
-,  

NAL PROPOSAL #221 

SCIENTIFIC SPOKESMAN: 
P. Franzini 
Physics Department 
Columbia University 
New York, New York 10027 

FTS/Off-Net 212-460-0100 + 280-3366 

p-p Inelastic Scattering in the Diffractive Region 

S. Childress and P. Franzini 

Columbia 	University, New York, New York 10027  

and  

J. Lee-Franzini, R. McCarthy, and R. Schamberger, Jr. 

State 	University of New York at Stony Brook  

Stony Brook, New York 11790  

June 1, 	1973 

LL_-________________________.. _ ..



Addendum to Proposal # 14A 

p-p Inelastic Scattering in the Diffractive Region 

S. Childress and P. Franzini  

Columbia University, New York,_ New York 10027  

and  

J. Lee-Franzini, R. McCarthy, and R. Schamberger, Jr.  

State University of New York at Stony Brook  

Stony Brook, New York 11790  

June 1, 1973 

I 



1 
I , 

Abstract 

In previous runs at NAL we have taken useable beam ror less than one 

week (approximately 66 hours) with energies of 200, 300 and 400 GeV. Our 

200 GeV results have been submitted for publication (copy attached) and 

indicate that the proton-proton inelastic cross section exhibits unexpec-

ted behavior in the region of ,very low It I which we study. We have obser-

ved that for low (square of missing mass recoiling against the detected 
2proton) the cross section reaches a maximum at It I 0.1 GeV and then de-

creases ror smaller It I . These results have aroused significant .theoreti-

cal interest. 

In order to further study this interesting behavior (and especially 

the dependence on incident energy) we request additional running time in 

the internal target area. We have proved that we can perform a polyethy-

lene carbon subtraction successfully and hence would run with foil targets. 

We expect to benefit greatly from the improved duty cycle in the internal 

beam. We hope that this additional running will be completed by September 1, 

1973. 

We also request additional time in the external beam. We hope that 

this additional external running will commence in the fall of 1973 after 

our run in the internal target area. We propose to use the 'additional 

external running to study the multiplicity of and correlations among the 

reaction products recoiling against the detected proton. This study 

would be carried out via the addition of a scintillation counter hodoscope 

downstream of our target. 



Results of Previous Runs 

Our 200 GeV data were taken during a run of approximately 10 hours 

duration on October 1, 1972. The results have been submitted for publi-

cation and are attached to this request. (Appendix A is a copy of our 

paper submitted to Physical Review Letters. Appendix B is a copy of the 

longer but more complete report which we submitted to the Vanderbilt 

conference.) Our results indicate that the proton-proton inelastic cross 

section exhibits unexpected behavior in the region of very low It I . We 

have observed that for low MF (square of missing mass recoiling'against the 

detected proton) the cross section reaches a maximum at It I o.i GeV2 

and then decreases for smaller It I . 
. 

The 200 GeV data were taken at a moment early in the growth of the 

NAL accelerator. At that time the accelerator was running at low intensity 

and the present extraction techniques had not yet been developed. Con-

sequently the data have low statistics and p00r resolution in kin.etic energy 

due to instantaneous rate problems in the primitive spill. The 300 and 

400 GeV data were taken in March, 1973 and May, 1973 respectively. These 

later data have much better statistics and better resolution in kinetic 

energy than the 200 GeV data due to improvements in the accelerator and 

improvements in our sampling technique. However, due to an error of ours, portions 

of the low MF region of data have been contaminated by elastic 

events. Efforts to remove the contamination are proceeding along with 

normal analysis of the data. We expect to publisQ our resuits for the 

uncontaminated portion of the data in the near fUture. We believe that 

we 'can completely remove the source of this contamination in fUture runs. 

(The source of the contamination was improper collimation similar to the 

effect discussed in the report to the Vanderbilt conference under "Depen-

dence on 



An unexpected bonus result which we have observed in our previous runs 

is the copious production of deuterons, tritons, He 3 and He4 in proton-

carbon interactions. This result indicates that a carbon nucleus evaporates 

these when heated by a passing proton. Thus, apparently these 

combinations of nucleons exist in substantial numbers within the carbon 

nucleus. We expect to publish these nuclear physics results during the 

first available lull. 

At the inception of this experiment the most serious problem which we 

faced was one of background produced by beam halo. We have performed an 
11experiment with solid state detectors placed 1 m from a beam of 5 x 10 

protons/pulse. The NAt staff has been able to provide us with a beam clean 

enough that the background due to halo interactions is completely negligible 
2compared with interactions in our target of 13 mg/cm. We regard this as 

a monumental achievement by NAL. 

Since our halo background problem has been solved, ve are free to point 

out the advantages of our method: 

low Itl. Our use of solid state detectors and a stationary target enables 

us to measure the inelastic cross section in the theoretically 
2interesting region 0.02 < It I < 0.2 GeV • We are unique in this 

respect. 
2good resolution in MF. Our experimental resolution in is ± 0.5 GeV for 

...2 'j)
It I 0.03 GeV- .. This Nippr ox i mat ely a factor of 5 better than 

. 2 
obtained by other methods either at the ISR or at NAt for s 400 GeV . 

normalization for subtraction. Simultaneous detection of protons, deu-

terons and tritons provides an essentially perfect normalization 

for proton-carbon interactions before the polyethylene-carbon 

subtraction. 

solid tare;et. The fact that we have a reliable method the subtraction 

means that we can use a solid target (rotating target). Hence 
\, 



we do not need to concern ourselves wIth luminosity fluctua-

tions. 

