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This is a proposal to study p-p elastic scattering at 

the highest possible pi at NAL, using a CH2 or H2 target 

placed directly in the extracted beam and a double arm 

spectrometer. We expect to be able to set an upper limit 
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II. Physics Justification: 

This experiment would measure the proton proton elastic 

scattering cross section at the highest possible pt. 
Previous experiments at CERNl , BNL2, ANL3, and LRL4 have 

measured out to 900 at the highest available energies. It 

is generally true that these four accelerators have been used 

more or less to their limits for this measurement. Similar 

experiments are not presently possible at Serpukhov because 

of the lack of a slow extracted beam and ,of long straight 

sections in the ring itse and they are not possible at the 
-- 6

'CERN ISR because the interaction rate is down by at least 10 

relative to NAL. 

There is at present no fundamental theory'which has been 

successful in explaining the dependence of the proton proton 

elastic scattering cross section on momentum and angle. 

Perhaps this is because the measurements have been made with 

-11 -12such small errors over a cross section range of 10 or 10 '. 

Thus these measurements may well be one of the most stringent 

tests of any theory of: strong interactions. 

There have instead ~een many parameterizations and 

phenomenological fits to the data. One such fit proposed in 
dQ't 5

1967 consists of plotting the differential cross section dt ' 

against the quantity t3 2pl where t3 is the c.m. velocity. This 

variable is suggested by an optical model with an interaction 
. dO"'t

region which is a Lorentz contracted sphere. The t ln dt 

----------~ - - ,--



PROTON-PROTON ELASTIC SCATTERING 

10' * CLYDE elol 3-7 Gev/e 
A FOLEY el ot 6-25 Gev/e 
o ALLA8Y et 01. 7-12 Gev/c ond 19-21 Gev/c 
o AKERLOF et 01. 5-13 Gev/e at Oem. 90· 
• ALLABY et 01. 14-21 Gev/c 
.. COCCONI et a!. 11-30 Gev/c 
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5
indicates that some attempt was made to consider the effects 

of particle identity in proton proton scattering near 900 . 

This plot is shown in Fig. 1 which contains all data above 

3 GeV available up to 1970. 

The most dominant feature of the cross section is the 

existence of three remarkably separate regions. In the 1st 

and 3rd regions all energy dependence or Tlshrinkage" appears 

to be removed so far, but in the 2nd region there is still 

some sort of energy dependence, which is not understood. 

These three regions have been interpreted as evidence for: 

a. Three spatial regions in the p-p interaction 

of radii .9f, .5f and .33f. 

b. Single, double, and triple scattering,as in 

the Glauber model of proton-deuteron scattering. 

c. The opening of new production channels; 

specifically: region 1 - pion production; 

region 2 strange particle production; 

region 3 baryon antibaryon pair production. 

The advocates of the multiple scattering model point out that 

there should also be quadruple scattering and thus a fourth 

region and point to the tast two BNL points which lie well 

above the line. Unfortunately these points have such large 

errors that they don't settle this question. Other theorists 

especially Cerelus, Martin and Kinoshita6 have pointed out 

that if the cross section continues to drop as fast as 
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(1)
'" 

then for fixed angle this is essentially an e-s dependence 

which raises some problems concerning the analyticity of the 

scattering amplitude. If however there were a 4th region and 

then a 5th region and so on~ then there would be no problem. 

However the physics justification for this experiment is 

independent of any particular model or fit. It is clearly 

important to study the behavior of strong interactions at the 
2highest p~ possible. A violent probe such as this must give 

insight into the structure of strong interactions. 

III. Experimental Arrangement 

We propose to measure the cross section by placing a 

CH2 or liquid H2 target directly in the extracted beam. The 

two scattered protons will each be detected by one arm of a 

double arm spectrometer. 

