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Abstract

In previous runs at NAL we have taken useable beam for less than one
week (appréximately 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 wvery low }tl which we study. We have obser-
ved that for low M2 (square of missing mass recoiling against the detected
proton) the cross section reaches a maximum at ]tf = 0.1 GeV2 and then de-
creases for smalier |t] . These results have éroused 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 cérbon subtraction successfully and hence would run with foil targets. —-

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

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

1973, o
We also fequest additioﬁal time in the external beam. We hope that
‘this additional external running will commence in the fall of 1973 after
our run in the internasl 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 & 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 behsvior in the region of very low ltl, We
have observed that for low M2 (square of missing mass recoiling'against the
detected proton) the cross section reaches a maximum at [t] = 0.1 GeV2
and then decreases for smaller [tl.

The 200 GeV data were tsken at a moment early in the growth of the
NAL accelerstor. Aﬁ that time theraccelerator was running at low intensity
and the present extraction techniques had not yet been developed. Con-
sequently the data have low statistics and poeor resolution in kinetic energ&w’

- due to instantanecus rate problems in the primitivé spill. The 300 and‘
40O 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 M? region of thesé data have been contaminated by elastic
events. Efforts to remove the contamination are proceeding along with
normal analysis of the data. We expect to publish our results for the
uncontaminated portion of the data in the near future. We bglieve that
we can completely remove the source of this cohtamination in future runs.
(The source of the contamination was improper collimaﬁion similar to the

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

dence on~M2”.)




, An unexpected bonus result which we have observed in our previous runs
is the copious production of deuterons, tritons, He3 and Heh in proton-
carbon interactions. This result indicates that a carbon nucleus evaporates
these particles when heated by a passing proton. Thus, apparently these
combinations of nucleons exist in substantial numbers within the carbon
nucleus. We expect to gpblish these nuclear‘physics results during the
first available lull.

At the inception of this experiment the most serious probleﬁ which we
faced was one of background produced by beam halo. We have performed an
experiment with solid state detectors placed 1 m from a beam of 5 x lOll
protons/pulse. The NAL staff has been able té provide us with a beam clean
enough that the background due to halo interasctions is completel& negligible
'”compared 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, we are free to point

out the advantages of our method: -
low |tf. Our use of s0lid state detectors and a statiomary target enables

us to measure the inelastic cross section in the theoretically
interesting region 0.02 < ftl < 0.2 GeV2. We are unique in this
respect.
. . M2 R . . H2 . 2
good resolution in . Our experimentsal resolution in ¥ is & 0.5 GeV™ for

1s
It] = 0,03 GeVz. » This fepproximately a factor of 5 better than

obtained by other methods either at the ISR or at NAL for s = 40O GeV2.

normalization for subtraction. Simulteneous detection of protons, deu-
terons and tritons provides an,eséenti;ily perfect normalization
for proton-carbon interactions before the polyethylene-carbon
subtraction.

solid target. The faect that we have a relisble method for the subtraction

means that we can use & solid target (rotating target). Hence
! \

’
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we do not need to concern ourselves with luminosity fluctua-
tions.

detect elagstic pesk. 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 peask. In addition the elastic events afford

us a chance to check our ability to measure the ft[ dependence

of the cross section.

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

in M? due to Ferﬁilmotion‘of the carbon nucleons, Heﬁce by
studying this cross section we check that all detector telescopes
are working and that analysis procedures do not cause spuriéus
changes in the behaviof of the cross section.

lack of corrections. After the subtraction there sare essentially no

corrections. BSpecifically, corrections due to interactions in
the target and in the detectors are negiigible. 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 iater runs.
Alongside these advantagés, however, we must bear in mind the statistical
disadvantage of the subtraét%on method. The statistical error associeted
with the difference of two numbers is the square root of their sum.
In summery we believe that we now have & workiﬁg, wellvunderstood

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

interesting results we have discovered.




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 s systematic‘stud& of the s dependence of the inelastic cross
section, especially in the region of low |t| 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 becaugse of the availability of all energies on the accelerator remp.

In addition we ekpect to be greatly helped by the improved duty cycle in
the internal besm.

| 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. Spéce must be»found in this area to accomodate us. Since
we do Aot 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 65 ares.

Our vacuunm 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-Kemp to our éxperiment since we are
severely cramped for space in the single Porta-~Kemp 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 ihe accelerator ramp. Our only required
task would be the interfacing of this signal‘into ﬁhe present system.

The total amount of space required for our vééuum box is indicated in
Fig. 1. If NAL desires isolation of our vacuum system from the acéeleratorv
vacﬁum system, it is perfectly acceptable to us if the two systems are
separated by a thin window (for example 1 mil of kapton).

-~
£
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We estimate that the time required to install cur 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 ocur electrogics. We thus expecﬁ to begin looking at our
target signal approximately two weeks after our move,

FPor the purpose of tuning our system we request 50 hours of beam time
spread uniformly over a period of one month. From our past experienée we
estimate that it would be desirable to thain 2.5 x 108 trigegers which we
would accept at 10 discrete\energy values within the range of available

T

energies. We expect these triggers to include sbout 10 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.