detect elastic peak. The fact that we detect elastic and inelastic 

events simultaneously gives us a reliable absolute normalization 

to the elastic events. The elastic events also allow us to 

check the calibration of our energy scale for each detector which 

sees the elastic peak. In addition the elastic events afford 

us a chance to check our ability to measure the It I dependence 

of the cross section. 

carbon events. The carbon cross section is expected to be nearly flat 

in MF due to Fermi 'motion'of the carbon nucleons. Hence by 

studying this cross section we check that all detector telescopes 

are working and that analysis procedures do not cause spurious 

changes in the behavior of the cross section. 

lack of corrections. After the subtraction there are essentially no 

corrections. Specifically, corrections due to interactions in 

the target and in the detectors are negligible. The deadtime 

correction at 200 GeV was significant. However, due to improve-

ments in both accelerator performance and in our system, this 

correction is essentially negligible for all later runs. 

Alongside these advantages, however, we must bear in mind the statistical 

disadvantage of the subtraction method. The statistical error associated 

with the difference of two numbers is the square root of their sum. 

In summary we believe that we now have a working, well understood 

system. We request extended running time so that we may further study the 

interesting results we have discovered. 

i 



NAL Experiment 14A--Phase II 

Under Phase II, to which we give first priority, we request running 

time in the internal target area. The salient purpose of such running time 

is to make a systematic study of the s dependence of the inelastic cross 

section, especially in the region of low It I and M2 where we have discovered 

unexpected behavior. As we have indicated above such a study is of great 

theoretical interest. This study should be done in the internal target 

area because of the availability of all energies on the accelerator ramp. 

In addition we expect to be greatly helped by the improved duty cycle in 

the internal beam. 

The effort required on the part of NAL to grant this request is modest. 

Our equipment must be moved from its present location in the Neutrino Lab 

to the CO area. Space must be found in this area to accomodate us. Since 

we do not require use of the hydrogen gas jet target a rotating foil tar-

get could be set up for us at a presently unused portion of the CO area. 

Our vacuum box must be installed at the appropriate position in the beam 

line and access must be provided for 100 cables. We also request the 

assignment of one additional Porta-Kamp to our experiment since we are 

severely cramped for space in the single Porta-Kamp which we now occupy. 

In addition we would require' a timing signal from NAL to tell us the energy 

of the beam at a given time on the accelerator ramp. Our only required 

task would be the interfacing of this signal into the present system. 

The total amount of space required for our vacuum box is indicated in 

1. If NAL desires isolation of our vacuum system from the accelerator 

vacuum system, it is perfectly acceptable to us if the two systems are 

separated by a thin window (for example 1 mil of k apton ) . 

; 
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We estimate that the time required to install our experiment in the 

beam line is only one or two days. The accelerator vacuum system may need 

modification in order to establish a connection with our box and the 

necessary cables must be strung. The remaining setup time would be spent 

in retesting our electronics. We thus expect to begin looking at our 

target signal approximately two weeks after our move. 

For the purpose of tuning our system we request 50 hours of beam time 

spread uniformly over a period of one month. From our past experience we 
8estimate that it would be desirable to obtain 2.5 x 10 triggers which we 

would accept at 10 discrete energy values within the range of available 

energies. We expect these triggers to include about 107 inelastic scatter-

ing events from hydrogen. In order to collect this number of events we 

request 200 hours of beam time for the purpose of taking data. Thus we 

are asking for a total of 250 hours of beam. 

In order to improve the reliability of the data-taking process we 

request that our running time be divided at least into three equal intervals. 

We would prefer smaller intervals. In this manner we could analyse each 

segment of data before taking the next segment. In this connection it should 

be pointed out that we now have a complete set of working analysis programs 

(although we are still, of course, writing improved versions). 



Appendix A 

Paper submitted to Physical Review Letters 
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Inelastic P-P Scattering at 200 GeV * 

S. Childress and P. Franzini 

Columbia University, New New York 10027 

and 

J. Lee-Franzini, R. McCarthy, and R. Schamberger, Jr. 

State University of New York at 

Stony Brook, New York 11790 

We have measured the doubly differential 
2 cross section sd2cr/dtdM for the reaction p + p +  

p + X,using 200 GeV incident protons in the ex-

ternal beam at the National Accelerator Labora-

, tory. Here t is the square of the four momentum  
. 2  

transfer to the target proton, M is the mass  

squared of X, and s is the total center of mass  

-energy squared. We cover the reg:ipn of 0.019 <  

It I < 0.19 GeV2 and 1 < M2 < 60 GeV2 • Interes- 

ting structure is observed at low It I and';:' "  
/values. I 

; 

* Work supported in part, by the National' Science Foundation. 
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We have studied the reaction p + p -+ p + X at 200 GeV labora-

tory incident energy. We select this reaction by detecting the re-

coil proton in one of 18 telescopes each consisting of two solid 

state detectors. In this way we can identify each proton and measure 

its kinetic energy T in the range 10 < T < 100 MeV. OUr accuracy in 

T is typically better than 10 %. The four momentum transfer squared 

is given by t = 2 M T where M is the proton mass. The measured p p 

value of T and the telescope angular position e together determine 
2M , the square of the mass of X. Each telescope subtends an angu-

lar opening in e of 0.460 and accepts a solid angle of 
" 

6.4 x 10-5 steradians. The 18 telescopes are uniformly spaced in e 
between 480 and 890 

, Thus our telescopes actually cover only about 

20% of the angular range spanned. As a result we have not measured 

the inelastic cross section continuously in M2 We might thus be 

missing interesting structure in the cross section which we would 

hopefully cover in the future. 

