37 i)B3(6,.i)qiqj + $ f: 2 A(3,.i)&(6, i)qiqj(l - Sij) 

O :=l pl O i=l j=l 

c - $$gB3(i,j)qi% - $$A(3,i)qi. 
0 r=l JC1 O :=l 

Gathering terms in qiqj and q; separately and substituting back the values of a and 

b, gives the following final expressions for reconstructed 6 coefficients in terms of the 

reverse TRANSPORT coefficients for the constraint y = 0: 

- @I%) = &A(34 7 

AZ; 6) {A(3? i)B3(67j) + A(37j)B3(6y i)(l - hij) (A-7) 
> 

- A(3,6)B3(U) - 
A(39 W(3d~3W) c2 _ s. .>) 

A(37 6) 
‘3 7 

where, 
4 4 i 

' = C161pi)qi + CC(61qiqj)QiQj 
i=l i=l j=l 

(A4 

and Qi = {Xf,~f,Yf,$f}. 

. 
To get the expressions for the remaining reconstruction coefficients we must sub- 

stitute the expansion for 6, given by equation A.8, into the general expression for the 
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coefficients: 

Qk = kA(kyi)qi + A(‘,6)6 + ~ ~Bk(i,j)qiqj + kBk(6,j)qj& 
i=l i=lj=l j=l 

+ Bk(6,6)b2 . 
(A.9) 

.- 

Note that this equation is analogous to equation A.2 which was for yo. Performing 

the substitution and retaining terms up to second order in q only gives the following: 

Qk = f: A(‘, ‘)qi + f: 2 Bk(i,j)qiqj - ;ii7:; f: A(3, i)q; 
i=l i=l j=l , i=l 

C C(A(‘7 ‘)B3(6,j) + A(3,j)B3(6, i)(l - Sij)}qiqj 

- ~~((~‘~~ e 2 Bs(i,j)qiqj - , 1=1 j=l 
A”3:“;“Q, f: ~B3(6,6)A(3,i)A(3,j)(2 - Sij)qiqj 

7 1=1 j=l 

c 
r &~A(3~%~B*(6,.i)qj + ~~[,“‘~~ ~~A(s,i)a(3,j)(2-6ij)qiqj . 7 I=1 j=l 7 r-13-1 

WO) 

Define Cijk E Bk(i, j) - A(3,6) A(k’6)B3(i j), and gather terms in qi and qiqj separately. , 

The final expressions for the remaining reconstruction coefficients are given by: 

(Qklqi) = A(k, i) - ~~~‘~~A(3, i), 
, 

(Qklqiqj) = cijk $ &{ A’~$$%66k(2 - Sij)- 
, 7 

where, 

Qk = k(Qklqi)ni + 2 k(Qkjqiqj)qiqj, 
i=l i=lj=l 

and Qi = {xf7~f,Yf,df,l) and Qk = {xo, 60, yo, $0, I}. 

(A.ll) 

(A.12) 

The value of these transformations is that they allow one to obtain a set of 

. reconstruction coefficients from the output generated from TRANSPORT rather than 

fitting a set of rays generated via a Monte Carlo or TURTLE. In order to make use of 
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these equations and arrive at the correct sign for the reconstruction coefficients, the 

following procedure should be followed: 

l Run TRANSPORT with the 8 GeV elements in the reverse order. Keep in mind 

that the convention employed in TRANSPORT is that a positive bend is in the -x 

direction. To have the signs work out it is recommended that one introduce a 

-90” rotation for the dipole magnets. This rotation will automatically give you 

the correct ordering of the input vector as {zf, 0f, yf, $f, I, 6). 

l Apply Equations A.7 and Equations A.11 to obtain the reconstruction coefficients 

from the reverse TRANSPORT coefficients. 

l Make a 180” rotation about y to go from the right handed coordinate system 

used in TRANSPORT to the right handed coordinate system used for the hut 

coordinates during analysis. (In all cases the orientation is such that one is 

standing in the hut looking at the pivot.) Thus, the following sign changes 

are needed to attain the final reconstruction coefficients in the same coordinate 

system in which they are measured and used in analysis: 

2 + -X 

4 - -4 (A.13) 

The above prescription has been applied to the TRANSPORT model given in the 

text in section 3.2.4. Table A.1 contains the forward TRANSPORT coefficients resulting 

from the above model, while Table A.2 contains the reverse TRANSPORT coefficients. 
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Table A.l. Forward coefficients from the new TRANSPORT model. Listed are 
the forward TRANSPORT coefficients obtained from the model in table 3.2. 