Ih order to improve the reliability of the data~taking process we .
request that our running time be divided at least into thrée equai gntervals.
We would prefer smaller intervals. In this manner we could analyse each
segment of date before taking the next segment. In this connection it should

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

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

B
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We have measured the doubly differential
eross section sdeo/dﬁdM2 for the reaétion P +'p<+
p + Xfusing 200 GeV incident protons in the‘ex—
ternal beam at the National Accelerator Lebora-

" tory. Here t is the squaré of the four momentum -
transfer to the target proﬁon, M2 is the mass
squared of X, and s is the total center of mass
-energy squared; We cover the region of 0.019 <
|t| < 0.19 GeV® and 1 < M < 60 GeV®. Interes-
ting structurg'is ébserved at low [t! and E2 r

3 -

values.

Work supported in part by the Naﬁionaliécienﬁe Foundation.

Ty




We havé 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

, T is ty?ically better than 10 %. The four momentum transfer squared
is given by t = 2 MbT where Mp is.the proton mass. The measured
value of T &n@ the telescope angular position 6 tégether determine
Mg, the sguare of the mass of X. Eéch telesc;pe subtends an angu-
lar opening in 0 of O.h§° and acéepﬁsva solid angle of approximately
6.4 x 1077 steradians.‘\The 18 telescopes are uniformly spaééd in ©
betwéen 48° and 890. Thus our telescopes actqally cover only about
20% of the angular range spanned. As & result we have hot measurea
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 héve used
polyethylene (CHQ)n and 9arbon targets and performed a subtrggtion.
The normalization of pol&ethylene and carbon runs before thé éuﬁ—
traction was obtained by identifying deuterons and tritons from
proton-carﬁon interactiops in the two targets. Such deﬁterdns and

tritons were counted simultaneously with the proton recoils. The

data which we present were obtained during a run of approximately
10 hours using the extracted proton beanm in tﬁé Neutrino Laebora-
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




The layout of the experiment is shown in Fig. i.' It should be
notéd that the detectors are located approximately 100em from the
extracted proton besm which, during the run discussed, had an inten-
sity of 3 x 1010 protons/pulse. It was thus very important to obtain
an extremely clean beam since interactioﬂ of a very small fraction of
the beai hundreds of feet upstream of our location would have produced
background orders of maénitude larger than our‘target Signai. The
fact that such a beam was made available to us is a triéute to the
National Accelerator Laboratory, its accelerator, the beam extrac-
tion staff, Qnd the staff of the‘Neﬁtrino Laboratory.

The targets used wére leg/cm2 foils of polyethylene ané carbon
approximately Smm wide and placed at a hSO angle to the beam. App?oxi»
mately 3 x 10fk of the beam interacted in our’target, the remainder
being used by thé‘Neutrino Lab for other experiments. Dur;ng the run
we“collected approximately 5 x‘lO6 triggers of whicb,approéimately |
25% were due to target interactions. The rem&inder were accfééntals
due to an extremely leax trigger requirement. Comparison of the energy
loss signals in the two detectors of each telescope completely re-
moved such accidentals. “ : o

The first (thin) detector of each telescope is s 5QO mgcron
totally depleted silicon surface barrier detector. The second (thick)
is a 5000 micron lithjum drifted silicon detector. A specific ioni-
zation measurement is performed in the thin detector and the total
energy is measured in the thick detectof:for fhup to approximately
30 MeV.’ For higher energies the proton does not stop in the second
idetector but a measurement of the energies E. and E_ lost in thg two

1 2

detectors still allows a good determination of the proton kinetic

—



energy up to approximately 100 MeV, Scatter plots in the El-EE
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 e}qstic scattefing peaﬁs are clearly visible with
the poljethylene taféets. Deuterons and tritons are copiously pro-
duced and appear in the plot as bands above the proton band,
We perform fhe following steps to obtain the free hydrogen event
distribution: . E
(a)"Divide the\El-Eé pléne/into s rectangular grid.
(b) Identify pfotons, deuterons and tritons by thef?
grid positions.
~(e¢) Count the deuterons and tritonms. ]
(d) Determine T of the protons from E, and E,.

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

.

carbon target to the carbon event»&ensitj from
polyethylene using (c).
(£) Ob§ain the bydrogen event distribution by sub- .

tracting thé carbon distributién from the poly;

ethylene distribution.
This procedure is carried out independently for’each teiescope. Then
s deadtime correction (mentioned previously) is applied to each tele-
scope. The final step in the analysis is to compute t,:M? and the
Jacobian B(S,T)/a(t,Mg} from our knowleaéé of}f,a and the beam momen-
tum. At this point the unnormalized differential cross Sectioh

‘dec/dthz is obtained in arbitrary units.