In order to obtain the free proton cross section we have used 

polyethylene (CH2)n and carbon targets and performed a subtraction. 
" 

The normalization of polyethylene and carbon runs before the sub-

traction was obtained by identifying deuterons and tritons from 

proton-carbon in the two targets. Such deuterons and 

tritons were counted simultaneously with the proton recoils. The 

data which we present were obtained a run of apP!oximately 
-

10 hours using the extracted proton beam in the Neutrino Labora-

tory at NAL. For many reasons the data were collected with large 

deadtimes. However, our interesting conclusions ,are not affected 

by the corrections applied for such effects. l 

,t ( !.' t' '. 
: :.1 l -/.' •• f '." -.!, •• 



The layout of the experiment is shown in Fig. 1. It should be 
'I 

noted that the detectors are located approximately lOOcm from the 

extracted proton beam which, during the run discussed, had an inten-
10sity of 3 x 10 protons/pulse. It was thus very important to obtain 

an extremely clean beam since interaction of a very small fraction of 

the beam hundreds of feet upstream of our location vould have produced 

background orders of magnitude larger than our target signal. The 

fact that such a beam was made available to us is a tribute to the 

National Accelerator Laboratory, its accelerator, the beam extrac-

tion staff, and the staff of the Neutrino Laboratory. 
" 

The targets used were l3mg/cm2 foils of and carbon 

450approximately 5mm wide and placed at a angle to the beam. Approxi.-
-4mately 3 x 10 . of the beam interacted in our target, the remainder 

being used by the Neutrino Lab for other experiments. During the run 
6 we collected approximately 5 x 10 triggers of which approximately 

25% were due to target interactions. The remainder .ere accidentals 

due to an extremely lax trigger requirement. Comparison of the energy 

loss signals in the two detectors of each telescope completely re-

moved such accidentals. 

The first (thin) detector of each telescope is 8 500 micron 

totally depleted silicon', surface barrier detector. The second (thick) 

is a 5000 micron lithium drifted silicon detector. A specific ioni-

zation measurement is performed in the thin detector and the total 
- . 

energy is measured in the thick detector for T up to approximately 

30 MeV. For higher energies the proton does not stop in the second 

detector but a measurement of the energies El and E2 lost in the two 

detectors still allows a good determination of the proton kinetic 

",. . ; 
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energy up to approximately 100 MeV. Scatter plots in the E -El 2  
plane for events collected in a few minutes of running are shown in  

Fig. 2 for two telescopes and two targets, Protons are clearly iden-

tified both when stopping and when traversing the thick detector.  

The proton-proton elastic scattering peaks are clearly visible with  

the polyethylene targets. Deuterons and tritons are copiously pro-

duced and appear in the plot as bands above the proton band,  

We perform the following steps to obtain the free hydrogen event  

distribution:  

(a) 	 Divide the,E -E plane into a rectangular grid,.l 2 
(b) 	 Identify protons, deuterons and tritons by their 

grid positions. 

(c) 	 Count the deuterons and tritons. 

(d) 	 Determine T of the protons from El and E2 , 

(e) 	 Normalize the carbon event density in T from the 

carbon target to the carbon event density from . 

polyethylene using (c). 

(f) 	 Obtain the hydrogen event distribution by sub-
. 

tracting the carbon distribution from the poly-

ethylene distribution. 

This 	procedure is out independently for each telescope. Then 

a deadtime correction (mentioned previously) is applied to each tele-

scope. The final step in the analysis is to compute t, Mf and the 
2 	 -

Jacobian a(O,T)/a(t,M ) from QUI' knowledge of T,O and the beam momen- , . 
tum. At this point the unnormalized differential cross section 

. d (J /dtdr?- is obtained in arbi trary units. 

"'.  

.•__ ., •• _< •• 

2 



The total number of inelastic scattering events on free hydrogen  

used for the above determination is approximately 35.000. An abso-

lute normalization is obtained from the total number of proton-proton  

elastic scattering events in each telescope which obaerves the elas- 
2tic peak , Some 45,000 elastic scattering events were observed, the 

elastic peaks being clearly visible in 5 telescopes. Such elastic 

peaks are also very useful to cross check our energy calibrations3 

and our ability to correctly meaSlrre the t dependence of the cross  

section. To the accuracy of our data we obtain very good agreement  
4 with published values for the slope parameter. We find b = 11.6 ±  

-2 1.4 GeV • 

In Table I and Figs. 3 and 4 we present our measured values of 

where s = 377 GeV2 (square of total center of mass energy). 

The errors quoted are the statistical errors resulting from the sub-

traction. The limits of the It I intervals used are shown ln Fig. 4. 
2In Fig. 3 we show the M dependence of the cross section in the 

.' 

lowest It I interval. Table I presents the inelastic data with 6 GeV2 

bins in M2, coarser binning than used in Fig. 3. The minimum value 
2of M2 = 7 GeV included in Table I is well outside the region influ-

enced by elastic events even for the data at high It1 5. In Fig. 4 
•. 2 

we plot the data of I at the two smallest values -of M. The 

most outstanding feature of the data is the peaking of the cross 

section at It I tV .1 GeV2 and subsequent decrease for lower It/ for 
2 2· -7 < Mf < 19 GeV • Around Mf = 20 GeV there genuinely appears to 

.. 
be a change in the behavior of the cross section dependence versus t. 

