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ABSTRACT 

A 200 MeV Proton Spin Polarimeter 

by 

James A, Rice 

The design, construction, and calibration of a 200 

MeV proton spin polarimeter are described. This polarim¬ 

eter monitors the beam at the transfer point between the 

linear accelerator and the Alternating Gradient Synchro¬ 

tron at Brookhaven National Laboratory. The polarimeter 

determines the beam polarization to an accuracy of 1% in 

less than ten minutes real time, for the anticipated beam 

current and pulse repetition rate of the polarized beam, 

with a carbon filament target that intercepts 1% of the 

beam particles . Scattered beam particles are collected 

at 12 and 16 degrees to determine left-right and up-down 

asymmetries and detect beam angle deviations. 



ACKNOWLEDGEMENTS 

I thank J. B. Roberts, B. E. Bonner, and G. C. 

Phillips for their assistance and advice in this effort. 

I also appreciate the efforts of W. Brey, M. Clark, and 

S. Schwartz in the polarimeter 's construction and tran¬ 

sportation, as well ~as the exceptional job done by the 

Rice University machine shop staff. 

My wife, Paula, and daughter, Bobbie, who I have de¬ 

arly missed through this stage of my life, deserve the 

greatest thanks for their support. 

The polarimeter is the last .large undertaking of 

Bonner Laboratory's engineer, Joe Windish. It is to his 

memory, in part, that this thesis is dedicated. 

The hour of life that my son, John Baldridge Rice, 

lived on this earth was too short for my soul to bear 

alone. God, who comforts me, will bring joy to his pure 

young soul. It is while still heavy with his memory that 

I complete this degree. 



TABLE OF CONTENTS 

Chapter 1. Introduction 1 

Chapter 2. Theory of Polarimetry 8 

Chapter 3. Design Considerations 18 

Chapter 4. Polarimeter Construction 27 

Chapter 5. Polarimeter Calibration Procedures 51 

Chapter 6. Calibration Results 59 

Chapter 7. Conclusion 91 

References 94 



LIST OF TABLES 

1 . Polarimeter Design Parameters 25 

2. Calibration PMT Voltages 66 

3. Calibration Background Analysis 69 

4. Typical Unpolarized Beam Data 70 

5. Typical Polarized Beam Data 73 

6. Systematic Error Analysis 76 

7. Proton Ranges in Copper 81 

8. Typical Data with Absorbers 82 

9. Calibrated Polarimeter Parameters 92 



LIST OF FIGURES 

1. Polarimeter Telescope Positions 2 

2. Nuclear Potential Deformation 4 

3. Polarimeter Sensitivity 15 

4. Beam Angle Sensitivity 17 

5. Elastic Scattering Cross-Section 19 

6. Elastic Analyzing Power 20 

7. Inclusive Analyzing Power 21 

8. Inclusive Scattering Cross-Section 23 

9. Telescope Wing Orientation 28 

10. Polarimeter Vacuum Box 30 

11. Vacuum Box Windows 32 

12. Vacuum Box Flanges 33 

13. Target Motor and Frame 35 

14. Polarimeter Floor Stands 37 

15. Vacuum Box Ring Mounts 38 

16. Telescope PMT Pair Plate 48 

17. Telescope Mounting Wing Plate 49 

18. Calibration Electronics 57 

19. PMT Voltage Plateaus 60 

20. Instrumental Asymmetry 67 

21. Beam Polarization Stability 77 

22. ADC Spectra at 12 Degrees 84 



87 23. Analyzing Power versus Absorber 

24. Normalized Count Rates versus Absorber 88 

25. Polarimeter Quality Factor 89 

vii 



CHAPTER 1 

INTRODUCTION 

A polarimeter for determining the spin polarization 

of a proton beam of 200 MeV kinetic energy has been con¬ 

structed and calibrated. It provides a continuously up¬ 

dated absolute measurement of the beam polarization, P, 

defined as 

P=(N -N,)/(N +N,) , u d u d 

where N and N, are the numbers of beam protons with 
U u 

spins up and down, to an accuracy of one percent. The 

device can additionally detect deviations of beam posi¬ 

tion and angle of incidence at the polarimeter target po¬ 

sition. Basically, the polarimeter looks at beam parti¬ 

cle scattering rates at four vertical and horizontal po¬ 

sitions downstream of its ' target at a laboratory angle 

of 12 degrees to the beam axis. Additionally, two hori¬ 

zontal positions at 16 degree lab angles are monitored 

for improved accuracy in polarization determination and 

for beam deviation detection. (See figure 1.) The target 
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Figure 1: This view from above the polarimeter shows the 
scintillator telescopes at twelve and sixteen degrees. 
The target is inserted through the indicated pipe at 45 
degrees to the horizontal plane. 

CP » o 
3 



INTRODUCTION 3 

is a thin carbon filament mounted across the beam line 

and intercepting about one percent of the beam particles. 

In general, nucleon-nucleus interactions can involve 

spin-orbit and spin-spin coupling potentials, but the 

choice of carbon, which has a 0+ ground state in its pre¬ 

dominant twelve nucleon configuration, eliminates the 

possibility of spin-spin coupling in elastic scattering. 

The form of the spin-orbit coupling is 

V= cL • S 

where L is the orbital angular momentum and S is the spin 

angular momentum. For proton-carbon collisions in the 

laboratory reference frame, 

L=<l/2)(rc-rp)X(pc-pp) 

= U/2)ppX(rc-?p) 

and 

S=s +s_ 
P c 

= s 
P 

The result of this coupling is to yield a different 

scattering potential for incident protons with spin up 

versus spin down, as is qualitatively indicated in figure 

2,(ref 1). The result is that spin up protons scatter 

preferentially to the right, and spin down protons are 

preferentially scattered to the left. The beam 



Figure 2: The radially symmetric part of the nuclear po¬ 
tential is shown in curve 11 a” . The addition of the £*S 
term alters the nuclear potential to the form shown in 
"b" . The axes plot nuclear potential values versus dis¬ 
tance from the nuclear center. 
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polarization is then determined by the left versus right 

counting rate asymmetry observed at a given angle via 

PA(e )=(NL-NR)/(NL*Nr) , 

where the analyzing power, A, of the carbon target polar- 

imeter is known for angles of twelve and sixteen degrees 

as a result of the calibration of the device described 

later. The calibration has been performed at the Indiana 

University Cyclotron Facility (IUCF) located in Blooming¬ 

ton, Indiana. The beam is a 200 HeV proton beam with a 

current of about 100 nanoamperes and a polarization of 

about 0.75, and results from a 450 keV polarized source 

injected beam being accelerated to 15 MeV in a first 

stage cyclotron, then accelerated to full energy in a 

second stage cyclotron with a beam pulse of 5 nanosecond 

output duration with 30 ns between pulses. 

Cross-sections for scattering into 12 and 16 degree an¬ 

gles and their slopes in angle, as well as the corres¬ 

ponding analyzing powers and their slopes, are measured 

with and without copper absorbers at 12 degrees. 

Instrumental asymmetries are less than two percent. 

Details of the calibration are provided in chapters 5 and 

6. 

The purpose of this polarimeter is to assist in the 
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optimization of the performance of the Alternating 

Gradient Synchrotron's (AGS) polarized beam source. The 

AGS is located at Brookhaven National Laboratory on Long 

Island in New York. The polarized source operates by 

aiming a 5 keV proton beam at an optically pumped polar- 

2 3 4 ized sodium target ’ ’ . Hydrogen atoms are produced 
« 

with polarized electron spins when the sodium gives po¬ 

larized electrons to the proton beam. A Sona transition 

transfers the atomic polarization to the proton, and ion¬ 

ization in the sodium vapor produces a beam of negative 

hydrogen ions with polarized proton nuclei at a current 

of about 120 microamperes in pulses of 160 microseconds 

duration at four second intervals. This beam is acceler¬ 

ated in three stages: first by a 750 keV electrostatic 

accelerator, then by a 200 MeV linear accelerator 

(linac), and third by the AGS up to energies of 33 GeV. 

Three polarimeters will monitor beam polarization in var¬ 

ious acceleration stages^. The first monitors the 

linac's output and is the device described herein. The 

second is in the AGS ring, and the third monitors the 

output of the AGS. The device described here provides 

the initial measurement of the beam polarization. Its 

primary use is in tuning the source; however, it will 
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also detect any depolarization in the AGS due to Larmor 

precession of proton spins in the small transverse fields 

at the entrance and exit of each vertical field magnet in 

the ring, when used in conjunction with the other polar- 

imeters. 



CHAPTER 2 

THEORY OF POLARIMETRY 

A polarization analyzer measures a counting rate 

which depends upon polarization. Typical techniques^ are 

1) the insertion of a scatterer into a polarized beam, 

whence the counting rate, denoted as W, is the polariza¬ 

tion dependent cross-section for the angle at which scat¬ 

tered particles are detected, and 2) in the case of atom¬ 

ic or nuclear excited states, measurement of the angular 

distribution of a decay product, where W is then the 

decay rate into a given solid angle. The first case 

shall pertain hereinafter. 