The cross section d~ is de rmined from the equation
dS1 

Events = IaNT ~~ ~R (2) 

. 2 
where NT is the number of target particles/cm. The quantity 

Ia is the incident beam '~ntensity which can be determined by 

a radiochemical analysis of the CH2 target looking for the 

spallation reaction 

+ C12p ~ Be7*....... 48 MeV y-ray (3) 

, 

The Be7* nucleus decays with a 77.5 dayimean life which is 

very convenient for counting and rechecking. 

--'-------------- .. -----~--.. ---
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The number of events will be determined by the coincidences 

between the two arms of the double arm spectrometer. Each 

spectrometer consists of magnets for angle and momentum 

analysis and scintillation counters to detect the protons and 

define the solid angle ~n. An important part of each spectro

meter is the septum magnet placed near the target. This acts 

as a steering magnet and allows protons scattered at various 

angles to be steered into the spectrometer without physically 

moving any magnets or counters. The basic concept is shown 

in Fig. 2. 

Fis 2. 

When the proton emerges at g = 

then the septum and B2 ~re turned off and the proton goes 
'-, 

right down the center of the spectrome r. If however gl> go 

then the septum is set to bend inward and B2 is set so that 

it steers the proton along the central axis of the spectro

meter. Similarly if g2 < go then the polarities of the septum 

and B2 are reversed so that the proton is bent outward and into 



-6

the spectrometer. This technique which has been used on 

several experiments3,7 allows protons scattered over a wide 

range of angles to be de cted with a fixed spectrometer by 

merely varying the magnet currents. 

After emerging from the B2 magnet in a narrow cone the 

protons in each spectrometer are then bent vertically up as 

shown in Fig. 3. This provides the momentum analysis and 

also gets the protons up out of the tunnel and to ground 

level where they can be detected by counters with low singles 

rates. As shown in Fig. 3 all magnets can be contained in 

a normal main ring section of the EPB tunnel except for the 

magnets on the large angle side which we propose to place in 

an additional side section of main ring tunnel rv40 feet long 

and coming out at an angle of 450 milliradians. We would also 

require two pipes tunneling up 17 feet from beam height to 

ground level (one of 2 foot diameter and 130 feet long at an 

angle of 130 millirad and the other of 1 foot diameter and 

700 feet long at an angle of 25 millira~. We would also 

require the main ring tunnel section of the EPB to be long 

enough downstream of our target to accommodate our high momentum 

septum magnets (~100 fe~t). These modifications of the main 

EPB tunnel are not free but we believe not excessively 

expensive since they utilize the main ring tunnel modules. 

The CH2 or H2 target will be placed downstream of the 

EPB magnets in a tunnel section of the EPB. Thus all the 

radiation will go forward into the dirt shielding surrounding 
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a pipe sec on of the EPB, and will not cause radiation 

damage to any active elements of the EPB tunnel. We would 

prefer a 1 or 2 cm long CH2 target (1 cm x 1 cm cross section). 

This gives reliable monitoring via the Be7* reaction and the 

high radiation problems are easier to handle than with liquid 

H2 which might boil excessively causing a change in the 

density. The main problem with CH2 is it scatters the beam 

more and could cause some problems downstream in controlling 

the beam. We think that with a 2 cm target which has 4% of 

a collision length and radiation length these problems are 

not excessive. they are judged excessive we would then use 

a 4 cm H2 target (1% collision length and !% radiation length) 

but it would then be much more important to have the beam 

defocused as much as possible at the point where it hits our 

target. If we use CH2 targets we would have a remotely 

controlled wheel with perhaps 30 CH2 targets on it so that no 

target would receive sufficient radiation to lose more than a 

few percent of its hydrogen. 

We plan to cover the pf range' from approximately 

pl- 4 .... 20 (GeV/C)2. It is necessary to have magnets of 

sufficient bending power to steer and momentum analyze the 

protons at both extremes of'this range. A kinematics table is 

shown for 200 GeV/C proton proton elastic scattering in Table 1. 