6 . 
Previous measurements of the proton-proton cross sec-

tion have been performed by Sannes et al. at NAL but at higher values 

.of It I . Measurements have also been performed by A1brow et a1. 7 at 
,, 
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the ISR but for both higher It I and s. Both experiments obtain a 
2 . 

minimum in the cross section for x =1 - M /s 0.9. Since our mini-

mum for It I ::! 0.03 GeV2 occurs at x 0.97, apparen1Uy the minimum inl'! 

the cross section moves with It I . It should be out, however, 

that Albrow et al. have a poorer resolution in x we do which may 

affect the position of their minimum. Sannes et al. do not quote 

their resolution. 

We wish to express our thanks to the NAL accel'Erator, beam ex-

traction and Neutrino Lab staffs. In particular we wish to' thank J. R. 

Orr, on whom we could always call as a member of OUT team. E. Blesser 

and H. Edwards were instrumental in obtaining a cle8J!1 extracted pro-

ton beam. The Nevis machine shop constructed most 01 our mechanical 

equipment and some parts of the electronics were built at Nevis. We 

gratefully acknowledge the help of W. Sippach and Au. We wish to 

thank our theoretical colleagues, particularly C. Qujiggand A. 

for their continuous encouragement and interest in .,(ll(!!1f" experiment. 

We also thank Paula and Catfish. 

I 
I 

.,!". 
-

..  



FIGURE CAPI'IONS  

Fig. 1. Sketch of the apparatus. 

Fig. 2, Scatter plots in the El -E2 plane for (a) polyehtylene data 

at 83° (b) carbon data at 83° (c) polyethylene data at 80° 

Fig. 3. 

(d) carbon data at 80°, 

Doubly differentiaJ. cross 

GeV2 • 

section versus v.1 for It I '" 0.03 

Fig. 4. Doubly differential cross section versus Itl for indicated 

M2, 

/ 
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FOOTNOTES 

1. 	 S. Childress et al., Proceedings of the Vanderbilt Internationsl 

Conference on New Results from Experiments on High Energy Particle 

Collisions, Nashville, 1973. 

2. 	 We take the elastic differential cross section drr/dt to be 
226 mb/GeV at It I = 0.1 GeV2 as given by G. Charlton et al.,  

"Two and Four Prong pp Interactions at 205 contribution  

to 	the XVI International Conference on High Energy Physics,
-	 I 

Batavia, 1972. The accuracy of our absolute normalization  

should be better than 30%.  

3. 	 The energy scale for each detector is calibrated with a source-

producing a particles of 5.477 MeV. 

4. 	 G. Barbiellini et al., Phys. Letters 39 B,663 (1972). The 

slope parameter is given by b = (d/dt) In (do/dt). 

5. 	 As can be seen from the elastic peak in Fig. 3 our resolution in 

is 1 GeV2 fUll width at half maximum for It I = 0.03 How-

ever, our resolution deteriorates at higher It I . See reference 

1 for details. 

6. 	 F. Sannes et al., Phys. Rev. Lett. 30, 766 (1973) • . 
7. 	 M.G. Albrow et al., Nuclear Physics B 54, 6 (1973). ! 

, , 
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.Ta.b1e T. (mb/Gey2) using 6 Gey2 bins 1n M2 

M2 It I .11 . Itl=·14 

10 36± 63 308±33 229±28 132±23 183±19 

16 33± 59 128±24 133±24 713±31 45±15 

22 2213± 63 125±36 70±31 23±23 55±18 

28 274± 64 163±35 133±33 117±31 86±23 

34 251± 77 101±31 179±39 117±31 93±23 

40 303±127 117±31 126±26 81±24 109±23 

. 
f 
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Fig. 2. " s. Childress et al. Title.: Inelastic P-? Scattering at 200GeV 
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'.PRO'fON-PROTON Ilmr.ASTIC SCAT'fERIHG Dr 'fl-LE DIFTR4.CTIVE  
REGION A'f 200 GeY *  

S. Childress and P. Franzini  
Columbia University, New York,New York 10027  

J. Lee-Franzin:i. R. H.cCarthy, and R. Schrunberger, Jr.  
state Uni versHy of New York, Stony Brook, New York 11790  

Presented by R. HcCarthy 
, , 

ABS'fRACT 

"'e have rneastU'ed the doubly differential  
section for the reaction  

p + p -}< p + X using 200 GeY incident protons  
in the external beam at NAL. The Tonges co- 
vered in ItI 8.l)d 1112 g.Ol9 < It I < 0.19  
Gey2 and 1 < M2 < 60 GeY- respectively. The  
hydrogen cross section ,,'as obtained by a  
polyethylene-c arbon subtraction and is given  
with appropriately large statistical uncer- 
tainties. However, the cross section does  
show unexpected,-,structure. In the region  
7 < M2 < 19 GeYc:. the cross section reaches a  
maximum near It I 0.1 Gey2 and then decreases  
for smaller It I .  

We have measured the proton-proton inelastic scuttering cross 
section in the diffractive region using 200 GeY incident protons 
in the external bema at the National Accelerator Laboratory. Our 
method (Fig. 1) is to detect the recoil proton in an array of solid 
state detector telescopes. vie have 18 teles'.copes covering the an-
gulur range 48 < e < 89 degrees from the inc:i.dent proton beam. 
Each telescore consists of one thin and one thick detector. By 
studying the correlat.ion betl-leen the energies lost in the two de-
tectors, we are able to unrunbiguously identify euch proton and de-
termine its kinetic energy T. This kinetic energy measurement can 
be performed over the range of 10 < T < 100 MeY. From the measured 
va.lues of T, 0 and PB (the beam momenturn) we calculate It I and M2 
via the equationsl : 

It I = 2 M T " (1) 
,c P ,. 