FORWARD TRANSPORT COEFFICIENTS AT 3 GeV 

” f *f Yf 4f lf 6 

.- 

x0 0.0106 -0.2074 
8, 4.5720 4.8813 
Yo 0.0 0.0 
40 0.0 0.0 
e0 0.0 0.0 

6 0.0 0.0 
50x0 0.0 0.0 
xoeo 0.0 0.0 
XOYO -l.O14E-3 -l.l07E-3 
x040 1.9723-4 1.7443-4 
xoeo 0.0 0.0 
x06 4.3563-2 4.5873-2 
8,eo 0.0 0.0 
8 OYd -5.6253-4 1.7253-4 
eo40 -7.6393-4 -6.7013-4 
eoeo 0.0 

-1.2723-2 
0.0 

eo6 -2.7183-2 
YOYO 0.0 0.0 
Yo40 0.0 0.0 
Yolo 0.0 0.0 
Yo6 0.0 0.0 

$040 0.0 0.0 
4oeo 0.0 0.0 

$06 0.0 0.0 
eoeo 0.0 0.0 
lO6 0.0 0.0 
6s 0.0 0.0 

0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 

-0.9300 -0.8565 0.2645 0.0 
-0.0002 -1.0754 0.3184 0.0 

0.0 0.0 1.0 0.0 
-2.9610 0.1173 -0.3954 1.0 
1.990E-5 1.3773-4 -5.131E4 0.0 

-1.5393-4 -1.8223-5 1.2643-3 0.0 
0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 

3.0893-4 -1.6163-3 -7.5443-3 0.0 
0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 

4.3693-4 -8.1053-4 -1.8733-3 0.0 
3.9083-5 -9.747E-4 -1.0263-3 0.0 

0.0 0.0 0.0 0.0 
1.2213-2 -2.5533-2 5.4713-4 0.0 
6.695E-7 -2.2083-5 -6.8353-4 0.0 

0.0 0.0 0.0 0.0 
1.2833-2 -2.3083-3 3.0413-3 0.0 

0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 

3.136E-3 -4.8843-2 -1.7633-3 0.0 

. 

These reverse coefficients are what one obtains when the -90” rotation has been 

used for the dipole magnets. If one wants to make use of these reverse coefficients 

keep in mind that they are not in the coordinate system normally used in analysis. 

The sign flips indicated above must be employed in order to get agreement between 
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Table A.2. Reverse coefficients from the new TRANSPORT model. Listed are 
the reverse TRANSPORT coefficients obtained from the model in table 3.2. 

REVERSE TRANSPORT COEFFICIENTS AT 3 GeV 

x0 6, Yo 40 e0 6 

Xf 4.8813 -0.2074 0.0 0.0 0.0 0.0 
Of 4.5720 0.0106 0.0 0.0 0.0 0.0 

.- Yf 0.0 0.0 -1.0754 -0.8565 -0.0117 0.0 
df 0.0 0.0 -0.0002 -0.9300 0.2961 0.0 
lf 0.0 0.0 0.0 0.0 1.0 0.0 
6 0.0 0.0 -3.1843 -2.6452 -0.3954 1.0 

Xf”f 0.0 0.0 3.5633-4 -2.684E-3 -1.0323-2 0.0 
XfOf 0.0 0.0 8.0473-4 -5.0643-3 -1.9913-2 0.0 
“fYf -7.5953-4 1.3403-3 0.0 0.0 0.0 0.0 
XCf4f -6.2333-4 1.6243-4 0.0 0.0 0.0 0.0 
Xflf 0.0 0.0 0.0 0.0 0.0 0.0 
Xf6 -2.9503-2 4.9863-2 0.0 0.0 0.0 0.0 
OfOf 0.0 0.0 4.5513-4 -2.3143-3 -9.9303-3 0.0 
efYi -4.9373-5 1.2593-3 0.0 0.0 0.0 0.0 
ef4f -7.1033-4 1.8363-4 0.0 0.0 0.0 0.0 
Bflf 0.0 0.0 0.0 0.0 0.0 0.0 
056 -1.2953-2 4.7313-2 0.0 0.0 0.0 0.0 

YfYf 0.0 0.0 5.0523-4 4.5423-4 -1.7343-3 0.0 
Yfdf 0.0 0.0 -4.0883-5 -9.0623-4 2.1403-4 0.0 
Yflf 0.0 0.0 0.0 0.0 0.0 0.0 
Yf6 0.0 0.0 6.7923-4 -2.2943-2 -7.113E-4 0.0 

4fdf 0.0 0.0 6.188E-7 1.8093-5 -5.9673-4 0.0 
4flf 0.0 0.0 0.0 0.0 0.0 0.0 
4,s 0.0 0.0 1.2713-2 9.5323-3 2.8273-3 0.0 
efef 0.0 0.0 0.0 0.0 0.0 0.0 
efs 0.0 0.0 0.0 0.0 0.0 0.0 
66 0.0 0.0 2.4693-3 -2.2373-2 -2.8243-3 0.0 

