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I. INTRODUCTION 

Because of the great complexity of hadron interactions 

at high energy, it becomes necessary to seek new ways to 

study high energy collisions. One way is to concentrate on 

the observation in the final state of one of the initial 

particles. The first such reaction to be studied at a 

proton accelerator is of course p+p ~ p+ ... , often written 

as p + p ~ P + XI where X stands for everything other than 
• 

the observed proton in the final state. If the information 

contained in the internal variables of X is ignored lhen 

the reacti~n p + p ~ p + X is uniquely defined in terms of 

three variables, usually chosen to be the three lorentz, 

invariant quantities s (total c.m. energy squared), t 

(square of the 4-momentum transfer from initial to final 

proton) and }~2 (the magnitude squared of the s~m of the 

4-momenta of all particles in X). A new range in s has been 

opened up by the NAL accelerator and the CER::\' ISR. For a 

given s, we have: m 
2 

< ~2 ~ s and 0 < -t ::;; 2s wi, th 
P 

- t ~ !~4;s2 (we use m ~ 1 (GeV) 
2
).

p 
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Extremely limited knowledge was available until very 

recently about the mass spectrum of X and about the t 

dependence of the cross section. In other words, very 

little knowledge was available about the form of the doubly 

differential cross section d2a/dtd~2, nor its energy 

l
dependence. Some first results were obtained at the ISR

but with extremely poor mass squared and t resolution. Also 

those results were obtained for -t ~ 0.3 (Gev/c)2 while the 
. 2 

bulk of the cross section occurs at -t ~ O. 3 (GeV/ c) • 

2Preliminary results with much better resolution were obtained

2by FNAL Experiment E-l4 at 300 GeV for low ~ values and 

3 
som~ information came from the Rutgers-Imperial college 

experiment at FNAL at various energies. 

We shall present, in the following, the results of a 

much improved experirrent performed at the Internal Target Area 

over the energy range 100-400 GeV (E-22l) as well as corrment 

on the results of an attempt to extract information on p-p 

inelastic scattering from p-d scattering, FNAL experiment 

E-l86. Experiment E-22l was performed by P. Franzini and 

S. Childress of Columbia University and by J. Lee-Franzini, 

R. McCarthy and R.D. Schamberger of Su~~ at Stony Brook. The 

results reported here are from a preliminary analysis of the 

data. Many minor corrections have not been taken into 

account and often results will be presented in "arbitrary 

units" rather than mb. This does not in any way affect the 
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conclusions drawn. E-186 was performed by the nubna-NAL

Rochester-Rockefeller Collaboration and the results quoted 

in the following were presented at the London International 

Conference in High Energy Physics. 

At very high energy, the reaction p + P - P + X is 

2
best studied at small t and for ~ < 0.1 s by detecting 

the recoil of the target proton rather than trying to measure 

a very small change in momentum and direction of the beam 

proton. Typically a t value of -0.1 (GeV/c)2 corresponds to 

-3 a scattering angle of the fast proton at 300 GeV, of 10 rad 

and a 5% accuracy in t requires an accuracy in e of 5 x 10- 5 

rad. Similarly! a mass squared accuracy of 0.5 (GeV)2 

requires at 300 GeV an accuracy in momentum measurerr.ent of 

+ 0.08%. If instead one observes the recoil proton then 

t = 2m T where T is the kinetic energy of the proton and p 

M~2 = m 2 - 2m T - 2E. T + 2p. p cos9 from which ct/t = cT/T-x	 P p a n a n r 
2

and c~ ~ 2PPrcG. In other words, a 5% accuracy in t 

requires the same accuracy in the measurement of the recoil 

-3 energy and an accuracy of 2 x 10 rad	 gives an error in 

2 mass squared somewhere around 0.1 (GeV) . In addition, 

the recoil angle is very large (up to ~ 900 
) therefore 

facilitating the measurement. Of course while t~e relative 

accuracy required is much more modest, the range of the 

variables is much larger. In addition, one is fac~d with 

the strange problem in high energy physics of measuring 
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kinetic energies in the range 5 to 100 MeV if one wants to 

2
explore the t range of -0.01 to -0.2 (GeV/c) where the 

bulk of the cross section is located. 

II. EXPERI!>!ENTAL HETHOD 

A. Energy ~~asurement 

Energies of a few MeV are commonly measured in Nuclear 

Physics experiments by stopping the particle in a thick 

semiconductor layer, depleted of charge carriers by the 

application of a suitable reverse bias. The charge collected 

after passage of a particle is proportional to the energy 

lost in the semiconductor. We shall from now on refer to 

the charge collected as the energy E lost in the detector. 