M2 == Mp2 + 2{PB P cos e - (% + Mp)T) (2) 

,. 
* Work supported in part by the National Science Foundation. 
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Fig. 1. Sketch of the apparatus. 

Here t is the square of the four momentum transfer to the target 
proton, M is the missing mass of the system against 'ih:i.ch the/tar-
get proton recoils, and Hp is the proton mass. 

In order to obtain the hydrogen cross section 1-re have used 
polyethylene (CH2 )n and carbon (C) targets and performed a subtrac-
tion. Each target is a foil 5nnn wide and approximately 13 mg/cm2 

thick placed at a 450 angle to the beam. The detector telescopes 
are at a distance of one meter from the target. Each telescope 
subtends a solid w1g1e of 6.4 x 10-5 steradians and a range in e of 
only 0.460 • 'l'hus our covering efficiency in e is only 20%. Hence, 
we have not measured the cross section continuously in 1-12 and may 
be missing interesting structure. 

ELECTRONICS ,I 

A simplified diagram of the electronics for each telescope is 
shown in Fig. 2. The charge from each detector is collected by a 
charge sensitive preamplifier and the resulting signal is sent into 
a sample and hold system awaiting readout into the analog multiple-
xer. Concurrently a Signal is sent to the discriminator. If the 
signal exceeds the threshold requirement of the discriminator a 

'! pulse is sent to the coincidence circuit at the input to the master 
trigger. If both detectors in a telescope have signals in coin-
cidence, the master trigger is activated and records in registers 
vhich detectors were active at the time of the trigger. At this 
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Fig. 2. Simplified diagram of the electronics for each telescope  
show'ing discriminator, amplifiers, monitoring and the sample and  
hold system. .  

time also the decision is made· to hold the analog 81{,;nals awaiting =: 
readout. 

In order to avoid pileup of the analog signals each detector  
generates a deadtime each time its signal exceeds the threshold.  
The electronics for the detector is then turned off during the dead- 
time. Since this deadtime necessitates a correction for the inef- 
ficiency it causes, the deadtime of each detector is measured by  
fOl'l:Jing a coincidence bctveen the deadtime signal and a signal moni- 
toring beam on target. The resulting number of coincidences is  
stored in a scaler for each detector. Together with a master sca- 
ler which stores the total number of monitor counts these scalers  
then provide the deadtime correction for each telescope •  .. 

ENERGY HEASUREHENT-IDENTIFICATION OF PROTONS 

The first (thin) detector of each telescope is a 500 micron  
totally depleted silicon surface barrier detector. The second  
(thick) is a 5000 micron lithium drifted silicon detector. The  
enere;y measured by the thin detector (El) gives essentially dE/ax  
the enerGY loss per unit length for the detected particle. The  
enerGY deposited in the thick detector (E2) is nearly the tota.l ki-

'netic energy T up to T '" 30' HeV. Hence, up to this T value a. plot 
of El versus E2 (Fig. 3) is essentially a plot of dE/dx versus T 
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Fig. 3. Energy deposited in the thin (EI) and thick (E2) detectors 
by a proton \-lith a given initial kinetic energy. 

and falls as liT. For higher T values the proton does not stop il.1  
the second detector but a measurement of the energies El and E2  
still allOiW a good determination of the proton kinetic energy up  
to T IV 100 HeV, As can be seen in Fig. 3. h0i7ever, our resolution  
in f1' eets pro{5resGi vely \-lorse at the higher T values.  

, Scatter plots in the EI ,-E2 plane of events collected in a fe.T 
mhrtltes of rU11l1ing are ShOiffi in Fig. h for t,m telescopes, each 
with both polyethylene und carbon targets, frhe proton bands ,are 
clearly separable from baclcgl'ound both when the proton stops in the 
thiel, detector and when it traverses the thick detector. Proton-
proton clastic are prominent in the polyetbylene data at the 
correct 'I' values but are absent in the carbon data. 

.:'- .:.:. ...SUBTRACTION" 
In order to obta.in the hydrogcn cross section we subtract the  

co.rbon EI-E2 plot from the corresponding polyethylene plot for each  
telcscope. 'l'he bands in each El -E2 plot (Fig. h) above the proton  
band Ill'C due to deuterons, and tritons produced in proton-carbon in- 
teractions. These deuterons and tritons provide an essentially  
idcal normalizution for the carbon data before subtraction since  
they can not bc produced with low laboratory momentum in proton- 
proton internctions. Hence. we multiply the carbon data for each  
telescope by the appropriate factor so that the number of deuterons  
and tritons from carbon equfds the corresponding number from poly- 
ethJ'lenc. There are a sufficient number of deuterons and tritons  
produced that they do not limit the statistical accuracy of the  

'!subtraction. Thus the uncertainty in the number of protons from 
hydrogen in each kinetic enerBY' bin is essentially given by the 
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Fig. h. Scatter plots in the Ej -E2 plane for(D.) p::;lyethylene data 
at 83° (b) carbon dnta at 83° c) polyethylc!.1e dU'13. at 80° 
(d) carbon data at 80°, 

square root of the sum of the number of protons free"ll polyethylene 
and carbon in that bin, 

In Fig. 5 we plot our polyethylene and. carbon elata. We' plot 
the unnormallzed doubly differential cross sectio::2 as a function 

2of r>1 for our region of smallest It I at about O. OJ Gey2. The 
statistical errors are smaller than the 8i ze of the points. The 
apparent structure in the carbon cross section is .a binning effect 
due to the rapid fall of the carbon cross section 'M'it;h It I wi thin 
n single bin in Itl. Consequently the data should "be averaged

2locally in 1>1. This effect is not important in the hydrogen cross 
section. The elastic peak in Fig. 5 is about five 'times the car-
bon bacl;.ground. To' obtain the hydrogen cross section we subtract 
the carbon points from the polyethylene points. In the inelastic 
region we subtract about 90% of the data. As mentioned previously 
'We pay a heavy statistical price for doing the subtraction. 