A general state with fixed momentum |X> can be de¬ 

composed into states of different spin projections !mg> 

as 

!X>=2m <ms|X>!mg> 
s 

= Z A !m > . m m ' s 
s s 

An ensemble of N particles is described by a density ma¬ 

trix p as 

8 
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p , =(1/N)Z.A .A , rm m ' ' ' ' 1 m x m ' s s s A s 
= <A A , > 
mm' > s s 

where <> means averaged over all the particles of the 

beam. Irreducible statistical tensors of rank k, where 

0<k<2s, for particles of spin s, with components t^ for 

-k<q<k, are defined as 
s-m g 

<s m ' s-m ! k q > s s ' ^ • 

where the <|> are Clebsch-Gordan coefficients. The 

orthogonality relations of these coefficients imply 

that 
s-m 

p , =(1/ 2s+l )Z, (-1) S<s m' s-m ! k q >t. 'mm s kq 
s s 1 ’ kq . 

fckq= 2s+1 Smm-(-^ ^ s s 

In addition, symmetry properties of the coefficients res¬ 

trict the summations in m and m' , and in k and q, to s s 

q=m ‘ -m ^ s s 

Note that for s=1/2, 

and 

and 

‘ir-H-f" 2<\- • 

Vector polarization P=(1/s )Tr(sp ). For s = l/2, 

s/s=?= the Pauli matrices, and for momentum parallel to z 
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and the scattering plane perpendicular to y, 

t. =P 10 z 

and 

titl=T(i/vr )(pxiipy) . ±1 ■ ' • ■ ■ X* y 

Measurement of the polarization derives from determina¬ 

tion of a counting probability W(t. ) . W depends line- Kq 

arly on p and therefore on t^g, so it can be written^ as 

where defines the analyzing power of the polarimeter 

and N is a normalization constant chosen so that TQQ=1. 

When scattering is the analyzer, for dcr/d denoted as cr, 

* 

^pol ^unpol^kq^kq^kq 

-a- , E, T, Re(c.t. )c, , unpol kq kq k kq k ’ 

where €^=1 tor even k, and i for odd k. For s = l/2, the 

analyzing power can be written as a vector A, and 

<r . = a- i ( 1 +P ' A ) 
pol unpol 

So for (x,z) the scattering plane, 

»■ , - <r i ( 1+P A ) pol unpol y y 

In the same plane, and for the same scattering angle, the 

numbers of particles scattered left and right are 
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so that 

PyV(NL-NR>/(W • 
The polarimeter can employ this formula directly or use a 

generalized version to combine the 12 and 16 degree 

scattering telescopes. The general version doubles the 

statistical accuracy for a given beam flux, and enables 

detection of beam position variation. It is discussed 

pres ently. 

Variations in beam-target position <5x, and the 

beam's angle of incidence &x can be observed in changes 

in the relative counting rates at two different scatter¬ 

ing angles due to their dependence upon the scattering 

angle t embodied in A and tr. The change in angle of a 

telescope arm to the beam axis^ is 

£ T = 6 T, + £x, COST-. / R 
R b b R ' 

and symmetry of the arms requires 

6XR--6XL 

The number of particles scattered into a telescope arm at 

an angle x to the beam axis for an arm occupying solid 

angle dO, with a target of nuclear density N^, and 

thickness dx, exposed to a beam particle current I, is 

N
L=°-(T)IN dx do(ltp A } 

y y1 

or 
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NR = O-(T)INT dx dO( 1-P A ) . 

Note that the following formulae for left, L, and right, 

R, apply to up and down when x replaces y, and that the y 

subscript is henceforth dropped for convenience. To 

first order in it, the influence of beam angle on the 

counting rates is 

ANL=(dNL/dO) itL 

= INT dx dO(cr(t ' )(l+PA(t ) )+<r(T )PA( T ' ) )itL . 

where this formula applies to R if R replaces L and the 

plus signs become minus signs. Note that t'=t+it . The 

ratio 

R=
(
NL-NR)/

(
NL+NR

)
=PA 

becomes 

R*{PA(t)Mt')«tLMt))/ 

(lt(PA(tMt')Mt +PA(f))6tL) . 

Approximating to first order in it, 

R = PA(t)t((l-PA{t)Mt')Mt) - PA*(t))itL , 

where A' is the slope of A in scattering angle. Using 

only the two horizontal arms at 12 degrees, P=R/A(12 deg) 

and Ep, the error in P, is given by 

Ep= ((1-P
2A2)/(NL+Nr))°*

5 / A . 

Comparing the four horizontal plane arms gives R^ for 12 

degrees, and R^g for 16 degrees, so that 
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R12=PA12 + (1'PA12 )(<r'l2/<r12 ',St-pA 'l2iX 

and similarly for 16 degrees, where a-1 and A' are the 

slopes of cr and A in angle, evaluated at the angle of in¬ 

terest. To first order in 4t, PA4T = R<5T ; therefore, 

solving the simultaneous equations for P and <St gives 

P=(R12Y16"R16Y12 

(A12Y16"A16Y12} • 

where Y= ( 1-R ) (<r 'J<r )-R( A '/A ) . Similarly, 

éT=(A12R16-A16R12)/ 

(A12Y16'A16Y12> 

The absolute measurement of the polarization is limited 

by calibration uncertainties to a 1% accuracy. The sta¬ 

tistical error of counts accumulated determines the accu¬ 

racy of relative polarization measurements by the polar- 

imeter over a period of time. The general form of the 

8 
error in relative polarization when both scattering an¬ 

gles are used is 

EVE\2
(<P/*R 12 >2*E2R16<

4P/iE16 >J 

for R^-j and R^g uncorrelated, as is the case. The gener¬ 

alized error formulae can be found, with the following 

definitions allowing an improvement in the following 

equations' clarity: 

g=<r 7<r+A '/A, 
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and 

f = 0- ' l tj— ( ar '/or+A '/A )R 

Then 

P=N/D=(R12f16-R16f12)/ 

(A12f16_A16f12 

which defines N and D, and 

4P/4R12Mf16*R16g12)/D 

- NA16g12/D
2 

and 

> 

4P/4R16=-(R12g16*f12)/D 

♦ NA12g16/D2 . 

See figures 3 and 4 for sensitivity curves based on these 

formulae showing accuracy versus integrated counting rate 

totals . 
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Figure 3: The polarimeter sensitivity to beam polariza¬ 
tion is plotted as a function of the total counts obta¬ 
ined in the four telescopes of the horizontal plane of 
the polarimeter. Plot "a" shows the inclusive scattering 
result, while plot "b" shows the theoretical result if 
all elastically scattered protons could be counted with¬ 
out counting inelastics. 

(a) POLARITY SENSITIVITY : INCLUSIVE P-C 
□ BEAM P*0.6 
o BEAM P=0. 7 
A BEAM P*0.8 
+ BEAM P»0.9 
X BEAM P-1.0 



Figure 3(b): 

POLARITY SENSITIVITY : ELASTIC P-C 
D BEAM P«0.6 
O BEAM P-0.7 
A BEAM P-0.8 
+ BEAM P-0.9 
X BEAM P-1.0 

o 
CD 



Figure 4: The sensitivity of the polarimeter to beam 
angle deviations is plotted as a function of total counts 
in the four horizontal plane telescopes. 
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BEAM ANGLE SENSING 
D BEAM P*1.0 
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CHAPTER 3 

DESIGN CONSIDERATIONS 

The choice of angles for the polarimeter arms has 

been made with the following priorities: 1) The maximum 

possible polarization determination efficiency is obta¬ 

ined. 2) The two horizontal scattering angles are suffi¬ 

ciently separated so that the one inch wide scintillators 

do not shadow scintillators of a different angle's tele¬ 

scope from the target, to prevent secondary scatters from 

small angle deflections from enhancing background rates. 

3) The cross-sections are sufficient to allow reasonably 

small solid angles in each telescope. 4) The sensitivity 

of the polarimeter to beam deviations is maximized. 

The available data on proton-carbon scattering is 

studied. The elastic 200 MeV cross-section and analyzing 

g 
power are shown in figures five and six . The inclusive 

p-C analyzing power is shown in figure seven*** for the 

nearest energies available. The 200 MeV analyzing power 

is approximated in this reference as 

18 



Figure 5: The elastic 200 MeV proton-carbon 
cross-section versus lab angle is displayed as it was 
measured in reference 9, 
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Figure 6: The elastic 200 MeV proton-carbon analyzing 
power versus lab angle is shown as measured in reference 
9 . 
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Figure 7: The inclusive proton-carbon analyzing power as 
a function of lab angle for 211 MeV and 179 MeV is shown 
as displayed in reference 10. 
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A(T )=(1.639sint )/(1+7.462sin21 + 1.425sin4t ) . 