. 

the TRANSPORT coordinate system and that used for analysis purposes. Applying 

equations A.7 and A.11 on the reverse coefficients of table A.2, and then making the 

sign flips, gives the reconstruction coefficients of Table A.3. 
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Table A.3. Reconstruction coefficients derived from the new TRANSPORT 
model. Listed are the reconstruction coefficients for 3 GeV. These were 
derived under the constraint y. = 0, from the reverse matrix elements given 
in Table A.2 

RECONSTRUCTION COEFFICIENTS AT 3 GeV 

x0 $0 40 e. 6 

XCf 4.8813 0.2074 0.0 0.0 0.0 
*f -4.5720 0.0106 0.0 0.0 0.0 
Yf 0.0 0.0 -0.0368 0.1218 -0.3377 
df 0.0 0.0 -0.9299 -0.2961 0.0001 

“f”f 0.0 0.0 2.9803-3 -1.0363-2 l.l20E-4 
xf*f 0.0 0.0 -5.7323-3 2.001E-2 -2.5303-4 
“fYf 9.2033-3 1.5503-2 0.0 0.0 0.0 
“f4f 6.2103-4 1.5903-4 0.0 0.0 0.0 
*f*f 0.0 0.0 2.6923-3 -9.9873-3 1.4303-4 
*fYf -4.3243-3 -1.4723-2 0.0 0.0 0.0 
*fdf -7.0903-4 -1.810E-4 0.0 0.0 0.0 
YfYf- 0.0 0.0 -5.1873-3 -1.8853-3 1.7503-4 
Yf4f 0.0 0.0 -5.2503-4 2.030E-4 1.361E-3 
df4f 0.0. 0.0 -1.800E-5 -5.9703-4 0.0 



Appendix B: Survey of the Frames 

.- 

The data recorded for the position of each trajectory consisted of an x and y 

coordinate at each of the four frames. To convert these arbitrary values into TRANS- 

PORT coordinates the position of the standard reference trajectory, see Section 2.3, 

was surveyed at each of the four frames, giving the coordinates of the trajectory in 

a TRANSPORT system. With coordinates given for both TRANSPORT and the inter- 

nal coordinate system of each frame, establishing the relationship between the two 

systems was straight forward. 

For all measurements made during the floating wire calibration the 8 GeV spec- 

trometer was at 11.5”. The spectrometer center line was nominally defined as the 

line entering Q81 horizontally at beam height, in a vertical plane containing Tooling 

Ball A of Q81 and Tooling Ball B of Q83 and exiting the spectrometer at 30” to the 

horizontal.in this same vertical plane. .This line defines the TRANSPORT coordinate 

system and it represents a central ray. Thus x measurements denote distances to the 

left, (+x), and right, (-x), when facing downstream and y measurements are above, 

(+y), and below, (-y) this line. The quantity z is along the line itself. 

The frames at the entrance of the spectrometer were fairly straight forward to 

calibrate. Frame 1, located at the intersection between beam center line and the 

north-south transversal,rg and marked by the point where the wire disappeared into 

the groove in the pulley, was directly surveyed. A transit on the floor allowed the y 

position of the pulley to be continually monitored, while another above Q82 was used 

to measure the x position. For Frame 2 the situation was complicated by the fact 

that the cylindrical position sensors obscured the wire and we were forced to survey 

its location close to, but not exactly at, Frame 2. For the x position, this posed no 

problem as x did not vary with z, however a correction of 0.018 cm had to be made 
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to the y measurement to account for the catenary shape of the wire due to its mass. 

Surveying the wire position at the frames in the hut was complicated due to 

the physical constraints of a confined area and an angle of 30” with respect to the 

horizontal. To overcome these difficulties, the method of triangulation was used to 

determine the coordinates of the wire at Frame 4, marked by the tangent point on 

the half-pulley, and three additional points located on the wire. These three points 

were then used to determine the wire location at Frame 3 via extrapolation, since the 

wire at Frame 3 was obscured from the transit by the cylindrical position sensors. 

B.l Triangulation 

A transit mounted on Tooling Ball B above Q83 was used to first determine the 

coordinates of two reference points, the North and South CERN sockets. These sockets 

are located on the cement shielding on Q83 and their coordinates are easily measured. 

A theodolite was then mounted on each socket in turn and two angle measurements 

made from each; the vertical angle turned between the horizontal and the point on 

the wire, &, and q&, and the horizontal’angle turned between the other CERN socket 

and the point on the wire, 6, and 6,. Figure B.l illustrates these angles and gives a 

schematic of the points on the wire. 