• "I As a check that the is performed p!'operly we note 
that the hydrogen cross section should be zero for H2 < 0 Gey2. 
This is the case except for telescope number 3.' In telescope 

.' " 
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3 the proton-proto!) elastic peak occurs in the upper brm....ch of the 
E1-E2 plot and sot!1C of the events in the tan of this pealt conta-
minate the deuteron sample. A 7% correction has been applied to 
the datn from telescope number 3 in order to eliminate the effects 
of this contamination. This correction only affects our measure-
ment of the elastic slope and does not influence the inelastic 
data for H2 > 0 since telescope number 3 does not measure this re-
gion. The foyr other telescopes which measure the hydrogen cross 
section for MC < 0 obtain a cross section which is zero within 

'fhe effects of telescope number 3 in the inelastic 
data for W- < 0 have not been corrected and are displayed in Figs. 
9-12 and Tal)le 1.-

NOR}'1ALIZATION TO ELASTIC EVENTS 

,'t We measure the unnornu:ili zed elastic di fferentiaJ. cross section 
, by integrating the elastic peaks in telescopes 3, 4, and 5. We. 
plot our results in Fig. 6. Our measured value of the slope 
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Fig. 6. Heasurement of the elastic differential cross section.  
Normalization determined from reference 3.  

11.6 ± l. 4 GeV-2 in good' ngreement with published vnlues. 2 "'e have incluclcd in our points systematic errors associated with  
our ability to separate clastic and inelastic events. He cite our  
measurement of the slope as evidence of our ability to mensure the  
It I dependence of the proton-proton cross section.  

Hnving demonstrntecl our ability to measure the unnorlP.nlized 
elastic differE'ntinl cross section, we use this cross section to 
csto.bli"h an absolute norma1ization. He tab;; the elastic da/dt to be 
26 mb/GeV2 at It I = 0.1 GeV2 as obtained l"ly the M{1-HAIJ bubble chrun-
bel' experill:ent nt 200 GeV. 3 This absolute norma1izntion is be·lieved 
to have nn accuracy better tha;l1 30%. 

CORREC'nON 

The data for this 200 GeV experiment ,m3 collected under quite 
adverse circumstances. It was taken before HAL had really achieved 
0. slow extraction and hence ,-laS under condi tion8 in which no  
other experiment in the external bemn could operate.  
Consequently the deadtimcs arc quite high, up to for some de- 
tectors, and ",e cannot rely on nny results which depend heavily on  
thc deadtin:e correction. Fortunately lUOS"!; of the  
nspects of the experiment do not depend upon this correction be- 
cause \,'8 normalize to the elastic cross section after the deadtime  
correction. Consequently only the differences in ·deadtime correc- 
tions among the various telescopes are important.  

In Fig. "..e plot the doubly differential cross section as a 
function of H- for Itl ,-,: 0.03 GeV2 . The normalization for this 
plot was obtained without deadtime correction. Consequently .Te can 
study the effects of the deadtime correction by comparing Fig. 7 to 
Fig. 8, the corresponding plot including the deadtir.:e correction. 
We see that the correction has essentially no effect for small M2, 

t 	Tnis :i.s to be expectcd the normalization is carried out at 
l.r:: = 1 GeV2 . For hibh W-, however, the deadtime correction has the 
effect of raising the cross section by amounts approaching thirty 

: . 



Hence the possible error due toper ccnt fal' some the points. 
thirty ner errordeacltime for high W- is less tho.l1 cent. Such an is 

at high 1.12 and shouldexpected to be 0. uniform shift in 
not affect the point to point', errors. 

Henhould point out that we havc independent ev:i.dcnce support-
ing the vaJicli ty of the deadtime correction. '1'he sha})c of 'the car-
bon cross section versus 0 is similar to that ollserved in 8. sub-
sequent run at 300 Gc:V which requires essentially no deadtime cor-
rection. 

The shupe of the cross section versus It I is essentially un-
is due to the fact thataffected by the deadtime correction. This 

a chnnr;e in It [ for constant ).12 involves a change in 0 of only a few 
telescopes. 