Solid state detectors can measure proton kinetic energies up 

to 30 ~eV '·.'i th accuracy typica21y of + 0.05 MeV. The 
• 

problem with measuring higher energies is simply due to the 

tremendous difficulties (and cost) connected with growing 

silicon crystals thick enough to stop protons of 100 MeV 

or more kinetic energy. 

As we shall discuss later, we use for targets CH and
2 

C, and obtain the proton cross section from subtracting the 

two distributions. This however requires the identification 

of the particles detected since a large number of nuclear 

fragments (H2 , He 3, He4, etc.) are produced in p-cH3, 

collisions. He therefore u s e telescopes consisting of 3 

detectors. See Fig. 1. The first detector is very thin 
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(150 ~) and has charge collection electrodes deposited only 

on a small fraction of its area. These electrodes are 

2 2
rectangular, 4 x 6 rnrn deposited over a Si slice of 150 mm 

area. This detector defines the solid angle and acts as a 

collimator to accept only particles crossing the center of 

the following detectors of the telescope. We had previously 

used tungsten collimators which caused problems with particles 

hitting their edges. A coincidence between the first detector 

and the second one of medium thickness (1000 ~) is required. 

The third detector is 5000 ~ thick. The charge collected 

from all the detectors is stored in analog form for each 

coincidence between the first two detectors. The cor.relatio~ 

between E and E or E and E allows us to identify particle
2 2 3l 

tl~e for stopping particles. The correlation between E and2 

E allows us to also determine the kinetic energy for proto~s3 

fast enough to cross the third counter. A sketch of the 

above mentioned correlations is given in Fig. 2. Figure 3 

gives an actual scatter plot of E vs for events produced2 E3 

by 300 GeV protons in C and CH targets. The energy of a2 

proton stopping in the second detector lS given at the 

entrance into the second detector by T = E For protons2. 

stopping in the third detector, we have T = E + E Finally,2 3. 

for a proton crossing the third detector we still can deter~ine 

its energy. The following is an approximate examp~e: 

The range energy relation is approxiffiately given bv 

Rl• 7= ~T M . 
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Detector 2 Detector 3 

proton K.E.

-~T-E2 I .,TT T-E 2-E3 

< 

Let R' be the residual range, then 

~ Tl . ? - L - L = R' = ~(T-E -E )1.7
M 2 3 M 2 3 or 

This equation cannot be solved in closed form for T but of 

course it can be solved numerically and stored in a table. 

Similarly for a particle stopping in detector 3, ~e can 

solve for the mass 

,a [(E +E ) .... , 
'"l E 1. 7 JM = - .

L I 2 2
2 

•In this way, we are able to measure proton kinetic energy 

up to about 130 HeV with reasona0le accuracy (::;;: 5%) using a 

total thickness of 6150 ~ of Si. It should be noted that 

this extension of a traditional method has never been used 

before. Otherwise 68,000 ~ of Si would have been necessary 

to stop a proton of 130 MeV. All energy measurerrents as 

defined here require correction for losses in detector 

number 1. 
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B. Targe"t 

The target as briefly mentioned consisted of a wheel 

spinning at 65 Hz, on which carbon and polypropelene fiber 

are mounted. Polypropelene = CHZ}n = (CHZ)n rather(CH3-CH 

than polyethelene (also (CHZ)n) was used because of the 

former's superior strength and higher melting point (~ ZOOo C). 

still, because of the high intensity of the internal beam 

at NAL (~ 5 x 1017 proton/sec), the poly fibers would vaporize 

in a fraction of a second if fully inserted in the beam. The 

tips of the fibers were brought into the periphery of the beam 

and kept at the (appropriate height by a "servo" measuring 

the beam target interaction rate. 

The normalization of the C data to the CH data is
2 

perf0rwed by co~nti~g the tot21 number of identified stopping 

deuterons and tritons for both targets. Since this is done 

with the same detectors which are used for detecting protons, 

one obtains the proper product (effective beam intensity) x 

(No. of C atoms) for each target without having to independent~y 

measure beam intensity, dead time and number of C atoms 

for each target. 

C. Angle !-1easurement 

To cover a significant range in }~2, it is necessary 

to cover the angular range 500 to 85° ~hile maintaining a 

good angular resolution. Ne mounted 8 telescopes on a carria~e 

which moves on a circular track whose center is the intera~t~~~ 
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point. The distance between the front detector and the 

interaction point is 850 rom, thus giving an angular resolution 

of ~ + 2.5 mr. The angular separation between telescopes 

is 2.4o • The array thus spans ~ 17o • To cover the angles 

in between the telescopes as well as to cover a large angular 

range the detector carriage is moved to a new position 

typically every hour. 