The inclusive cross-section as a function of angle is ob¬ 

tained from theta-phi distribution polarized beam meas¬ 

urements at Los Alamos Scientific Laboratory through B. 

E. Bonner. See figure 8. The dependence on theta is 

obtained by summing the data in phi^. The choice of the 

12 degree angle is based on a maximum in the elastic ana¬ 

lyzing power of A=0.99, and in the inelastic analyzing 

power of A=0.61, and on the fact that its cross-section 

is sufficient to obtain a high counting rate when only 1% 

of the beam anticipated at the AGS linac is intercepted 

by a carbon filament target. It is expected that the po- 

larimeter preferentially samples elastically scattered 

protons, since particles with energies below about 30 MeV 

will be stopped before the second scintillator and the 

discriminator thresholds cut particles depositing very 

little energy in the second scintillator, as well. Small 

angle deflections in the first scintillator also affect 

the slower protons more. In chapter 6 details of the re¬ 

sults of ranging techniques to preferentially select 

elastically scattered protons are presented. The re¬ 

quirement that scintillators not overlap results from the 

energetic considerations of elastic proton ranging, where 
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Figure 8: The inclusive 200 MeV 
cross-section is plotted against lab angle 
shown are based on that of reference 11. 

Inclusive p-C Cross-section 
□ From 8. Bonner 

$ I + $ 

16.00 20.00 21.00 
Scattering Angle (deg) 

proton-carbon 
. The data 

26.00 32.00 
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a few MeV count. This requires that the second angle be 

at least 13.1 degrees, and the minimum obtainable radius 

of the defining scintillators from the target combined 

with the decreasing cross-section as a function of incre¬ 

asing angle implies that the angle must be less than 16.9 

degrees to obtain a counting rate similar to that of the 

12 degree arm. The 16 degree angle is chosen because its 

o-'fa- value is the most different from that at 12 degrees 

of the angles in the allowed region, and because it has 

A'/A near the value at 12 degrees, yet it is still near 

the maximum angular difference allowed by the constra¬ 

ints . This gives the maximum beam deviation sensitivity. 

Pertinent quantities for the polarimeter based on exist¬ 

ing p-C data are shown in table 1. The back scintillator 

of the 12 degree telescope, at a radius from the target 

of 30 in, occupies a 0.5556 millisteradian solid angle 

and has a count rate proportional to 

AOdo-/ dO= ( . 3 0 6 barns/s r )(. 500 sq in)/(30 in)^ 

=0.1700 millibarns . 

The forward scintillator of each telescope is 3.43 

inches nearer to the target and is the same size as the 

back telescope. Thus it is overmatched, i. e. it occu¬ 

pies a larger solid angle as seen from the target than 
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Table 1: Polarimeter design parameters as deduced from 

existing data on proton-carbon interactions at the appro¬ 

priate energy. 

A 

A ' 

er 

<r 1 / cr 

A '/A 

9=12 degrees 

0.6061-016 

0.002±.110/deg 

306.tS2.mb/sr 

-74.1+46.8 mb/sr/deg 

-0.247±.163/deg 

0.004t.180/deg 

8=16 degrees 

0.533±.020 

-0.037*.250/deg 

141.±25. mb/sr 

-25.4±18.5 mb/sr/deg 

-0,180t.135/deg 

-0.069±.469/deg 
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the back scintillator. The radius of the 16 degree back 

counter is chosen so that its 1 count rate is equal to 

that of the 12 degree arm. This occurs when 

do-/dO AO = 0.1700 mb, 

so substituting from table 1, 

141 mb/sr (.5 in2)/r2 = 0.1700 mb , 

which implies that r=20.5 in. to within the accuracy of 

the known cross-section values, which is about 10% . 



CHAPTER 4 

POLARIMETER CONSTRUCTION 

The polarimeter consists of a vacuum box connected 

to the linac beam pipe, a target positioning mechanism, 

and four wings supporting six scattering telescopes. 

(See figure 9.) The vacuum box is constructed entirely of 

stainless steel, chosen for the relative ease with which 

it can be welded vacuum tight. In the subsequent discus¬ 

sion, dimensions are in inches unless otherwise speci¬ 

fied. The box, which is square when viewed along the 

beam axis in order to symmetrically support the wings, 

has outer dimensions of 5.75 x 6.75 x 29.50, being built 

of .50 thickness plate. It has 2.00 x 27.00 windows cen¬ 

tered on each of the four faces parallel to the beam line 

(see fig 10). The windows consist of aluminized mylar, 

which has a .002 thickness mylar center with .002 

thicknesses of aluminum bonded onto each side. Mylar 

O-rings of .005 thicknesses are coated with a thin layer 

of high vacuum grease on both sides and placed against 

27 
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Figure 9: Part "a" gives a view of the polarimeter along 
the beam axis. The near flange is removed and the tele¬ 
scope mount plates are attached, with the right twelve 
degree telescope in position. Part "b" indicates how the 
plates are fastened to the vacuum box. Five bolts pass 
through holes cut through each plate and into 
blind-tapped holes in the vacuum box. 

Figure 9(a): 
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Figure 9(b): 

O 
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Figure 10: A side view of the vacuum box indicating all 
important dimensions is shown. 
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the vacuum box so that holes in the O-rings are aligned 

with blind-tapped screw holes in the vacuum box. The 

aluminized mylar window is pressed against the O-ring by 

a steel window frame. See figure 11. Each window frame 

is attached to the vacuum box with 39 screws. The mylar 

O-ring extends only over the extent of the window frame, 

so that in the vicinity of the screw holes, the vacuum 

seal is made in a .125 width. The aluminized mylar has 

matching holes, so that the screws pass through the win¬ 

dow frame, the aluminized mylar, the mylar O-ring, and 

into the box. The surface of the box that contacts the 

mylar O-ring is polished with "400 grit" sandpaper. The 

window frame provides tensile strength and sealing pres¬ 

sure to the window cover of aluminized mylar. The scat¬ 

tered beam particles escape through the windows to the 

detectors outside. The vacuum box is attached to the 

beam pipe by a 7.00 length of 6.00 diameter steel pipe 

with 0.06 wall thickness and with a high voltage vacuum 

flange on the upstream end. This flange is known as a 6" 

LAMPF Standard and also as a 4" Standard High Voltage En¬ 

gineering flange. See figure 12. A similar 12.50 long 

pipe with flange occurs on the downstream end of the va¬ 

cuum box. The target holder mounting pipe passes through 
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Figure 11: The method of sealing the scattering windows 
vacuum tight is to put bolt pressure on a steel frame 
that presses an aluminized mylar window and a mylar 
O-ring against a polished steel surface. 

V 



Figure 12 : The end flanges of the polarimeter are ident¬ 
ical and as shown here. A rubber O-ring is held on this 
flange by inner and outer metal O-rings shown below. 
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the box at a 45 degree inclination to the horizontal. 

See figure 13. It is centered so that the target is 

placed in the beam line at a distance of 2.315 downstream 

of the outer upstream wall of the vacuum box. The tar¬ 

gets are carbon filaments of varying thicknesses for dif¬ 

ferent beam intensities. They are .010 wide and 2.0 tall 

as presented to the beam, with thicknesses of .020 to 

.150 covering the expected range of polarized beam AGS 

linac intensities. Up to three targets can be supported 

in a steel frame attached to the target holder arm, which 

extends from the target motor into the vacuum box through 

vacuum bellows. The targets are attached to the steel 

mount by having one end epoxyed to a positioning block on 

one side of the steel mount's beam hole, while the other 

end is held against a positioning block on the other side 

of the beam hole. The stepping motor, which is computer 

controlled, drives a threaded rod with a travel of 6.56 

to which the steel target mount is rigidly fixed by two 

screws. The reproducibility of target positions is 0.001 

when the motor is fully retracted to a microswitch stop 

then repositioned. The motor controller travel tran¬ 

slates into a range of 0 through 16400 motor steps of 0.4 

thousandths of an inch each. A second pipe opposite to 
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Figure 13 : 
with filament 
to the vacuum 

The target drive shaft and a target 
targets mounted in it are shown in rel 
box in this view along the axis . 

frame 
ati on 
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the target holder allows full travel of the present 

motor, and would additionally allow insertion of other 

targets if more desireable analyzing powers are deter¬ 

mined in the future. Meanwhile, the opening of the sec¬ 

ond pipe is capped vacuum tight. The motor responds to 

control electronics under the direction of the on-line 

analysis computer. Microswitches at each end of its al¬ 

lowable travel automatically halt the motor's movement. 