Given {h, ik, %d, {k, I&-, k}, &, &, 6, es, as defined above, the coordinates 

of an arbitrary point, (2, fi, Z}, relative to a level coordinate system centered on 

Tooling Ball B on Q83 are given by: 

2 = &r - Vsin(&) or 2 = b + Wsin(&) 

fi = LGN - V tan(&) and i = & - Wtan($s) 

’ = %V + V COS(&) or 2 = 2s + wcos(p,) 

where, 

V=T#, 
W=T+$, 

T = %v - 5s 
sin(o) ’ 
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Frame 4 

3-92 
6534A5 

L 

‘Figure B.l. Triangulation. The letters A-D refer to the four points along 
the wire. A is the tangent point on the half-pulley, and B, C, and D are 
points marked by pieces of tape placed on the wire. These points allow 
extrapolation to Frame 3. The coordinates of these points were obtained for 
three wire locations corresponding to values of ya = 0 and f 7.62 cm. 

PN = 90 - 6, + 0 , 

Ps = 90 - 6, - o! ) 

6 = 180 - 6, - 6, . 

Here, all angles are measured in degrees. Conversion to a TRANSPORT coordinate 

system centered on the downstream exit of Q83 and rotated 30” to the horizontal is 

given by the equations below. 

~ x=5, 

y = ij cos(30”) - Z sin(30”) + 79.83982 , 

z = ij sin(30”) + f cos(30”) - 27.68600 . 
h 
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where measurements of 2, fi, and k are in centimeters. 

With the coordinates of the three points on the wire determined, extrapolation 

was used to find the x and y position of the wire at Frame 3. To account for the 

possibility that the frames might have been skewed, the coordinates of the four points 

were measured for three different wire trajectories corresponding to y3 = 0, f7.62 cm. 

A fit to x versus y indicated a small correction was necessary to handle the slight 

rotation found between frames 3 and 4. 

Given the wire location in terms of four pairs of TRANSPORT coordinates, an 

x, y pair at each frame, the next step was to determine x, 6, y, and 4 at two points, 

namely the tangent points of each the air-bearing pulley at the target, and the half- 

pulley in the hut. To obtain 6 and 4, the distances between the two sets of frames, 

01,~ and &,4, was needed. These distances were measured using a steel tape. The 

relatively large uncertainty in measuring these distances was due to the ambiguity in 

determining the exact location of the plane in which the inductors sensed the EMF. 
c 

Lastly, the coordinates of the wire at the half-pulley were extrapolated back to the 

nomina12’ location for the momentum focal plane of 5.420 m downstream from the 

magnetic center of Q83. 

B.2 Uncertainties in the Surveyed Quantities 

Although the frames provided very precise means of measuring the relative posi- 

tion of the wire, the survey method used to convert to TRANSPORT introduced com- 

paratively large uncertainties in the absolute positions. However, the uncertainties in 

the hut survey quantities were at the minimum achievable level. Table B.l lists the 

uncertainties in the raw survey quantities. The dominant uncertainty21 stems from 

an uncertainty in knowing the location of the coordinate system centered on Tooling 

Ball B relative to beam height and beam center line. This uncertainty translates into 

systematic uncertainties in the position of the north and south CERN sockets. 
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Table B.l. Uncertainties in hut survey. The uncertainties in the hut survey 
were at the minimum achievable level. The systematic uncertainties in & 
and & are perfectly correlated as are those of & and &, and Z& and &. 
These are due to the uncertainty in the location of the coordinate system 
origin. 

HUT SURVEY UNCERTAINTIES 

Statistical 
Quantity Uncertainty 

c*:) 

The North and South CERN Sockets 

Systematic 
Uncertainty 

(W 

- . 
xN, XS 0.0127 cm 0.0254 cm 
w e 
YN, YS 0.0127 cm 0.0508 cm 
I w 
ZN, ZS 0.0127 cm 0.0254 cm 

Points A and B 

2:: 
0.0015” - 

0.0040" - 

Points C and D 

0.0025" - 
0.0050" 



Appendix C: The Mass Correction 

.- 

To correct for the fact that the measurements pertained to massive wires, the 

current in the wire and coordinates of the wire at the inner frames were adjusted to 

values which corresponded to a massless wire. To do this, trajectories for both the 

measured massive wire, and a massless wire with the same initial and final endpoints, 

were calculated numerically. The current within the massless wire was then varied 

using a least squares minimization technique until the difference between the massive 

and massless trajectories was minimized at thirteen points along the trajectory. When 

this condition was satisfied, the current in the massive wire and the coordinates at 

the inner frames were replaced by those corresponding to the massless wire. 