D.	 Data Reduction 

2a/In order to obtain significant information on d 

dtd~2 
at many energies as well as t and MX 2 

values, it is 

necessary to collect of the order of ~ 109 triggers because 

of the large increase in statistical error due to the sub

traction of C data from CH data. If each event were2 

recorded with the appropriate information on tape, this \vould 

require i) writing of the order	 of 1000 tapes, ii) process 

these tapes through a computer to identify particle type 

and compute recoil energies, iii) histogram events as dN/dT 

for each telescope, iv) compute the normalization and the 

subtraction, v) transform d 2N/d9dT into d2N!dtQ\~2 or 

d20/dtd1v~2 
. Of these points L) is both unpleasant and 1 imi ts 

the data taking rate to the amount of memory available; 

i i ) is howevor the mas t serious disadvantage. In order to 

compute mass and energy as shown before and reduce the data 

to dN/dT for each telescope requires 1 msec of CPU time per 

event in a modern general purpose cc~p~ter such as CDC 6600. 

We therefore built a special purpose computer to perform 

all the algebra shown previously. The main philosophy 
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in the design. of this computer is to have a memory containing 

tables of E vs E for various particle types (tritons, deuterons,
2 3 

stopping protons, crossing protons) as well as T vs £3 for 

crossing protons. Also all the arithmetics are executed by 

individual elements instead of recirculating data through 

the same arithmetic unit. Finally, particle recognition and 

kinetic energy calculation are performed in parallel. See 

Fig. 4. \ihile learning to use such a device which we call 

an "event analyzer", we carre to realize that not only we 

saved ourselves months and months of work on a general 

purpose computer, but that a hard wired special purpose 

corr.puter with large rremory is more easily modified than a 

program. In particular, during a few months we transferred 

all the display and monitoring functions from the PDP-II to 

the "event analyzer". This is done by physically adding 

new functions to the analyzer and thus never interferes nor 

s Lows down the event flow as is the case for a general purpose 

computer. The "event analyzer" output, in the run mode, is 

a single 16 bits word which represents the kinetic energy 

of the recoil, the telescope number or angle, the beam 

energy as defined by 8 gates during the acceleration ramp 

and whether t.he target is C or CH This word is used to
2• 

address and increment by 1 a memory location in the PDP-II. 

Th~s, one directly accumulates in memory a long string of 

histograms of d~/dT for different angles, energies and targets. 
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The processing time for an event varies between 156 and 496 ns. 

The memory contents are dumped onto tape typically every/"'. 

106 triggers to minimize losses due to malfunctions .. The 

8net result is that i) ~ 5 x 10 triggers correspond to one 

full tape: ii) the algebra and histogramming have been perforrred 

on line without any loss of time. 

E. Calibration and Checks 

In reality, we do not use the range energy relation 

given previously, but we do instead calibrate our energy 

scale and the E2 vs E correlation by using the data3 

themselves. The E vs E3 correlation is obtained directly2 

from scatter plots as shown in. Fig. 3. The final scale 

calibration is performed by moving each telescope to 

apprppriate angles and observir.g the elastic scattering peaks , 
whose energies are known from angle. The angle is measured 

remotely with an encoder to 0.3 mr. This calibration is 

performed for each telescope to account for small differences .' 

in thickness and/or amplifier gain and checked continuously. 

F. Resolution in Mass Squared 

At sufficiently low energies the elastic peak becomes 

completely separated from the inelastic continuum. A very 

short run at 55 GeV gave the result shown in Fig. 5. We 

2 2observe a sharp peak in the cross section at ~~ = m and p 

the peak is symmetric. The peak is well fitted by a gaussia~ 

with 0 = 0.01~ (GeV)2. At higher energies, c increases as 

E and the elastic peak merge with the inelastic continuum. 

-
.
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2 2
In all cases, 'the elas tic peak falls I for ~ < m , byp 

more than three orders of magnitude and well below the 

inelastic signal. We therefore simply subtract the left 

side of the measured elastic peak from the right side to 

obtain the inelastic cross section. Typical data are shown 

in Fig. 6 at 300 GeV. The cross section with the elastic 

peak subtracted is shO\ID in Fig. 7. 