The complexity of this assembly makes vacuum sealing dif¬ 

ficult, but the system has been leak-checked with helium 

to a level of 10-^ torr, and shown to hold its seal after 

a thousand mile truck ride in a wooden packing crate. 

The polarimeter is elevated to beam height by two steel 

stands, which are bolted to the floor for stability. See 

figure 14. Each stand supports a ring mount that fits 

the pipes protruding from each end of the vacuum box. 

See figure 15. The support points are four inches inward 

from each of the end flanges. 

A main consideration in the construction of the 

scattering telescopes was the thickness of the scintilla¬ 

tors and the quality of the light pipes required to en¬ 

sure detection of as large a fraction as possible of the 

protons scattered through the telescopes. The 



37 

Figure 
s tands 
bilize 

14: The polarimeter rests atop two steel floor 
similar to the stand shown here. Ring stands sta- 
the polarimeter on these stands. 
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Figure 15 ; The ring stands shown bolt to the floor 
stands of figure 14. The six inch pipes protruding from 
each end of the polarimeter are clamped by the adjusting 
screws of the ring stand. 
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scintillator employed is NE-102 plastic scintillator. 

The light pipes consist of plexiglass G acrylic. All 

permanent scintillator to light pipe and light pipe to 

light pipe connections are made with NE-581 optical ce¬ 

ment, due to the similarity of its 1 refractive index with 

both these materials ' indices. The glued connections are 

made between surfaces roughened with ”600 grit" sandpa¬ 

per. The scintillators and light pipes are polished opt¬ 

ically smooth (i. e. objects viewed through them show 

no noticeable fuzziness or distortion) with 0.3 micron 

aluminum oxide grit on all but the glued surfaces. The 

configuration is discussed momentarily. The entire as¬ 

sembly, except for the surface that interfaces with the 

photomultiplier tube (PMT), is wrapped in aluminum foil 

after gluing, and is made light tight by coating all sur¬ 

faces parallel to the PMT axis with black rubber heat 

shrinking material that is .05 inches thick. Surfaces 

remaining exposed after this procedure are wrapped in 

black tape so that black materials overlap along all 

edges. The light pipe to PMT interface is coated with 

optical coupling compound and springs press the PMT face 

against the bound light pipe, so that there is pressure 

between them. 
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The refractive index of the scintillator is n=1.581, 

and that of polished aluminum is n=221 . , while that of 

the air between the scintillator and the aluminum is 

12 n=1.000 . Snell 's Law then implies that at interfaces 

between materials, 

sin B / sin C = nc / n0 , 

where B and C are the angles of incident and transmitted 

photons, respectively, to the normal to the interface. 

For B > sin ^(n^/ng) , all photons are trapped in medium 

B. In the design used here, the direct view of the PMT, 

with no reflections required for the photon to strike the 

phototube's face, occupies only a twentieth of the solid 

angle seen by a photon generated in the scintillator. 

The refractive indices imply that photons are trapped for 

B larger than one-half degree, so about 0:5% escape per 

reflection. Thus for twenty reflections before entry 

into the PMT, the collection of photons is about (.995 )^ 

efficient. Therefore, over 90% of the photons generated 

are collected at the PMT. The interaction of scattered 

protons with the scintillator material is via molecular 

and atomic electron excitation and ionization. From 

Segre ' * , the energy loss of a proton due to ionization 

is 
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-dE/dx = ( 4ire4N /(m v2 ) } log(m v2/( I ( l-^2 } ) ) 
6 6 6 

The electron density for NE-102 is given in reference 13 

2 3 3 as N =3.39x10 /cm and the proton's velocity is v=.208c. 

-2/3 Segre ' gives 1 = 9.1Z(1+1.9Z ' ) eV as the mean ionization 

energy of a material 's electrons. For NE-102 the average 

Z= 3.65 so 1 = 59.8 eV . Then 

-dE/dx = 4.5 MeV/cm , 

and the NE-102 photon production efficiency in the wavel¬ 

ength range of 410-470 nanometers requires that one pho¬ 

ton be produced per 100 eV of energy deposited. Thus, in 

.25 inches of scintillator, 30 photons are produced by 

each proton as it traverses the scintillator which 

possesses an initial kinetic energy in the range of 

150-200 MeV. Thus for PMT's sensitive to a few photons, 

a photon collection efficiency of 90% ensures that every 

proton will be counted. The design elected has a 0.250 x 

0.500 x 1.000 scintillator attached at a 0.250 x 0.500 

surface to a 0.375 x 0.500 end of a 0.375 x 0.500 x 1.050 

piece of acrylic, which is attached at its 1 other 0.375 x 

0.500 end to a 2.000 diameter, 2.000 tall acrylic cyl¬ 

inder. The 0.5 x 1.0 face of the scintillator is perpen¬ 

dicular to the scattering angle vector from the target 

appropriate to the 12 or 16 degree angle monitored by 
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that scintillator. The acrylic rectangular 

parallel-piped is glued into a 0.250 deep x 0.378 wide 

trench milled along a diameter across a flat face of the 

cylinder. The opposite face of the cylinder is brought 

into contact with the face of the PMT under spring pres¬ 

sure. An optical coupling compound, Dow Corning 20-057, 

is spread thinly between the cylinder and the PMT to en¬ 

sure good optical contact. 

A consideration related to the photon production and 

collection efficiency is the result of small angular de¬ 

flections of the proton as it passes through the first 

scintillator, which result from its interactions with the 

material's electrons, that could cause a significant 

number of protons to miss the second scintillator. This, 

in addition to time resolution, is why very thick scin¬ 

tillators providing large numbers of photons per proton 

are not used. The mean of the square of the deflection 

is 

<8
2
>=8ITN dx Z2e4/(v2p2) e 

x log( 2h2Ze2/( mee
2Z^^vp ) ) , 

and for a 200 MeV proton in plastic scintillator, the re¬ 

sult is 

<}s}>=3.5 degrees . 
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Due to overmatching of the forward scintillators to the 

corresponding back scintillators, some compensation from 

inward scattering in the outer edges of the forward scin¬ 

tillator occurs. The losses due to outward scattering in 

the coincidence region of the forward scintillator are 

still larger. The overmatching in the 12 degree tele¬ 

scopes is 0.5 degrees for the 0.25 x 0.5 edges, and 1.1 

degrees for the 0.25 x 1.0 edges. Therefore, small angle 

scattering, after correction for overmatching solid an¬ 

gles, should result in about a 1.5% reduction in the co¬ 

incidence rates for the 12 degree telescopes. For the 16 

degree case, overmatching is 0.8 and 1.7 degrees in the 

same order as above, so anticipated losses in back rates, 

and hence in coincidence rates, will be about 1.2% due to 

small angle scattering. Note that overmatching implies 

counting rates in the forward scintillators are 1.28 

times higher for 12 degrees and 1.45 times higher for 16 

degrees than the rates observed in the back scintilla¬ 

tors. The range of 200 MeV protons in air is 800 feet, 

so scattering and losses in air are negligible for this 

consideration at a range of two feet. The scattering 

chamber windows are 0.006 thick, so they are also negli¬ 

gible for this calculation in effects on proton energy 
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and direction. 

The photomultiplier tubes are model RCA 8575, chosen 

for their time resolution of 2.5 nanoseconds. Tubes and 

scintillator wrappings have been tested against light 

leaks and for pulse shapes and heights with a bismuth 207 

beta source. Twelve tubes have been selected for the po- 

larimeter, on the basis of self-consistency in counting 

rates observed with the source, with two more tubes act¬ 

ing as spares. Similarly, twelve scintillators are 

paired with these tubes, with two more for the spare 

tubes. The tubes and scintillators are paired to produce 

5% consistency in counting rates when placed at a two 

inch distance from the test source. The spares are con¬ 

sistent at a 10% level with these tubes, but this should 

present no difficulty when the incident particles are 200 

MeV protons , since copious photon production will over¬ 

come tube gain differences of 10% for the source's low 

energy beta particles. The PMT's are mounted on fast 

bases made by J. Buchanan at Rice University. The pho¬ 

totubes and bases are wholly contained in a 2.250 inner 

diameter, 0.05 inch wall thickness, soft iron cylinder, 

and the PMT itself is additionally inside a model 218 

Conetic mu-metal magnetic shield. The acrylic cylinders 
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are mounted via pressure rings around them to the 

shielding cylinder, so that the PMT is forced inside the 

shielding at a distance of one inch against a spring in 

the base. This guards against penetration of magnetic 

fields into the tube due to fringe fields near the open 

ends of the sheilding cylinder. Shielding is neccessary 

because of the PMT's sensitivity to magnetic fields. 

Photoelectron emission when photons produced in the scin¬ 

tillator hit the tube 's photocathode result in low energy 

electrons accelerated to the first dynode to begin the 

electron cascade which yields a pulse at the anode. The 

initial electrons can be deflected by fields as low as 

one gauss in the transverse direction. Thus shielding 

must be adequate to prevent influences from fields of the 

linac 's magnet string. 