As shown in Fig. 3 the two central angles for the two spectro

meters were chosen to be Go = 260 and Go = .960 
• We can then 
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calculate the necessary field integrals in the two septums 

for the two extreme cases. 

p2 
PLab GLab G-G P(G-Go ) 1.33 P(G-~ lB. d£.L. 0 

(Gev/c)2 (GeV/C) (degrees) (degrees) GeV/C GeV/C KG-
degrees degrees meters 

12.55 21.2 -4.8 60.2 80 47 
20 

188.4 1.38 .42 79.1 105 62 

2.97 42.6 16.6 49.3 66 39 
4 

198.2 .58 -.38 75.3 100 59 

The factor 1.33 comes from the fact that the distance from the 

second magnet to the septum is 3 times the distance from the 

target to the septum. Thus we see that with two 16 kilogauss 

septum magnets of 3 meters (L ) and 4 meters (Rl ) we can steerl 

all protons into our spectrometer for this entire pi range. The 

L2 and R2 magnets need only be 1 meter long since they only 

bend by 1/4 the angle of Ll and R1 . 

The L3 and R magnets then bend the particles vertically
3

-R4 

for momentum analysis. These must have enough JB. d£ to handle 

the maximum momentQm on each side. 
I 

. Magnet .- Vertical P ¢ JB.d.i.PMax (¢) MaxBend 

GeV/C degrees GeV/C- KG
degrees meters 

R
3

-R4 198.2 1.43 284 166 


12.55 7.5 94 55L3 
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Thus we require R
3

-R
4 

to e be a 5-meter magnet of 17 

kilogauss and L3 to be a 3 r magnet of 18.5 kilogauss: 

All magnets will be describ in more detail in Sect. IV. 

We next discuss the question of resolution in G and P. 

We will define the solid angle (tSl.) on the low momentum 

side (L) since the Jacobian is so much larger on this side. 

The high momentum side (R) will then be overmatched to ac t 

a larger solid angle. The defining.R -counter will be about 
. 3 

2 ft. x 2 ft. at 200 feet from the target so that ~ntab will 

be 10-4 steradians. On the other (R) side the final counter rS 

,will be about 10 inches x 10 inches at 1000 feet from the 

target for an overmatched ~QLab 7 10-7 steradians. The 
. R J L L· 

matched ~Q Lab varles between (~Q Lab)matched = J ~fl Lab 

.32 10-7 ~ 4.5 10-7 steradians. 
R 

We will probably use 10 x 10 hodoscopes of scintillation 

counters on each side to improve the resolution. This would 

give: 

R 
~GLab ~ .07 mr (If) 

~P/P)R ~ -:t .15% (s) 

We feel that this resolution would be sufficient to discriminate 

against inelastic events and events from carbon in the CH2 
target. This can be tested by taking runs with a carbon target 

replacing the CH2 target. In a similar experiment at ANL3 an 

upper limit of 0.1% was set on events of this type. 

'
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We next calculate the estimated counting rate at various 

2values of P~. We estimate the value of the cross section 

X =_ d~/dt f F' 1rom 19. . We assu..me an intensity of: 
dli/dt)G=O 

Io = 1 10~3 protons/sec = 3.6 1016 protons/hour (6) 

The center of mass solid angle is given by: 

fS"l. = JL~)2 L = 10-4 JL (7)cm Lab 

2
The number of target particles/cm is given by: 

(8) 


where No (Avogadro's Number) is 6.02 1023 , f is the density 

of hydrogen protons in CH2 = .13 and t is the target length 

which we take as 2 em. Then we get 

(6.02 1023)(.13)(2) = 1.6 1023 protons (9)NT = cm2 

Similarly if we note that d<1/dt)g=O ~ 10 5 then we get that 

dO") X (10)
dt Q=O 

= 100 10-25 X 
11" 