_ = The model used magnetic fields and drift distances given in the TRANSPORT 

model of the 8 GeV spectrometer developed from the 1968 beam data.22 The spec- 

trometer was divided into thirteen segments beginning with Frame 1 and ending at 

Frame 4. Given the initial position and slope of the wire at the pulley, in both the 

vertical and horizontal planes, the program used a fourth order Runge-Kutta23 in- 

tegration method to solve the equations of motion for the wire in three dimensions. 

Table C. 1 gives the typical size of the correction needed for the current and inner 

coordinates for both weights. Changes to the x coordinates are + or - depending on 

which side of the central trajectory a given trajectory lay. 

A check of the accuracy of the correction can be made by comparing mass cor- 

rected data taken with the 410 g weight versus data taken with the 100 g weight 

where the correction is four times as great. In the horizontal plane, we can compare 

results for the (xfl6,) and (6fl6,) coefficients. Figure A.1 shows these coefficients 

before the data for the large and small weight were averaged at 2.0, 3.0 and 4.0 GeV. 

This plot shows the excellent agreement for results obtained using the two different 
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Table C.l. This table gives the typical changes in the current and coordinates 
for the mass correction. The corrections for the 100 g weight are four times 
as great as expected. 

TYPICAL SIZE OF MASS CORRECTION 

410 g Weight 100 g Weight 

I + 0.7% + 3.0 % 
Y2 + 0.1 cm + 0.4 cm 

x2 (E:= 0) 
+ 0.03 cm + 0.12 cm 

f 0.003 cm f 0.013 cm 
53 (x1= 0) f 0.012 cm f 0.048 cm 

masses. In the vertical plane, where the magnitude of the correction is greatest, the 

best illustration of the agreement obtained between the two weights, and thus a check 

on-the accuracy of the mass correction, comes from comparing wire trajectories be- 

fore and after the mass correction for both the 410 g and 100 g weights. Figure A.2 

contains plots of the y2 position of each trajectory versus the percentage deviation 

of current in the trajectory from the central ray current, I,. The upper plot shows 

data for the 100 g and 410 g weight prior to applying a mass correction, while the 

lower plot shows the same data after applying the mass correction. The excellent 

agreement found in all comparisons is strong evidence that the mass correction was 

done correctly. 

. 
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Figure C.l. Accuracy of the mass correction in the horizontal plane. Shown 
are the forward (xrl0,) and (0,10,,) measured coefficients, given in Figure 
3.3, prior to averaging the 100 g and 410 g data at 2.0, 3.0, and 4.0 GeV. 
The solid diamonds are the 100 g data, the open diamonds the 410 g data. 
The error bars on the points are statistical and give the point-to-point 
fluctuation. The systematic uncertainty is given by the bar to the left of 
the first point. It is the same for all points and is perfectly correlated. The 
agreement illustrated in these measurements indicates the accuracy of the 
mass correction, which was four times as large for the 100 g data. 
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Figure C.2. Accuracy of the mass correction for the vertical plane. These 
plots illustrate the level of agreement found between the 100 g data, the solid 
diamonds, and the 410 g data, the open diamonds, once the mass correction 
has been applied. The upper diagram shows data prior to applying the mass 
correction. The lower plot is the same data after the mass correction. As 
expected, no difference between the 100 g and 410 g data is seen once the 
correction has been made. 



Appendix D: Tables of Optics Coefficients 

Table D.l contains the forward and reconstruction optics coefficients measured in 

the wire float. The total error is the quadrature sum of the statistical and systematic. 

.- Table D.l. Forward and reconstruction coefficients as measured in the wire 
float. Plots of the coefficients versus P, are given in Section 3.2. 

FORWARD COEFFICIENTS 

PO (Xf PO) Q&at Qsya ctotal 

0.50 4.59678 0.01048 0.01810 0.02092 
‘0.75 4.58029 0.01048 0.01810 0.02092 
1.00 4.57230 0.01048 0.01810 0.02092 

_ 1.50 4.57380 0.01048 0.01810 0.02092 
- 2.00 4.56697 0.00591 0.01810 0.01904 

2.50 4.56893 0.01048 0.01810 0.02092 
3.00 4.57177 0.00591 0.01810 0.01904 
3.50 4.58209 0.01048 0.01810 0.02092 
4.00 4.57456 0.00591 0.01810 0.01904 
5.00 4.57380 0.00591 0.01809 0.01903 
6.00 4.57920 0.00591 0.01809 0.01903 
7.90 4.58073 0.00591 0.01809 0.01903 
7.50 4.58539 0.00591 0.01809 0.01903 
8.00 4.59241 0.00591 0.01809 0.01903 
8.50 4.59155 0.00591 0.01809 0.01903 
9.00 4.59751 0.00591 0.01809 0.01903 