During normal operation, the option exists for using 

a fanned-out PMT signal that goes directly to an ADC, and 

sampling the ADC output in order to monitor tube perfor¬ 

mance and detect failures. The ADC cannot process every 

signal at anticipated rates, so that a sampling clock 

with a 100 nanosecond dead time would be required. Of 

course, tube misbehavior will be detectable in the ob¬ 

served coincidence rates that will be monitored for 
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assymetry calculations . 

At the AGS, it may prove neccesssary to shield the 

scintillators from particles produced upstream of the 

target in beam particle on beam pipe collisions as would 

result from large beam haloes that could exist. This can 

be accomplished by placing a sturdy table beneath the 

polarimeter's upstream beam pipe and stacking lead bricks 

around the pipe and out to the radius of the farthest 

scintillators to a thickness of 3.5 cm . 

The survey of scintillator positions is performed 

optically. A pair of lucite panels, which fit snugly to 

the end flanges of the polarimeter and are positioned 

with locating pins have cross-hairs scored on them which 

together define the axis of the polarimeter, and its hor¬ 

izontal and vertical directions. Placing a telescope at 

a distance of 10 feet from the near flange and on the po¬ 

larimeter axis so that its 1 cross-hairs align with those 

of both lucite panels defines an x-y plane for the polar¬ 

imeter. The z position of the scintillators is deter¬ 

mined by a mechanical system that caps both ends of the 

polarimeter and has pins to locate scintillators in z 

(along the polarimeter axis). The scintillators are then 

positioned in x and y with the telescope. First the 
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tubes, which are mounted on "vee" blocks, are shimmed 

with 0.005 thick mylar, wrapped around the outer cylinder 

sheilding of each tube, until the scintillator is cen¬ 

tered on the horizontal or vertical axis of the polarime- 

ter. All tube shields are separated from the vee blocks 

with mylar, so that each tube is electronically floating. 

The tubes are grounded by their power and signal cables. 

See figure 16. The vee blocks are bolted to a 0.50 thick 

aluminum plate (see fig 17) which is bolted to the 

polarimeter's vacuum box and located on the box with po¬ 

sitioning pins . This allows the polarimeter to be disas¬ 

sembled into the vacuum box and its four PMT support 

plates for ease in shipping. The cylinders rotate in the 

vee blocks, so that scintillator rotation must be defined 

with the mechanical pin system that clamps to the polar¬ 

imeter. Note that the functions of this mechanical sys¬ 

tem can be performed with optical surveys, but that is 

more time consuming. The tubes are then brought to the 

proper distance outward from the axis of the polarimeter 

by telescopically measuring the distance from box axis to 

scintillator edge nearest the axis. A ruler is positi¬ 

oned through the vacuum box (windows are off) so that its 

value at the polarimeter axis can be read, and it 



48 

Figure 16: Each scintillator telescope pair is 
on a separate aluminum plate as shown. 

mounted 

1.000 
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Figure 17: The 
plates shown here 
either 12 or 16 
directly onto the 

telescope plates are mounted onto larger 
via the six screw holes appropriate to 
degrees. These large plates then mount 
polarimeter vacuum box. 
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protrudes through the box and beyond the scintillator 's 

lower edge. The difference between the ruler reading at 

the axis and that at the edge of the scintillator can be 

calculated to locate the scintillator properly. Knowing 

the angle and radius of the scintillator center, a and R, 

and the dimensions of the scintillator, the innermost 

edge should appear at 

R sin a - .125 sin a -.5 cos 8 = X 

The resulting values for the innermost scintillator edges 

to the polarimeter axis are 5.722 for the back 12 degree, 

5.009 for the forward 12 degree, 5.135 for the back 16 

degree, and 4.190 for the forward 16 degree scintilla¬ 

tors. The ruler is not at the same z position as the 

scintillator bottom edge, so that telescope tilt must be 

taken into account. The final ruler value at which the 

scintillator's bottom edge is aligned is 

X(pol. axis) + Z(scint. edge to ruler)xtan(telescope 

elevation angle) + X(calculated off axis amount) 

This is done with a ruler that is marked at .010 inter¬ 

vals . The scintillator survey has an overall x-y posi¬ 

tion accuracy of .010, while that of the z position is 

.020 . 



CHAPTER 5 

POLARIMETER CALIBRATION PROCEDURES 

The polarimeter calibration has been conducted at 

the Indiana University Cyclotron Facility on December 13 

and 14, 1982. Upon arrival at the cyclotron facility, 

the polarimeter is vacuum tested and its scintillator po¬ 

sitions are checked with an optical survey. The polarim¬ 

eter is then installed in the cyclotron's "swinger" beam 

line. Surveying the polarimeter axis for alignment with 

the beam axis is performed with the scribed lucite end 

caps to an accuracy of .010 inches. The maximum angular 

deviation of the polarimeter from the optically defined 

beam axis within the error of the survey is 0.4 millira- 

dians . Beam position monitors, consisting of scribed 

scintillators mounted on plunger arms at a 45 degree 

angle to the beam, which are inserted into the beam, are 

viewed in the control room through remote cameras mounted 

in the plunger's away side pipe. The monitors occur just 

upstream and just downstream of the polarimeter and its 

51 
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vacuum bellows, so that center to center separation is 69 

inches. The beam spot typically has a 0.5 cm mean diame¬ 

ter, but fluctuates in size by 0.1 cm of diameter over 

periods of an hour. The beam is roughly elliptical in 

shape, with a major axis on the horizontal and a minor 

axis on the vertical. The ratio of major to minor diame¬ 

ters varies from one to three over periods of about one 

hour. The beam polarization is destructively monitored 

at intervals of a few hours. The polarization is detect¬ 

ed prior to injection into the main stage cyclotron by a 

helium target polarimeter when the proton energy is 15.2 

MeV, where this polarimeter has an analyzing power of 

0.992 . Cyclotron studies have shown that beam polariza¬ 

tion changes by less than one percent between this point 

and the polarimeter location. The beam spot monitors 

allow determination of the position of the centroid of 

the beam to an accuracy of .050 at each monitor, for an 

angle accuracy of 1.4 milliradians. This error margin 

increases if complex trajectories manifest themselves 

between beam spot monitors, but in the absence of magnets 

in the immediate vicinity of the polarimeter, the error 

quoted is realistic, as it applies to straight line tra¬ 

jectories. The appearance of on-axis centroids at both 
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monitors and use of a standard beam tune indicate that 

this error may be lower. 

The target holder can support three targets. For 

the calibration run, two carbon filament targets are 

mounted. Each is .010 wide and 1.8 long as presented to 

the beam. Their lengths along the beam axis are 0.020 

and 0.150 . The targets are fastened to the target hold¬ 

er with a drop of five minute drying time epoxy at one 

end for each filament. The .150 target broke during the 

calibration, so data from it is unusable. Target optical 

survey positions are determined for each of the three 

target slots in units of target stepping motor steps, 

which are linearly related to the distance of target 

plunger extension into the polarimeter. Each step is 

0.0004 in plunger motion. The centers of these target 

slots should be substantially the same in the event of 

device disassembly and reassembly at the point of taking 

the target motor off the vacuum box. The optically sur¬ 

veyed centers are 5840, 10775, and 15710 steps. The tar¬ 

get motor is zeroed by retracting it until a microswitch 

is contacted by the target plunger. This is the position 

of zero steps for the motor. The polarimeter is positi¬ 

oned in the beam line so that the 45 degree target 
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insertion pipe is upstream of the scintillator 

telescopes. As viewed from upstream, the support plates 

for the scintillator telescopes are oriented so that 

plate 1 is down, plate 2 is right, plate 3 is up, and 

plate 4 is left, with the target motor mounted to enter 

the vacuum box from the upper left via the 45 degree 

insertion pipe. Plates 1 and 3 have 12 degree tele¬ 

scopes , while plates 2 and 4 have both 12 and 16 degree 

telescopes. 

The power supply for the PHT's is a 32 channel Le- 

croy model HV 4032 , which is located outside the beam 

tunnel. The power supply is attached to the tubes with 

100 foot long Reynold's cables. The electronics in the 

beam tunnel consist of the PMT's, which are attached to 

linear fan-out 's ( Lecroy model 428A ) via 12 foot RG58 

cables : each fan-out input channel outputs a direct ana¬ 

log signal to the ADC 's outside the tunnel via a 105 foot 

RG58 signal cable, and another output to a discriminator 

along a one nanosecond Lemo cable. The discriminators 

are Lecroy model 623B Octal for the PMT's of plates 1,3, 

and 4, and Lecroy model 161L dual for plate 2 's PMT's. 