III. PHYSICS RESULTS 

Before	 discussing the physics result, we mention one 

2 2
last check. Directly from the finally computed d a/dtd}~ , 

one can obtain the cross section da/dt integrated over the 

prominent peak at the proton mass, i.e., the t dependence 

of the elastic cross section. This is shown in Fig. 8 

bttogether with fits to the form e Values for bare 9iven 

in Fig. 8. TIle very good agreement with reported values is 

a check on our ability to correctly measure the t dependence. 

In addition, these data are used to transform all our 

measurements to absolute units. 

Typical results for the inelastic cross section are 

shown in Fig. 9. Here d 2a/dtdVx 
2 for beam energy of 300 GeV 

2is plotted versus ~~ for two narrow t bands centered around 

-t = 0.066 and -t = 0.122. A similar plot is shown in Fig. 10 

for a beam energy of 395 GeV, for another two different 

values of t. Here the vertical scale is arbitrary. A lars~ 

number of such plots were obtained for incident ener:.;ies 
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of 120, 200, 300, 395 GeV. A common property of all the 

mass spectra is the extremely fast drop off of the cross 

section for masses squared up to 15 to 20 (Gev)2 followed 

by a long plateau up to the end of the measured range.- The 

shape of the cross section suggests a dependence of the type 

a(t) + b(t)/M a. We have fitted all our data to this form x 

and obtained values of a around 4 for all values of E and t. 

Four such fits are shown in Figs. 9 and 10. The value of the 

cross section for the plateau at large masses decreases, at 

fixed t, with increasing incident energy while the low mass 

cross.section is energy independent. All of our data are 

thus consistent with a form of the type d2c/dtd~~2 = 

a(t)/s + b(t)/~X4. In this formula a(t) and b(t) are 

energy independent to a 20% accuracy. 

To obtain the t dependence of the a and b coefficients 

does require however more accuracy than at present is available 

4because of the factor l/~~. At the moment, it appears that 

the data are consistent with a and b having the same general 

. t 1 8t 6t 
approx~mat dependence, eye for -t less than 0.1 and e 

for -t > 0.1 (GeV/c)2. This is in excellent agreement with 

many , 1,3,4
exper~ments 

- h' hw lC 11a have reported that for -t ~ 

0.1, the slope- is typically 5 to 6, except for }~2 ~ 2 (GeV) 2 

where the 1slope' 5 is 18 as is also observed in the present 

The shape of the mass spectrum is however in contra

diction with other reported results.~16 One of these 

FERMILAB-CONF-74-153-E



-13

experiments was performed with	 colliding beams and reported 

2 2 
a mass resolution of ~ 10 (GeV) • Folding the 10 (GeV) 

resolution into our spectra does indeed produce a much 

shallower rise toward low masses and brings the ISR result 

in agreement with us. 

IV. COMPARISON WITH E-186 

An experiment with resolution comparable to ours 

(6~2	 typically twice as large as ours) has been perforrred 

6by the U.S.-U.S.S.R. Collaboration at NAL. Their experiment 

detects, in a fashion similar to ours, deuteron recoils from 

p-d interactions. In this way, the cross section for p + d 

d + X is obtained. The assertion is made that by dividing 

the measured cross section by the "deuteron form factor" one 

can obtain th
, 

they write 

e cross section for p + p ~ p + X. Explicitly, 

1 = pd 2 
o 2	 .. 

[ tot ., bt+ct 
J epp 

°tot 

where the ratio of the total cross sections has been squared 

to account for the presumed coherence of inelastic scattering 

from bound deuterons. In numbers, the formula becomes 

2..,.
d	 1-I = 3.5e26t+60t2dtc31.~ 2 

I 
- pp....pX 

Their main conclusion after performing such mani?ulation is 

that ~2 (d2~/dtd}~2)varies with inco~ing energy by less 

than 1070 and is constant with mass except for the v~ry low 
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mass region. Integrating over t the above cross section by 

. . d /d 5.5t fusing	 the measured po~nts and assum~ng cr t ~ e or 

2all ~ ~ 6 (GeV) 2, see Fig. 11, they obtain the resul ts shown 

in Fig. 12. This result is in direct contradiction with the 

spectrum observed in our experiment at all t values and 

energies. \ihether the shape of the spectrum is 1/~~2 or 

some other form has relevance with respect to the observed 

rise of the total cross section as well as with respect to 

7Regge phenomenology. According to the latter if the low 

t cross section were dominated by a triple poroeron coupling, 

it would indeed show a mass dependence like 1/~2. Other 

triple Regge couplings give terms in ~~ like 1/~~3 o~ 

constant. \'lith respect to the rising cross sections a 

2contribution of the form 11M.. to the spectrum gives a 
A 

r-
logarithmically increasing contribution to the cross section. 