2DEPENDENCE ON M 

Our values of scl2a /cltdM2 arc presented in 'rable I and Figs, 
8-12 for fixed It I intervals, ']'he limits of each interval are given 
on the appropriate fiVll'e. '1'he gaps in the data arc due to our co-...,
veril1ginefficiency in 1...1"- discussed earlier. 'rhe data. near the clas-
Ue pcakH in the low It I regions (Figs, 8-10) are displayed via 11 
chanGe in scale and fine binn5ng. From stucly of the elastic peaks 
our resolution in 1,:2 is I GeV2 full width half maximt::": in the t'\-lO 

c' 

regions of 10'\.fest It I, Due 'ko the cletcriorD:t ion in O\:t.:;.' T resolution 
(Fig. 3) our resolution jn l,je increases to 2 GeV2 for i tl .11 GeV2 

and to h GeV2 for Itl '" .17 GeV2 , 
Under ideal circwnstances our resolution in T ilOUld in no case 

be limiting since our resolution in El and iJOuld be 50 KeV as 
shovm '\d th 10m Ci. source, HO\-lever, tbi's experiment vas one 
meter from r. beatl of about 3 x 1010 protons per pulSE; .11th an effec-
tive spill time of one millisecond. It is a tribute to the National 
Accelerator Laboratory that the beam vms clean enough for the expe-
riment to be performed. lIm-rever, because of small-sie,:'lal pileup 
the hiGh rndiation environment did cause dctcrioratior: in our T re-
solution. It also caused a systems,tic error in our eT'ergy measure-
lllent (rv 1 1,lcV in El !md E2 ) irhich has been corrected l'.sing l<;nOl-i}edGe 
of the 'f values at. the elastic pcnks in several telesC:0l;es, (Initial' 
co.lilJratj on vas carried out id th an Ci. oouTee.) 

'1'he quoted in 'fable I a..'1d F:tGs. 8-12 are the sta-
tistical errors resul tinG.·from the subtraction ror all...,points except 
one. 'l'he exceptional point is at It I ::: .08 GeV2 and I.r'- = 5 GeV2 , 
'l'his point has been reduced by 40% due to contamination resulting 
from clastic events, In order to define the solid angle of each 
telescope 11l1ifol'mly. collimators are plHced in front of both detec-
tors of each telescope, Protons which' pass thrcmgh the body of the 
collimators ure expected to be excluded because of their improper 

correlation. Because of our poor resolution during this 200 
GeV :nm., hOI/ever, this exclusion could not be completely carried 
'out. Due to the small si ze of the o.ctive area of the detectors be-
hind the collimatm,'s, this failure in most cases did not present a 
problem. However, for the point in question the elo.stic peak was at 

, • 1 I ! '. I • J .' 



. ,.' 

Table I. 2 / ,2, /G' 2)sd (J dtdB \mbeV /./ 

---'"'' 

. J.12 
... ---_... 

"'-

Itl"'·ll 
.- ......_-

/tlr:·17 

-3 
-2 
-1 
0 
1 
2 
3 
4 
5 
6 
'j 
8 
9 

10 
12 
ll1 
16 
18 
20 
22 
2)1 
26 
28 
30 
32 
31t 
36 
38 
110. 
112 
h4 
46 
1,8 
50 
52 
51! 
56 
58 
60 
62 

== . I 

70 

93H24 
)16'0:233 

12355±210 
3299.:1:18'{ 

93\ 

1283:t119 

IdI11±,78 

-62±226 
:t 86 

-195±101 
B6:t109 
78±109 

93 
179±109 
132:t lO9 
3'(3±109 
2e8±109 
272:t101 
2)'(±lc')+ 
210:L12h 
366:LI110 

0 

148:tn8 
46'(±202 

:: 

-2119± 31 
3l:t 86 

-' 1143± 51, 
4030± 93 
6333±101 

911±1(55 

33;:l± 39 
21a± 62 

lOll 31 

l'r}± 39 

265± 93 
1011 39 

'(Of, 93 
156± 39 
4113:t:132 
62± 51l 
70:1: 62 

47 
117± 117 
117± 62 
117± )4 
2h9± B6 
233± 5h 
265± '(8 
51pJ: 70 

210±117 

-86±23 
0±78 

30l0:t70 
1859:1:62 
1961±70 

389±39 
365±39 

---
93±39 

233±39 

70±31 

70±31 

1911±62 
109±39 

179±39 

132±51+ 
1211±31 
1321 93 
171±47 
Ih8±G2 
233±70 
101±54 
18'r±70 
195±54 
187±62 

-39±16 

358:t39 
1843±54 

482±39 
389±39 

132±23 

78±31 

11'{±31 

117±31 

. 124±39 
5lt±31 

179±31 
233±'(O 
109±93 
163±47 

47±54 
86±ll7 

8 
202±5)t 

1182±54 
1237±51t 

824±39 
622±39 

'----

12Jl±39 
179±31 
226±31 

39±16 
132±62 

47±23 
70±31 

86±23 

93±23 

---
109±23 

156±31 
233±62 

124±39 
O±39 

101±78 
171±31 
272±G2 

,. 

, 

.. , 

" 

" 

" 



.96 .9.1 .92 .90 .83 .86 .821.00 .93 J i • f fl' \ I J i¥ t 

111 .03 GcV l 

,019 < Itl < .033 
8afo(0 
Doadtirno 

>< CO(((lction........... 
i T 

rl 
1" I' 

H -0 
-0_ 

-0 
V) T . T 

i J. JT r T • 
. r I. TrlII!TlT.TJ. 

, o I 11!! 1 l 11 i 1 . ----.! 1.---- -·-11 ___. __ 1------------,---
, ' J..f '1 I . 

o 10 20 30 40 50 60 70 .. 
. . (G.oVl) 

7. Doubly diffe:rential cross section versu.s 
for before dee.dtime correction. 

X; 1 Milsw 

teo .93 .96 .94 .92 .90 .38 ,(6 .2.1 .62 
• I I ...,--. , , .. 

hi Col. .03 GaV l 
0 

0 .019< Itl < .038l') 

" ., " c: 2 
I; -X 

...0 ........... 