These discriminators have a 100 millivolt threshold and a 

10 nanosecond ouput width. The discriminator output 
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signals are connected to the outside by 105 foot RG58 

cables to a second set of discriminators (Lecroy LRS 

model 621L Quad Discriminators ) with 300 mV thresholds 

and 20 ns output widths. Outside the beam line, the dis¬ 

criminator signals run on two nanosecond Lemo cables to 

scalers (Lecroy 2551) and to coincidence units (Lecroy 

LRS model 622 Quad Coincidence) with pairs of inputs by 

telescope pairs. Additional outside discriminator out¬ 

puts run through delays so that the back scintillator of 

a telescope is delayed by 30 ns from the forward one. 

This time interval is chosen because it is the cycling 

time of the cyclotron beam to well within the accuracy of 

the 20 ns discriminator widths. Then each telescope pair 

is again input into a coincidence unit. The undelayed 

coincidence (true count rate) and the delayed coincidence 

(accidental count rate) ouputs are input to scalers. The 

scalers are read at 30 second intervals by the LSI-11 

minicomputer data acquisition system, which also runs the 

target motor controller and records data on disk, if de¬ 

sired. The data collecting program used during the cali¬ 

bration is POLTST, written by J. Clement of Rice Univer¬ 

sity. The motor controller crate has been assembled by 

J. Buchanan also of Rice. It essentially consists of a 
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stepping motor controller (Kinetic Systems 3361) and a 24 

V Raytheon power supply. The motor controller is at the 

end of a command chain . The order is led off by the CRT 

terminal, to which programs are loaded through the LSI-11 

disk drive. It controls a crate controller (KS 3923) 

which feeds through four micro expan units (KS 3824) into 

the LSI jiP booting module ( KS 3823 ), then into a dataway 

display (SEC DD-001 ) and thence into the stepping motor 

controller module. The stepping motor is powered by the 

Raytheon supply and steps are generated in the stepping 

motor module. See figure 18. The motor controller sig¬ 

nals are communicated on a 110 foot 12 conductor cable to 

the stepping motor in the beam line. The LSI-11 con¬ 

trolled crate that contains the stepping motor controller 

also contains the scalers and ADC's, so that only one 

crate controller module is needed. 

For convenience, a shorthand notation of the data 

collected is adopted. All PMT's are designated by their 

location as seen from upstream of the polarimeter, so 

that tubes on plates 1, 2, 3, and 4, which are oriented 

down, right, up, and left of the beam axis, are designat¬ 

ed D, R, U, and L, respectively. In addition, tubes in 

each telescope are distinguished with a 1 for the 
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Figure 18: A block diagram of the electronics used for 
each scintillator telescope to take data during the cali¬ 
bration. The target motor control and beam state signals 
are also indicated. 
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upstream tube and a 2 for the downstream tube. The 16 

degree tubes also have a prime ( ' ) added to distinguish 

them from the 12 degree tubes. Individual tubes ‘ counts 

are then designated, e. g., as LI' for the upstream PMT 

in the 16 degree telescope arm on plate number 4. 

Coincidence rates combine the upstream and downstream 

tubes in a telescope, thus they are designated, e. g., 

as U for the coincidence counts of the 12 degree tele¬ 

scope on plate 3. The accidental coincidences are obta¬ 

ined by delaying the downstream tube before its ' signal 

is input to that telescope's coincidence circuit, and is 

called, for instance, R'D for the delayed coincidence of 

the 16 degree telescope on plate 2. The asymmetries are 

calculated as ALR = (L-R)/(L+R), A^D = (U-D)/(U+D), and 

'R ' = (I* '-R ' )/(I* ' +R ' ) * Symmetric tube and telescope 

ratios are indicated by a division sign (/). 



CHAPTER 6 

CALIBRATION RESULTS 

Calibration of the polarimeter procédés in two 

stages. Unpolarized beam runs measure PMT efficiency and 

instrumental asymmetry. Polarized beam runs measure the 

analyzing power of the polarimeter. The initial measure¬ 

ments of the efficiencies of each PMT for counting the 

scattered protons is performed by seeking a plateau in a 

telescope 's coincidence counting rate as the voltage of 

one of the telescope's PMT 's is varied. Once a plateau 

is found, the PMT voltage is set 150 V above the leading 

edge of the plateau to ensure PMT efficiency. See figure 

19 and table 2 for the results. The companion of the 

tube being balanced is set at a fixed efficient voltage 

for the balancing. After the voltages are set, the .020 

target is swept from the left edge to the right edge of 

the beam in .040 steps to determine instrumental asymme¬ 

try as a function of target position. See figure 20. 

Runs are also taken with the target holder fully 

59 
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Figure 19: The voltage plateau curves 
tiplier tube are shown. The tubes are 
pairs and are labelled in each part of 

for each photomul- 
given in telescope 
this diagram. 
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Figure 19(b) 
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Figure 19(c): 

PMT Voltage Plateaus 

□ L1 * 
O 12' 

r» 



Figure 19(i): 

PMT Voltage Plateaus 
D RI ’ 
O R2 ' 

O 



Figure 19(e) 

PMT Voltage Plateaus 
□ U1 
O U2 
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Figure 19(f): 

PMT Voltage Plateaus 
□ 01 
O 02 

O 
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Table 2: Final voltages for the 200 MeV proton counting 

rate plateaus plus 150 V for insurance of tube efficien¬ 

cy. These are the tube voltages employed during the cal¬ 

ibration. The plate orientations are described as seen 

from upstream, as are the tube positions along the beam 

axis direction. 

PMT location abbreviation Voltage Setting 

plate 1 ; down 

12 deg back D2 1500 V 

12 deg front D1 1700 V 

plate 2 ; right 

12 deg back R2 1750 V 

12 deg front R1 1900 V 

16 deg back R2 ' 1650 V 

16 deg front R1 ' 1650 V 

plate 3; up 

12 deg back U2 1750 V 

12 deg front U1 1750 V 

plate 4; left 

12 deg back L2 1700 V 

12 deg front LI 1650 V 

16 deg back L2 ' 1700 V 

16 deg front LI ' 1650 V 
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Figure 20 : The instrumental asymmetry detected with un¬ 
polarized 200 MeV proton beam as a function of target po¬ 
sition on a horizontal line perpendicular to the beam 
axis . 
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retracted and with an empty target slot in position in 

order to measure background levels. See table 3. 

Typical data at the .020 target position and background 

ratios are shown in table 4. 

Target position changes of .040 correspond to 

changes in the scattering angles of .0764 and .1220 de¬ 

grees for the 12 and 16 degree arms. Due to finite scin¬ 

tillator sizes, the 12 and 16 degree arms subtend 1.910 

and 2.795 degrees respectively, in azimuthal angle, and 

half those amounts in rotational angle about the beam 

axis, as seen from the target. The knowledge of the beam 

current, I, and the target nuclear density of 

22 -3 N=7.772x10 cm , its thickness, dx, and the solid angle, 

dQ, subtended by the scintillators gives the differential 

cross-section 

do-/dO=(dI into dO)/(I N dx dO ) , 
S Câtt 

At 12 degrees, df) = 0.5312 millisteradians and at 16 de¬ 

grees, dO=1.776 msr . The slope of the cross-section 

with scattering angle is then determined by changing the 

scattering angle theta so that 

d2o-/(dOde ) = d2I ../(I N dx dO de ) . scatt 

The errors in these measurements result from low statis¬ 

tics or the systematic error of poor definition of the 
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Table 3: Analysis of the background for the unpolarized 

beam consists of comparing counting rates for the 20 mil 

target in position, the blank target slot in the steel 

target holder in position, and the fully retracted target 

holder. Data are in raw coincidences per 80 nA beam cur¬ 

rent for 120 seconds real time. 

20 mil Accidentals Empty Target No Target 

Target via Delay Holder Slot or Holder 

L 373251 39 1037 95 

R 361809 37 1070 24 

U 386145 23 1054 102 

D 364392 34 868 76 

L ' 447128 41 1481 110 

R ‘ 439956 48 1497 98 

A
LR 

0.015 0 .026 -0.160 0.601 

A
UD 

0.029 -0.193 0.097 0.143 

A
L 'R 

,0 .008 -0 .079 -0.006 0.058 

part 0.9967 0.0001 0.0029 0.0003 
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Table 4: Typical data for the 20 mil target for unpolar- 

ized beam Note that coincidences with no offsetting 

delay are denoted, for example, as L for the LI and L2 

coincidence, where LI and L2 show the counts of those in¬ 

dividual PMT's. The accidental rate coincidence, where a 

telescope pair is delayed so that R1 enters a coincidence 

circuit directly, v?hile R2 enters it after a 30 ns delay, 

is denoted as RD. Raw assymetries, i . e. uncorrected 

for beam polarization, are denoted as , e. g. . Raw 

data are shown in 106 counts for a 500 second run with an 

80 nanoamp beam. 