PO (0, PO> Qstat Qws Qtotal 

0.50 4.90523 0.01357 0.03072 
0.75 4.88271 0.01357 0.03072 
1.00 4.87531 0.01357 0.03072 

0.03358 
0.03358 
0.03358 

continued 
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Forward coeficients continued 

1.50 
2.00 
2.50 
3.00 
3.50 
4.00 
5.00 

.- 6.00 
7.00 
7.50 
8.00 
8.50 
9.00 

4.87605 0.01357 0.03072 0.03358 
4.87436 0.00679 0.03072 0.03146 
4.86914 0.01357 0.03072 0.03358 
4.87823 0.00679 0.03072 0.03146 
4.88319 0.01357 0.03072 0.03358 
4.88059 0.00679 0.03072 0.03146 
4.88216 0.00679 0.03065 0.03139 
4.88948 0.00679 0.03065 0.03139 
4.89007 0.00679 0.03065 0.03139 
4.89661 0.00679 0.03065 0.03139 
4.90699 0.00679 0.03065 0.03139 
4.90600 0.00679 0.03065 0.03139 
4.91416 0.00679 0.03065 0.03139 

PO (Xf Ix:o) ustat QSYS Qtotal 

'2.00 
3.00 
4.00 

ye 5.00 
6.00 
7.00 
7.50 
8.00 
8.50 
9.00 

0.00436 0.00141 0.01321 0.01329 
0.00992 0.00141 0.01321 0.01329 
0.01343 0.00141 0.01321 0.01329 
0.01074 0.00141 0.01321 0.01329 
0.01233 0.00141 0.01321 0.01329 
0.01287 0;00141 0.01321 0.01329 
0.01548 0.00141 0.01321 0.01329 
0.01048 0.00141 0.01321 0.01329 
0.01035 0.00141 0.01321 0.01329 
0.00537 0.00141 0.01321 0.01329 

2.00 -0.21322 0.00176 0.01415 0.01426 
3.00 -0.20748 0.00176 0.01415 0.01426 
4.00 -0.20417 0.00176 0.01415 0.01426 
5.00 -0.20676 0.00176 0.01415 0.01426 
6.00 -0.20511 0.00176 0.01415 0.01426 
7.00 -0.20485 0.00176 0.01415 0.01426 
7.50 -0.20148 0.00176 0.01415 0.01426 
8.00 -0.20650 0.00176 0.01415 0.01426 
8.50 -0.20642 0.00176 0.01415 0.01426 
9.00 -0.21166 0.00176 0.01415 0.01426 

. 
continued 
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Forward coeficients continued 

PO bf 11) Qstat dtotal 

2.00 -0.77107 0.01904 0.26239 0.26308 
3.00 -0.72536 0.01904 0.26239 0.26308 
4.00 -0.71612 0.01904 0.26239 0.26308 
5.00 -0.67039 0.01904 0.26239 0.26308 
6.00 -0.63373 0.01904 0.26239 0.26308 
7.00 -0.56940 0.01904 0.26239 0.26308 
7.50 -0.53255 0.01904 0.26239 0.26308 
8.00 -0.49741 0.01904 0.26239 0.26308 
8.50 -0.43297 0.01904 0.26239 0.26308 
9.00 -0.42364 0.01904 0.26239 0.26308 

PO VJf 11) gstat ctotal 

2.00 -0.90398 0.02438 0.30735 0.30832 
3.00 -0.85930 0.02438 0.30735 0.30832 
4.00 -0.84748 0.02438 0.30735 0.30832 
5.00 -0.80673 0.02438 0.30735 0.30832 

:- --6.00 -0.76362 0.02438 0.30735 0.30832 
7.00 -0.70316 0.02438 0.30735 0.30832 
7.50 -0.66788 0.02438 0.30735 0.30832 
8.00 -0.62419 0.02438 0.30735 0.30832 
8.50 -0.55951 0.02438 0.30735 0.30832 
9.00 -0.54549 0.02438 0.30735 0.30832 

PO (Yf I4 cstat =,fJs Qtotal 

3,oo -2.95817 0.00059 0.00550 0.00553 
5.00 -2.95988 0.00059 0.00550 0.00553 
6.00 -2.95989 0.00059 0.00550 0.00553 
7.00 -2.95753 0.00059 0.00550 0.00553 
8.00 -2.95244 0.00059 0.00550 0.00553 
9.00 -2.95191 0.00059 0.00550 0.00553 

PO Pf IQ catat Qtotal 

3.00 0.17082 0.00286 0.00104 0.00304 
5.00 0.17629 0.00286 0.00104 0.00304 
6.00 0.17522 0.00286 0.00104 0.00304 
7.00 0.16867 0.00286 0.00104 0.00304 
8.00 0.17776 0.00286 0.00104 0.00304 