.. l r 
b "I:> 

::s 
·f Il 

;, .; 1 J. 
V) 

-10 o 10 20 30 40 50 60 70 
Me (GoVlj 

; Fig, 8, Doubly differential cross 
\ section versus 142 for It I'"O. 03GeV2 " 

\' \ 

http:TrlII!TlT.TJ


..'x: 1- I,', 
lOO .93 .96 .9!, .91 .90 .es .86 .e!; .82 -r--.--... t j , i ,"-,-

c... 
o 

.D--

.....--..:.:,;;....::, 

o· 

I 

Itl C;! .OB GeNt 
.066 < Itl < .095-'> 2 

o 

10 o 10 

Fig. 9. Doubly 9ifferential cross  
section versus M2  

x::: 1-
__ .93 .W> .94 .92 .90 .88 .e6 .8!' .112 

.. " .. ".r-- ......-(-·,.--,--r....-r-;-

Itl ex .11 
.095..; hi < .123 

o :;;:- \ . 

-10 o 10 2 30 40 50 60 70 
Mi (GaV:) 

Fig. 10. DoublY2differential cross  
,v.ersus 1-1" for  

-



x c M% 
1.00 .98 .96 .9.1 .92 .90 .83 .r.b 

_r·.. . 
. 123< III <, .147 

'> - 2l
o r ,<.:> 
... 
E 
o 

.0-

r II 

o }.__ ___ __ .. LL:___ 

_ tIt -.1--...-__--1----1... ..... I 

-10 0 10 20' 30 40· 50 60 10 
Ml (Gc V·) 

Fig. 11. Doubly differential crom] 
section versus JlI2 for 

, ltl '" .17 GcV:' 

<) ,147 < Itl <: .)n3 ,<.:> 2 
"t:.. 
0 

..a 

ti 11.. 
l> ·0..." OJ -0 I 
I/) .I .. 

o 10 20 30 40 50 60 70. 

Fig, 12, Doubly differential 
section versus M2 for Itl:::!O.17GeV2. 



the proper energy to pGnetrate the collimators and cause apparently 
ineJ.astic cvents. Consequently, the large erroruttributed to this 
point is systematic, : 

Another possible source of bacJt[:,Touncl is pion contamination. 
Such conturninatton is possiblf: only for 1m·; vo.lues of and E2 
corrcfjponding to 11.1 > .1 GoVc , From study of tJ3"C' El- plots 'He 
estimate this contru!1:ination to be less than eYf:l1 at our - .' ','It I values. This er;timated upper lh:lit :is supported by kinematica} 
cons:tclerations. 

After the demltir::c correction no further COl"l"cctions have been 
made. Corrections for the: f:ini to t.hiclmess of the target would be 
Yl(!gligible. A lnaXhmID of 0.3 1l;eV is deposited in the target by a 
10 }.1eV proton which traverBes the entire target. 'I'he maximum root 
menn square multipJe scattering ulJ[';le is approximately equal to the 
angular aperture su/;tenc1od by one telescope, Thus r.;'11tiple scatter-
ing :i.n the turget does not appreci[1bly broaden our resolution. 
COl'l'(::ctions for less of protons due to nuclear inti:c>;::actions in the 
detectors would the data points l)y less t})8:ll 2% . 

. 'l'Ile most note"llorthy fca.ture of data in F:ig. B is that t.he
2 cross sect.:i.on ret:whes a lninimum at ),1 "" 12 GeV or X ,97. Other 

exred.menterf at larger It I have found the Ln.irdmun B.t smaller 
values of X. I If aJ.l experiments are to be consist(,nt, this mini-
nnlln must move toward X ::: 1 for small It I . 

DEPEnDENCE ON It I 
dnta fr}:;m Tul)le I is presented r.g!dn in Ti:1)le II using 

6 GeV - bins in 1·1"-. '.rhe central value of MC for eur'}} bin is listed. 

d2 	 /ltd,,2 2 2 1)ins • p,2'ru.ble II. S G ( !'] (mb/GeV ) using 6 GeV In " 

M2 Itl"',03 Itl"',OB Itl"',ll Itl:O:.14 
..

10. 36± 63 300133 229±28 1 32±23 183119 
16 33± 59 128±24 133±24 18±31 45±15 
22 228± 63 125,±36., 

10±31 23±23 55±lB 
28 21h± 64 l63±35 l33±33 117±31 86±23 
3'.. 251± 71 lO1±31 179±39 111±31 93±23 
40 303\:127 I17±31 126±26 109+23 

.. 
From Table II it seems indeed plausible that the mi.":dmum in the 

moves t.o N2 values (smaller X) for large It I . 
", 	 Plots of the dnta from II are ShO\o,'11 in. Figs, 13 and 14 versusIt Ifor several values of Ivl. In the region '( < M2 '< 19 GeV2 

(.98 > X >,95 )the cross section reaches Ii maximum ncar It I 0.1 GeV2 
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Hl1d then decreases for2smaller Itl. This lx,:havior is unexpected. 
For 1arger v&lues of n- the cross exhibits Uw conventional 
monotonic decrease versus It]. 

II In Fie;. 111 \Ie present also n fev points obtained by Snnnes et 
al. t..t nearly the same value of s. Their po'ints (Lre consistent 
with ours and have errors which arc npproximately the sh,e of the 
points shown. 
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The writeup on Phase III and Appendix C (on theoretical ideas to which 

our experiment is relevant) will follow. 
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