LI 6.768 L 4.814 

L2 5.466 R 4.649 

R1 7.181 U 4.953 

R2 5.280 D 4.768 

U1 7.303 L ' 5.777 

U2 5.464 R ' 5.710 

D1 7.257 LD 0 .0034 

D2 5.474 RD 0.0033 

LI ' 9.229 UD 0.0037 

L2 ' 6.259 DD 0.0040 

R1 ' 9.792 L 'D 0.0048 

R2 ' 6.076 R 'D 0.0051 
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Ll /RI 0.943 

L2/R2 1 .035 

Ul/Dl 1.006 

U2/D2 0.998 

Ll '/RI ' 0.949 

L2 ‘/R2 1 1.030 

A
LR 

0.0174 

A
UD 

0.0190 

A
L 'R • 

0.0058 

L/R 1.035 

U/D 1.039 

L '/R ' 1.012 
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beam intensity. The error in the differential 

cross-section is 

E2 /«r2 = l/N2 + (dI/I )2 

or 

The error in intensity, dl, is 10% so for statistics of 

4 
true coincidence counts above 10 for N, the error is 

only this systematic value. The error in the slope of 

the cross-section with angle is reduced since beam inten¬ 

sities are normalizable for different target positions. 

For example, the vertical plane telescopes provide such a 

basis for normalization. For statistics of N larger than 

5 
10 the error is due only to the 2% systematic error 

between target positions, which determine the scattering 

angle . 

The primary purpose of polarized running is to find 

the inclusive analyzing power for 200 MeV protons on car¬ 

bon to an accuracy of one percent or better. See table 5 

for typical data. This is accomplished by using the IUCF 

polarimeter to determine the beam polarity of up and down 

spin states, which are cycled at 30 second intervals. 

The data collection is timing-controlled by signals from 

the control room informing which spin state the beam is 

in with a DC signal level. When the beam spin is chang¬ 

ing, another DC level prevents data collection during the 
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Table 5 : Typical data from the 20 mil target for the 75% 

polarized beam with no copper absorbers in place. Raw 

data is shown in 10^ counts for a 500 second run with a 

40 nA beam current. Data are displayed separately for 

beam spin up and down states. 

spin up spin down spin up spin down 

LI 2.066 5.461 L 1.371 3.904 

L2 1.675 4.360 R 3.599 1.412 

R1 5.092 2.162 U 2.317 2.847 

R2 3.859 1 .577 D 2.706 2.293 

U1 3.414 4.401 L ' 1.864 4.437 

U2 2.542 3.312 R ' 4.109 1.947 

D1 3.964 3.408 LD .0005 .0032 

D2 3.023 2.593 RD .0030 .0006 

LI ' 3.283 7.027 UD .0015 .0023 

L2 ' 2.088 4.750 DD .0021 .0018 

R1 • 6.756 3.572 L 'D .0009 .0041 

R2 ' 4.534 2.392 R 'D .0048 .0012 

spin averaged 

Ll/Rl 1.038 A
LR 

- .4482 .4688 

L2/R2 1.110 A
UD 

-.0778 .1078 

Ul/Dl 1 .060 A
L *R 

, -.3756 .3899 

U2/D2 1.042 L/R .381 2.765 
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L1 '/RI ' 1.010 U/D .856 

L2 7R2 ' .985 L 7R ' .454 

1.242 

2.278 
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unstable period. The beam structure is the same as for 

unpolarized runs, i. e. 30 ns dead time between 5 ns 

beam spills . The data runs are typically of 5 to 10 mi¬ 

nute durations, so that statistics exceed 10^ coinci¬ 

dences per telescope per run. Several runs are taken to 

determine the stability of the beam polarity. The re¬ 

sults are given in table 6. The analyzing power of the 

telescopes at a given angle and in a given plane is given 

by 

P A(e) = (NL-NR)/(NL+Nr) . 

The slope of the analyzing power in scattering angle is 

determined similarly to the determination of the slope of 

the cross-section. The instrumental asymmetries can be 

eliminated by virtue of the unpolarized determination of 

their value, and both instrumental and beam asymmetries 

can be eliminated by taking the difference of up and down 

beam polarizations. This assumes similar phase spaces 

for up and down beams.The error in the analyzing power is 

then 

EA
2
/A

2
=4NRNL/((NR+NL)(NRNl)

2 ♦ Ep2/P2 . 

The polarization is known to an accuracy of 1% via the 

IUCF polarimeter (see fig 21), and knowledge that beam 

depolarization is less than 1% between their polarimeter 
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Table 6: Polarized beam systematic errors are determined 

by making five runs of ten minutes duration so that two 

million counts per telescope are obtained per run. The 

raw analyzing powers are averaged and their standard de¬ 

viation for the five runs computed. The true analyzing 

powers are corrected for the beam polarization, which is 

.7505 + .0035 for the spin down state and .7435+.0055 for 

the spin up state. Statistical errors are .0007xA. 

Raw A True A 

16 deg; no ab sorber 

spin up .3744*.0027 .5036* .0036 

s pi n down . 3891 *.00 38 .5185*.0051 

12 deg; no absorber 

spin up . 44591.00 41 .5997*.0059 

spin down .4688 *.0031 .6247* .0047 

12 deg; 1.91 cm of 

copper absorber 

spin up .5338± .0024 .7180*.0035 

spin down .5484*.0051 .7307*.0070 

12 deg; 3.82 cm of 

copper absorber 

s pin up .6070*.0039 .8164±.0056 

s pin down .6320*. 0035 .8421±.0052 
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Figure 21: The beam polarization as determined by the 
Indiana Cyclotron's 15 MeV polarimeter is plotted against 
time. 

Beam Polarization Stability 
□ Spin Up 
O Spin Down 
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5 
and the Rice polarimeter. Thus for N^+Np of order 10 , 

the error in the analyzing power is due entirely to the 

error in the beam polarization. The angle slope error of 

the analyzing power is similarly limited by the beam po¬ 

larization uncertainty. The analyzing power is addition¬ 

ally observed as a function of target position and the 

angle of incidence of the beam. Breakage of the thick 

target prevents a study of high accidentals rates, but 

observed rates agree with expectations based upon dis¬ 

criminator signal widths at coincidence inputs for random 

coincidences. In addition, ADC curves of the 12 degree 

horizontal telescopes ' defining back tubes are taken as a 

function of copper absorber thickness , where blocks of 

copper absorber are placed between scintillators. The 

analyzing power and relative count rates for the 12 de¬ 

gree horizontal telescopes is studied as a function of 

the thickness of a copper absorber placed between the two 

scintillators of each telescope so that the downstream 

side of the copper blocks touches the upstream face of 

the wrapping tape of the back scintillator. 

The copper absorber is intended to range out all but 

the elastically scattered protons. The thickness of a 

copper block required to do this can be calculated. The 
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proton on carbon elastic collision yields a proton at a 

laboratory angle of 12 degrees with a final kinetic ener¬ 

gy of 

Tp£ = m pTp^(cose+ (mc/mp) -sin a )/(njp+mc) , 

so that with ««^=938 MeV/c^ , and mc=11178 MeV/c^, and 

T .=200 MeV, the result is T f= 199.26 MeV. Therefore, 

the proton loses 0.74 MeV of kinetic energy in its elas¬ 

tic collision with the carbon nucleus. At energies of 

2 
180-200 MeV, the proton loses approximately 3.0 MeV/g/cm 

as it passes through atomic matter with neutron to proton 

ratios of about 1.1 . The kinetic energy losses in 

matter due to interaction with electrons are then approx¬ 

imately given by the formula 

dT=/»x( -dE/dx ) 

=px(3.0 MeV/g/cm^) , 

where p is the density of the material and x is the dis¬ 

tance traversed by the proton in its ' flight through the 

material. The results of this approximation are that .15 

MeV are lost in air, .10 MeV in the target, 0.5 MeV in 

the vacuum box window, and 2.7 MeV in the first scintil¬ 

lator and its' wrapping materials. The losses in the 

copper absorber are complicated by the energy dependence 

of the ionization energy losses by the proton per unit of 
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7 
matter traversed. The energy loss per g/cm“ of matter 

increases as energy decreases. The most accurate numbers 

for the losses in the copper absorbers can therefore be 

obtained from ranging tables. IUCF provided such tables 

14 for copper , from which it is deduced that a proton en¬ 

ergy loss of 185.75 MeV results for 3.82 cm of copper. 