= 3 10-24 X 

These numbers all go into the equation for the number of 

events/hour. 
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Events/hour 

= (3.61016 )(1.6 1023 )(3 10-24X) (10-4 JL) 
(11) 

1012= 2 JLX 

For various values of pt we tabulate JL and X and then the 

counting rate is: 

Events 
JLpE X hour 

f)4 .13 10-7 
- 104 

5 

10-1110 .5 2 20 500 

12 .8 3 10-12 
5 125 

15 1.0 10-12 
-9" 210-14 2 ..... 04 50 ..,.. 1 

20 1.8 210-13 ____ 10-16 .4 .... 210-4 10 -p. .005 

Clearly our maximum pi depends on whether or not the cross 

section breaks again. However we can set a limit on the 

minimum measurable cross section. If we call the minimum upper 

limit a rate of one event per day then we get a level of 

approximately 10-14 below the forward cross section. 

In the range from pE =4 ....... 20 (GeV/C)2 we would make 

approximately 30 measurements with spacing and statistics that 

2increase with increasing P~. We would average about two days 

of running at each point for a total of 2 months data 

running at 10 = 1013/s~c. Obviously most of the points in the 

range pE = 4 -... 10 could be run with considerably less intensity 

and a thinner target. Clearly this experiment can run 

simultaneously with the main target station downstream since 
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it only depletes the beam by a few %and runs at 200 Gev/c. 8 

We will be ready to start taking data in the Fall of 

1972. 

We expect several more young scientists at the student 

and postdoc level to join this experiment around Fall of 1971. 

IV. APPARATUS: 

In this experiment there are four types of equipment 

that will be required: 

1. Detection counters and electronics. 

2. Magnets, power supplies, and vacuum pipes. 

3. Targets. 

4. Changes in the EPB tunnel. 

We will discuss them separately. 

1. Detection equipment: 

We expect to provide essentially all detectors and 

electronics equipment. A major fraction of this equipment 

will be used on an experiment at the CERN ISR starting July 

1971. We expect that experiment to have finished by Spring 

1972, and will return the equipment to Chicago well before 

Fall of 1972. 

In the unlikely event that the ISR schedule substantially 

delayed, we would duplicate all the specialized items and 

possibly borrow standard scalers and logic from PREP or SHELF 

at ANL. 

The detection equipment is quite simple) consisting only of 

scintillation counters and logic circuitry. The hodoscopes will 
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probably not require a computer. 

2. Magnets etc.: 

We require a total of seven magnets and seven power 

supplies which are listed in table 2. Four of se magnets, 

L2 , L
3

, R
3

, and R4 can probably be standard NAL beam magnets. 

We could certainly change our parameters a little to conform 

to the NAL standards when they become firm. 

The other three magnets, Ll , Rl and R2 are all septums. 

We think that they would be useful for later experiments and 

we would hope that NAL would pay for them. We are again 

prepared to modify them somewhat if that would make them more 

generally useful. We are also prepared to contribute to the 

design of these magnets, if that is agreeable to NAL. We 

roughly estimate the total cost of Ll , Rl and R2 at $100,000. 

The Rl magnet might become too radioactive to be useful for 

future experiments. 

NAL does not consider such septums useful we could 

request additional funding from the ABC to build them ourselves. 

However,we are not very enthusiastic about this approach. 

We think the power .supplies are fairly standard and could 

be provided by NAL. 

The modifications to the EPB vacuum pipe and the helium 

bags for the length of the two spectrometers would hopefully 

be provided by NAL. 