- . 9.00 0.17503 0.00286 0.00104 0.00304 

continued 
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Forward coeficients continued 

PO (Yf 140) dstat =sys dtotal 

3.00 -0.00012 0.00006 0.00122 0.00122 
5.00 -0.00064 0.00006 0.00122 0.00122 
6.00 -0.00100 0.00006 0.00122 0.00122 
7.00 -0.00125 0.00006 0.00122 0.00122 
8.00 -0.00356 0.00006 0.00122 0.00122 
9.00 -0.00336 0.00006 0.00122 0.00122 

PO Wf Ido) ustat =sys ctotal 

3.00 -1.07899 0.00043 0.00696 0.00697 
5.00 -1.07807 0.00043 0.00696 0.00697 
6.00 -1.07881 0.00043 0.00696 0.00697 
7.00 -1.07847 0.00043 0.00696 0.00697 
8.00 -1.07903 0.00043 0.00696 0.00697 
9.00 -1.08357 0.00043 0.00696 0.00697 

PO (Yf IS’> ustat =sys ototal 

- ‘3.00 0.00322 0.00016 0.00031 0.00035 
5.00 0.00350 0.00016 0.00031 0.00035 
6.00 0.00398 0.00016 0.00031 0.00035 
7.00 0.00378 0.00016 0.00031 0.00035 
8.00 0.00482 0.00016 0.00031 0.00035 
9.00 0.00579 0.00016 0.00031 0.00035 

PO Mf P2) ustat =sys dtotal 

3.60 -0.04854 0.00115 0.00049 0.00125 
5.00 -0.04887 0.00115 0.00049 0.00125 
6.00 -0.04915 0.00115 0.00049 0.00125 
7.00 -0.04704 0.00115 0.00049 0.00125 
8.00 -0.04642 0.00115 0.00049 0.00125 
9.00 -0.04533 0.00115 0.00049 0.00125 

PO (Yf 102> astat Qsys Qtotal 

3.00 0.01286 0.00003 0.00008 0.00009 
5.00 0.01286 0.00003 0.00008 0.00009 
6.00 0.01293 0.00003 0.00008 0.00009 
7.00 0.01268 0.00003 0.00008 0.00009 
8.00 0.01218 0.00003 0.00008 0.00009 

_ . .* 9.00 0.01103 0.00003 0.00008 0.00009 

continued 
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Forward coeficients continued 

PO Mf Idoq U&at Utotal 

3.00 -0.00176 0.00026 0.00008 0.00027 
5.00 -0.00214 0.00026 0.00008 0.00027 
6.00 -0.00183 0.00026 0.00008 0.00027 
7.00 -0.00235 0.00026 0.00008 0.00027 
8.00 -0.00259 0.00026 0.00008 0.00027 
9.00 -0.00316 0.00026 0.00008 0.00027 

.- 

RECONSTRUCTIONCOEFFICIENTS 

PO Me, > 

.2.00 -4.58805 0.01598 0.02612 0.03062 
3.00 -4.58444 0.01598 0.02612 0.03062 
4.00 -4.57183 0.01598 0.02612 0.03062 

-- 5.00 -4.58010 0.01598 0.02612 0.03062 
6.00 -4.57791 0.01598 0.02612 0.03062 
7.00 -4.57091 0.01598 0.02612 0.03062 
7.50 -4.58283 0.01598 0.02612 0.03062 
8.00 -4.59420 0.01598 0.02612 0.03062 
8.50 -4.59364 0.01598 0.02612 0.03062 
9.00 -4.59792 0.01598 0.02612 0.03062 

2.00 0.00543 0.00157 0.01354 0.01363 
3.00 0.01132 0.00157 0.01354 0.01363 
4.00 0.01502 0.00157 0.01354 0.01363 
5.00 0.01206 0.00157 0.01354 0.01363 
6.00 0.01408 0.00157 0.01354 0.01363 
7.00 0.01410 0.00157 0.01354 0.01363 
7.50 0.01699 0.00157 0.01354 0.01363 
8.00 0.01217 0.00157 0.01354 0.01363 
8.50 0.01245 0.00157 0.01354 0.01363 
9.00 0.00726 0.00157 0.01354 0.01363 

continued 

. 
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Reconstruction coeficients continued 

PO (X&f) catat Qtotal 

2.00 
3.00 
4.00 
5.00 
6.00 
7.00 

.- 7.50 
8.00 
8.50 
9.00 

4.91398 0.01706 0.01860 0.02524 
4.90841 0.01706 0.01860 0.02524 
4.89597 0.01706 0.01860 0.02524 
4.90488 0.01706 0.01860 0.02524 
4.90391 0.01706 0.01860 0.02524 
4.89596 0.01706 0.01860 0.02524 
4.91113 0.01706 0.01860 0.02524 
4.92697 0.01706 0.01860 0.02524 
4.92479 0.01706 0.01860 0.02524 
4.93217 0.01706 0.01860 0.02524 