See table 7. The proton then emerges from the copper 

with a kinetic energy of 10.7 MeV. At this energy, 

2 
losses are approximately 30. MeV/g/cm , so that in the 

tape and aluminum wrapping on the upstream side of the 

back scintillator, the energy loss is 1.50 g/cm^ x .10 cm 

2 
x 30 MeV/g/cm , which is 4.5 MeV . The elastic protons 

then retain 6.2 MeV of kinetic energy, which they deposit 

in the second scintillator. Typical data appear in table 

8. It is not the case that ADC resolution of the elasti¬ 

cally scattered protons and those losing energy to the 

first excited state of carbon would be possible. See 

figure 22. This is experimentally seen in the ADC curves 

with 3.82 cm of copper absorber. A variety of copper ab¬ 

sorber thicknesses are employed in a search for the maxi¬ 

mum polarimeter efficiency. 

The analyzing power of the carbon target for the 12 

degree horizontal telescopes increases as a function of 



Table 7: The range of protons in copper as a function of 

proton energy. 
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proton energy (MeV) Proton Range (cm) 

100 1.3178 

110 1.5550 

120 1.8079 

130 2.0759 

140 2.3584 

150 2.6549 

160 2.9649 

170 3.2879 

180 3.6234 

190 3.9711 

200 4.5305 



82 

Table 8: Typical data from the 20 mil target for the 7 

polarized beam with 3.82 cm of copper absorber immédiat 

ly upstream of each of the horizontal plane 12 degr 

back scintillators. Raw data are shown in 10^ counts f 

a 600 sec run with a 40 nA 

spin up spin do' 

LI 1.927 5.620 

L2 0.618 2.805 

R1 4.789 2.173 

R2 2.159 0.592 

U1 3.737 3.878 

U2 2.816 2.901 

D1 3.187 4.049 

D2 2.428 3.114 

LI 1 3.053 7.216 

L2 ’ 1.938 4.877 

R1 • 6.345 3.606 

R2 1 4.033 2.404 

spin averaged 

Ll/Rl 1.084 

L2/R2 1 .245 

Ul/Dl 1 .052 

U2/D2 1.032 

earn. 

spin up spin down 

L 0.414 2.153 

R 1.781 0.446 

U 2.599 2.665 

D 2.167 2.788 

L 1 1.743 4.575 

R 1 3.881 1.979 

LD .0001 .0017 

RD .0013 .0002 

UD .0015 .0015 

DD .0014 .0015 

L ’D .0007 .0036 

R ‘D .0041 .0013 

A
LR 

- .6226 .6566 

A
UD 

.0904 - .0225 

A
L 'R • - .3798 .3961 

L/R .234 4.824 

5% 

e- 

ee 

or 
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L1 '/RI ' 1 .030 U/D 1.199 

L2 '/R2 *1.061 L '/R * .449 

.956 

2 .312 
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Figure 22: The pulse height s 
horizontal 12 degree counters is 
copper is between the target and 
when 3.82 cm of copper absorber i 
stream of each counter. 

pectra of the downstream 
shown in "a" when no 
the counters, and in "b" 
s placed immediately up- 

(a) 

RDC Spectra: No Absorbers 
□ 12 PUT 
O R2 PMT 

o 
o 
o 
00-, 

~1 
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Figure 22(b): 

RDC Spectra: 3.82 cm Copper Absorber 
□ L2 PMT 
O R2 PMT 

o 
o 
O 
CO-, 

"l 
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absorber thickness. See figure 23. At the same time, 

the counting rate is reduced as absorber is added. The 

horizontal counting rates for various absorber 

thicknesses can be normalized to the vertical counting 

rates. See figure 24. The result is that an absorber 

thickness of maximum polarimeter efficiency can be deter- 

2 
mined by maximizing a quality factor of A d«r/dO versus 

absorber thickness. See figure 25. There is a broad 

maximum in the quality factor for absorber thicknesses of 

0.7 to 2.0 cm, but the advantage for polarimeter effici¬ 

ency of using absorbers is not more than 15% in time re¬ 

quired to reach a particular level of statistics. 

To determine the polarimeter ‘s sensitivity to beam 

angle deviations, the beam is sent to the target at a 

1.3+.5 mrad angle crossing from left upstream to right 

downstream. The raw assymetries for the 75% polarized 

beam with the beam on axis are A^ of -.4518 and .4722 

for spins up and down, and A^ , of -.3800 and .3915, in 

the same order. The average raw assymetries are then 

.4620 for 12 degrees and .3858 for 16 degrees. The sum 

of spin up and spin down raw assymetries is .0204 for 12 

degrees and .0115 for 16 degrees. For the beam angle de¬ 

viation described above, A^ is -.4678 and .4561, and 
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Figure 23 : The analyzing 
200 MeV protons on a .020" 
gree telescopes is plotted 
of copper absorbers placed 
back counters. 

power measured at the IUCF for 
carbon target for the 12 de~ 
as a function of the thickness 
immediately upstream of the 

COPPER ABSORBER THICKNESS (cm.) 
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Figure 24: The number of counts in the horizontal 12 de¬ 
gree arms normalized to the vertical 12 degree arms is 
plotted as a function of the thickness of copper absorber 
placed immediately upstream of the back 12 degree hori¬ 
zontal counters. 

Coincidences at 12 Degrees 
□ 200 MeV Protons 

o 

-1 
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Figure 25: The time-efficiency of the polarimeter in re¬ 
aching a given statistical accuracy is maximized when the 
factor of quality given is maximized. This plot indi¬ 
cates that the 12 degree arm is most efficient when .65 
cm of copper is placed immediately upstream of the back 
counters . 

QUALITY FACTOR A* 
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^L'R ’ --3919 and .3779, for spins up and down, 

respectively. The averages are .4624 for 12 degrees and 

.3849 for 16 degrees, and the raw sums are -.0126 for 12 

degrees and -.0140 for 16 degrees. It therefore appears 

that 4A/A is .0009 for 12 degrees and .0023 for 16 de¬ 

grees for a 1.3 mrad beam deviation. The sum of the as- 

symetries of the up and down spin states show changes of 

.070 for 12 degrees and .066 for 16 degrees for the same 

beam deviation. The most sensitive parameter to beam 

angle deviations is the sum of the spin up and spin down 

assymetries . 



CHAPTER 7 

CONCLUSION 

The polarimeter performs precisely as anticipated in 

the design stage. The calibration is complete, and new 

polarimeter parameters have been obtained. See table 9. 

Ranging the scattered protons with absorbers Has been 

thoroughly investigated. The real time required to pro¬ 

vide a beam polarization measurement with only the 12 de¬ 

gree arms to an accuracy of 1% is anticipated on the 

basis of 160 micrsecond beam pulses every 4 seconds with 

10 microamps instantaneous current. The singles rate in 

the forward scintillator is 1.5 times that in the back 

scintillator. For 5 ns resolving time and a 10 mil by 30 

mil carbon target, the counting rate is a MegaHertz in 

the forward counter and two-thirds that in the back 

counter. The accidentals rate is then 1 MHz x .7 MHz x 

(5xl0-^ sec) x (160xl0-^ sec) which is only 0.5% of the 

true counts rate. This overestimates the accidentals 

since most counts are correlated*^. At 200 counts per 

91 
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Table 9: The experimental data of the calibration are 

used to generate a new table of polarimeter design param¬ 

eters , as appears for previously existing data in table 

1. These values apply for 200 MeV protons on carbon. 

Errors are quoted for only one a- since relative <r values 

are accurate to 0.1% . 

9=12 deg e=16 deg 

No Absorber 

A . 6122±.0053 ,5111±.0044 

A ’ .101£.010/deg .061±.009/deg 

<T 325±6Q mb/sr 151 mb/sr 

O' ‘ -89.5±7.2 mb/sr/deg -34.0+5.8 mb/sr/deg 

<r ' j a- - .275j .061/deg -.225±.035/deg 

A */A .165±.017/deg .119±.023/deg 

3.82 cm Copper Absorber 

A .8293±.0054 

A ’ .117j:.011/deg 

cr 149 mb/sr 

<T ' -22.9i4.0 mb/sr/deg 

cr 'Jo- .154±.029/deg 

A ’/A .141±.015/deg 
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beam cycle, a statistical error of 1% in the beam 

polarization is obtained for L+R satisfying 

6P=(1/A )V(1-P2A2)/(L+R) 

-=0.01 . 

For P=.8, this requires 14 minutes real time. The polar- 

imeter is therefore expected to be very useful in polar¬ 

ized source improvement at the AGS. It has already shown 

its potential by assisting in beam development at the 

IUCF. An untested solenoid suceeded in rotating the beam 

polarization prior to cyclotron injection, so that the 

first horizontally polarized beam accelerated in the IUCF 

cyclotron has been demonstrated by this polarimeter. The 

assymetries resulting from a 194 amp solenoid current are 

= -.033, AyD = -.343, and A^ ,R , = -.044, for the 

former spin up state, which is now spin left, and A^ = 

.077, Ayp = .328, and A^ ,p , = .038, for the former spin 

down, which is now spin right. Similar and more funda¬ 

mental contributions are anticipated for this polarimeter 

as the AGS polarized source is optimized. 
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