Table 2 Magnets 

MAGNET 
height 

em 

GAP 
width 

em 

OVERALL 
1eng~~___h~igp~width 

m m m 
1engtn 

m 

MAX Bo 

Kilogauss 

COMMENTS 

L1 5 50 3 1.10 1.15 3.3 16 8 em septum 

L2 :?! 12 ~ 20 1 Any Standard Magnet 12 

L3 ~ 16 ~30 3 .8 1 3.75 18.5 	 Possibly 
standard magnet 

R1 2 10 4 .45 .30 4.3 16 	 1.5 em septum 

.. 5R2 5 	 1 .2 .2 1.3 16 5 em septum 

R3-R4 ~ 5 .:::: 10 5 .3 .6 5.4 17 	 Probably 
standard magnets 

EST. EST. EST. MAX. EST. MAX. EST. 

MAGNET WEIGHT COST CUHRENT VOLTAGE POIATER 


TONS 	 AMPS VOLTS KILOWATTS 


L1 55 $55,000 900 400 360 

, 
« 100L2 

30 ($50 ,000) 1000 360 	 360L3 
possib1~ std. 

1406 $30,000 	 800 175R1 

$15,000 	 < 100-- 1~ 

R -R4 9 ($35,000) 1000 425 425 	 eaeh3 prob. std. 
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3. Targets. 

In the event that we use CH2 targets we would provide 

these targets and the target changing mechanism. These 

targets would be quite radioactive so we would expect to work 

in close communication with the NAL radiation safety group. 

The radiochemical analysis would probably be done by the 

radiochemistry group at Argonne. We have worked closely with 

this group in the past. 

In the event that CH2 is rejected and we use a liquid 

hydrogen target, then we would certainly need a helium 

refrigerated target. This would keep the temperature around 

170 or lSoK and minimize boiling. This target could be built 

either at NAL or possibly by the ANL liquid hydrogen group 

which presently has several helium refrigerator units. 

For the reasons mentioned in Sect. III we strongly prefer 

the CH2 target. 

4. Changes in the EPB Tunnel 

As we mentioned in Sect. III we require some modifications 

to the EPB tunnel. We cannot list the exact modifications 

required since we do not have final plans for the EPB tunnel. 

We would work closely with NAL to find the area where our 

experiment could be installed with the minimum difficulty. 

The experiment would probably fit best into one of the 

two general areas shown on Fig. 4. 
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The exact position would depend on avoiding interference with 

roads; buildings, and other obstacles, and the planned 

positions of the beam magnets along the EPB. The dimensions 

of our experiment are shown in Figs. 3a and 3b. They could 

of course be modified somewhat and the high momentum proton 

could come out on the left instead of the right. 

In general the target should probably be placed immediately 

downstream of a set of the EPB quadrupoles as shown in Fig. 3b. 

We believe that the present EPB plan is to have some main ring 

modules (10 foot diameter) for these EPB magnets separated by 

beam pipes (,.., 1 feet diameter) about 500 feet long. By 

placing our target immediately dO\instream of these quadrupoles 

we could utilize the ~ 500 feet of earth shielding to protect 

the downstream EFB magnets from radiation produced in our 

target. 

As mentioned in Section III,we would require an additional 
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-100 feet of main ring modules beyond the end of the EPB 

magnets and about 40 more feet of modules coming out at an 

angle of 26° as shown in Fig. 3. Thus we would require an 

additional 140 feet of main ring modules. One way to estimate 

the cost of this is to note that the main ring of circumference 

20614 feet was estimated (1968 Design Report, 16-6) to cost 

...... $16.6 million. This would give: 

Cost = -2=~=~~~~4- x $16.6 Million ~ $113,000 

The true cost might well be higher than this and would have 

to be estimated by NAL. 

As seen from Table 2 our maximum DC power use would be . 

about 1.9 megawatts. All of this would occur in the 140 foot 

tunnel section since there are no magnets outside of this 

area. The cost of this power will have to be estimated by NAL. 

Our only other requirements are: 

a. Small patches of blacktop on which to 

place our scintillators and electronics 

trailer. 

b. Perhaps lq KW of AC to our trailer which 

is fitted with a 440/110 transformer. 

c. Tents to cover our scintillators which we 

might provide, if necessary. 
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