V&f > 

2.00 0.21274 
.3.00 0.20694 
4.00 0.20288 
5.00 0.20606 
6.00 

-- 7.00 
0.20350 
0.20351 

7.50 0.20006 
8.00 0.20508 
8.50 0.20482 
9.00 0.20984 

0.00160 0.01436 0.01445 
0.00160 0.01436 0.01445 
0.00160 0.01436 0.01445 
0.00160 0.01436 0.01445 
0.00160 0.01436 0.01445 
0.00160 0.01436 0.01445 
0.00160 0.01436 0.01445 
0:00160 0.01436 0.01445 
0.00160 0.01436 0.01445 
0.00160 0.01436 0.01445 

PO kJlYf> Qstat =st/s Utotal 

3.-00 -0.04961 0.00090 0.00085 0.00124 
5.00 -0.05061 0.00090 0.00085 0.00124 
6.00 -0.05033 0.00090 0.00085 0.00124 
7.00 -0.04888 0.00090 0.00085 0.00124 
8.00 -0.05192 0.00090 0.00085 0.00124 
9.00 -0.05139 0.00090 0.00085 0.00124 

PO (dYf> Ustat Qsys Qtotal 

3.00 -0.33818 0.00004 0.00064 0.00064 
5.00 -0.33803 0.00004 0.00064 0.00064 
6.00 -0.33813 0.00004 0.00064 0.00064 
7.00 -0.33818 0.00004 0.00064 0.00064 
8.00 -0.33887 0.00004 0.00064 0.00064 
9.00 -0.33846 0.00004 0.00064 . 0.00064 

continued 
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Reconstruction coeficients continued 

PO (4ol4f) ustat =sys Utotal 

.- 

3.00 -0.92481 0.00031 0.00602 0.00603 
5.00 -0.92497 0.00031 0.00602 0.00603 
6.00 -0.92458 0.00031 0.00602 0.00603 
7.00 -0.92474 0.00031 0.00602 0.00603 
8.00 -0.92385 0.00031 0.00602 0.00603 
9.00 -0.92012 0.00031 0.00602 0.00603 

PO Wf > Ustat Qsys Utotal 

3.00 -0.00038 0.00002 0.00042 0.00042 
5.00 -0.00030 0.00002 0.00042 0.00042 
6.00 -0.00017 0.00002 0.00042 0.00042 
7.00 -0.00012 0.00002 0.00042 0.00042 
8.00 0.00059 0.00002 0.00042 0.00042 
.9.00 0.00079 0.00002 0.00042 0.00042 

PO MOIY:, Qstat =sys Utotal 

;- 3.00 -0.00554 0.00012 0.00004 0.00013 
5.00 -0.00559 0.00012 0.00004 0.00013 
6.00 -0.00556 0.00012 0.00004 0.00013 
7.00 -0.00532 0.00012 0.00004 0.00013 
8.00 -0.00528 0.00012 0.00004 0.00013 
9.00 -0.00518 0.00012 0.00004 0.00013 

PO MY;) =stat =sys Utotal 

3.00 0.00017 0.00001 0.00001 0.00001 
5.00 0.00018 0.00001 0.00001 0.00001 
6.00 0.00021 0.00001 0.00001 0.00001 
7.00 0.00020 0.00001 0.00001 0.00001 
8.00 0.00022 0.00001 0.00001 0.00001 
9.00 0.00026 0.00001 0.00001 0.00001 

PO MOIYf~f) Qstat =sys Utotal 

3.00 
5.00 

-0.00040 
-0.00041 

0.00007 
0.00007 

0.00002 
0.00002 

0.00007 
0.00007 

continued 

. 
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Reconstruction coeficients continued 

6.00 -0.00039 0.00007 0.00002 0.00007 
7.00 -0.00055 0.00007 0.00002 0.00007 
8.00 -0.00062 0.00007 0.00002 0.00007 
9.00 -0.00084 0.00007 0.00002 0.00007 

PO MYf4f) U&at =sys Utotal 

3.00 0.00139 0.00000 0.00001 0.00001 
5.00 0.00139 0.00000 0.00001 0.00001 
6.00 0.00139 0.00000 0.00001 0.00001 
7.00 0.00137 0.00000 0.00001 0.00001 
8.00 0.00132 0.00000 0.00001 0.00001 
9.00 0.00120 0.00000 0.00001 0.00001 
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