2In fact if, da/dM ~ 0.7 mb/M2 , then
 

O.ls
 
J de; 2 d~12 = O. 7 [~11 s-3. 4 ]
 

3 (GeV) 2 c1}1 

(The same logarithmic increase appears for any integral 

from a fixed mass to a constant fraction of the phase space.) 

The integration limits are chosen here to cover the t and 

J.~2 regions where we have actual measurements. Over the 

range 225 < s < 741 (GeV) 2 the above formula gives an 

increase for the cross section from 1.41 mb to 2.2~ ,.b. 

An actual integration of all measured points gives, as 

s h own in Fig. 13, a cons tant cross section of 1. 82 mb 
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with an rms fluctuation of the four rr.easured values of 0.03 mb, 

each value being determined to ~ + 0.04 mb. We therefore 

conclude by direct measurement that we observe no increase 

2,in the diffractive portion (low M 10\0,1 t) of the inelastic 

cross section, contrary to the formula quoted by the U.S.

U.S.S.R. Collaboration. Moreover, the value 1.82 rob is 

obtained from integrating over a limited t range. A complete 

integration in t would double the above value. Therefore, 

we disagree in absolute value of the cross section as well. 

It might be noted that the proposed dependence for the cross 

4section a/s + b/M agrees quite well with the character of 

the cross section observed in the bubble chamber at 100 

and 100 GeV by the Rochester-Michigan Group.4 \~e have 

integrated their cross section and found the values in 

agreement with us. 
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FIGURE CAPTIONS 

Fig. 1 Experimental setup and detail of one telescope. 

The distance from the interaction point of tne 

NAL internal beam with the fibers to the first 

detector is ~ 85 em. 

Fig. 2a 

2b 

E
1 

vs 

E2 vs 

Along 

E2 for protons, 

E3 for protons, 

the correlation 

deuterons and tritons. 

deuterons and tritons. 

curve for protons, values 

for the kinetic energy T of protons are indicated. 

Branch 1 in Fig. 2a corresponds to branch 1 in 

Fig. 2b while branch 2 corresponds to branches 

2a and 2b. 

Fig~ 3 

•
• 

Scatter plot of E 2 vs E3 for actual events. The 

upper two bands corrcspo~d to D2 and T 
3 

frag22~ts . 

The third band folding back toward the origin is 

produced by protons stopping in the third detector 

for the upper branch and crossing for the lower 

branch. Pions are just visible above the backgrou~~. 

Fig. 4 Block diagram of the event analyzer. The boxes 

labelled - T(E 2) through El proton down - are 

25 ns memories all addressed simultaneously by 

the energy value F 2 and appropriately selected by 

the control. Only the output path correspo~ding 

to the case of a proton crossing all detectors is 

shown. Since this is the most probable case, it 
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Fig. 4 is tried first by the event analyzer. The 
cont'd 

propagation delays through each element are 

given. Note here E = E in text and El = E~
2 3 

in text. 

Fig. 5 Elastic peak and inelastic cross section at 

55 GeV incident energy. 

Fig. 6 Elastic peak a~d inelastic cross section at 

300 GeV. 

Fig. 7 Inelastic cross section at 300 GeV for very 

low ~2 after subtraction of the elastic peak. 

Fig. 8 Semilog plot of the p-p elastic scattering cross 

section. The slope parameter is the coefficient 

b t b obtained from fitting a function e to the 

data. 

Fig. 9	 d20/dtd~~2 vs ~~2 for 300 GeV incident energy 'and 

for two t values. Also shawn are fits to data 

of the form a + b!Mo with a, b, and a free 

parameters. 

Fig. 10 d2C/dtd}~2 vs ~X2 for 395 GeV incident energy. 

Also shown are fits to the data as in Fig. 9. 

F~g. 11 Slope parameter for p+p - p+X as obtained by 

subtracting 26 from the slope measured for 

p+d - d+X. 

Fig. 12 The plotted points are supposed to represent 

the cross sectio~ (d5/d~~2)~~2 for the reactio~ 
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Fig. 12 p+p - p+X and are obtained from measurements 
cont'd 

of d20/d~2dt for p+d - d+X as explained in the 

text. This data is used to conclude that 

0.7 , independently of energy.
~2 

Fig. 13	 Energy dependence of the integral of the measured 

cross section over the t range 0.023 < -t < 0.163 

and over a constant fraction of the mass spectrum, 

2
3 < l~ <	 0.1 s . 
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