The totql number of inelastic scattering eventsvon free hydrogen
used for the sbove determination is approximstely 35,000. An abso-
lute normalization is obtained from the total number of proton-proton
elastié scattering events in eacﬁ telescope which observes the elas~‘
tic peakg. Some MS,QQO elastic scatterihg events wefe observed, the
elastic‘peaks being clearly visible in 5 telescopes. Such elastic
peaks are also very useful to cross check our energy calibrations

and our ability to cérrectly neasure the t dependence of the cross

section. To the accuracy of our data we obtain very good agreement

with publishéd valuesh for the slope parameter. VWe find b ﬂ‘ll.6 £
1.4 cev™2, \ |
.In Table I and Figé. 3 and 4 we present our measured values o?
sded/dthe where s = 377 GeV2 (square of totai center df mass enefgy).
The errors quéted are the statistical errors resulting from the sub-
traction. The limits of the |t| intervals used are shown in Fig. k.
In Fig. 3 we show the M2 dependence of the cross section in thét
lovest }tl interval. Table I presents the inelastic data with 6 GeV
bins in M2, coarser binning than used in Fig. 3. The minimum value
of M = 7 Gev? included in Table T is well cutside the region influ-
enced by elastic events even for the data at high {t[S.‘ In Fig. k
we plot the data of Table I at the two smallest valuesiéf M2. The
most outstanding feature of the data is the peakﬁng of the cross
section at ltl Nl Geve»and subsequent decrease for lower Itl for
T < W < 19 GeVQ. Around M = 20 GeV2 there éénuinelyyappears to
be a change in the behavior of the cross section dependence versus t.
Previous measurements of the proéon—proton inelastic cross sec-

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

of Itl. Measurements have also been performed by Albrow et al.T at

- - . - -
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the ISR but for both higher It] gnd s. DBoth experiments obtain &
minimum in the cross section for x = 1 - M2/s’ﬂ 0.9. Since our mini-
mum for [tl = 0,03 GeVg occurs at x = 0.97, apparently the minimum in
the cross section moves with Itl. It should be poimted out, however,
that Albrow et al. hgve & poorer resclution in x than we do which may
- affect the position of their minimum; Sannes et al. do not gquote
their resolution..

We wish to expresé our thaiks to the NAL accelerator, beam ex-
traction and Neutrino Lab staffs. In particular we wish to thank J. R.
Orr, on whom we could alwvays call as a member of our team. E. Blesser
and H. Edwards were instrumental in obtaining a cleam extracted pro-
ton beam. The Nevis machine shop constructed most of our mechanical
equipment and some partis éf the electronics were built at Nevis. We
gratefully ackngwlédge the help of W. Sippach and Y. Au. We wish tQ
thénk our theoretical colleagues, particularly C. Quiggiand A.“Mueller,
for their continuous encouragement and interest in cur experiﬁént.

We also thank Paulas and Catfish.
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PIGURE CAPTIONS

Sketch of the apparatus.

Scatter plots in the El—E2 plang for {a) polyehtylene data
at 83° (b)vgarbon data at 83° (¢) polyethyiene data at 80°
(d) carbon data at 80°.

Doubly differential cross section versus M2 for ltl = 0,03

GeVE.

Doubly differential cross section versus ]t{ for indicated

M, .
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" FOOTNOTES

5. Childress et al., Proceedings of the Vanderbilt Internationsl
Conference on New Resulis from Experiménts on High Energy Particle
Collisions, Nashville, 1973.

We take the elastic differential cross section do/dt to be

2 0.1 GeV2 as given by G. Charlton et al.,

]

26 mb/GeV® at ||

"Two and Four Prong pp Interactions at 205 GeV", contributicn
to the XVI Internationgl Conference on High Enewrgy Physécs,
Batavia, 1972. The accuracy of our absolute normalization
should be better than 30%.

The energy scale for each detector is calibrated with a sourcef
producing a particles of 5.477 MeV.

G. Barbiellini et al., Phys. Letters §Q_§J'663 (1972). The
slope parameter is given'by b = (a/dat) 1n {(do/at). ‘ |

As can be seen from the glastic peak in Fig. 3 our resolution in
M is 1 GeV® full width at half meximm for || = 0.03 GeV®. How-
ever, our resolution deteriorates at higher [tf. See reference
1 for details.

F. Sannes et al., Phys. Rev. Lett. 30, 766 (1973).

M.C. Albrow et al., Nuclear Physics B 5k, 6 (1973).
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16
22
28
3k
Lo

Table I. sd-o/atdMe (mb/GeV®) using 6 GeV> bins in M

[£]=.03
36 63
33+ 59
228 63
2Thx 6k
251 77

303127

[t]=.08

"308+33

128+2k
125+36
163£35
101+31

lleél

[t]=.11

229+28
133424

T0+£31
133133
179439

126+26

lt]=.1%

132+23
78£31

23%23

117+31

117431

812k

Jel=ar

183419
45+15
55118
§6i23

93:23

109+23

‘3"
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PROTON-FROTON INFELASTIC | “ATTLRTNG IN THE DI}’RACT]VE
REGICOH AT 200 GeV ¥

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

- J. Lee~Franzini, R. McCerthy, and R. Schamberger, dJr.
State Universily of New York, Stony Brook, New York 11790

Presented by R. McCarthy
ABSTRACT

~ Ve have measured the doubly differential
cross section sd“c/dtdM“ for the reaction
p+p+p+ X using 200 GeV incident protons
in-the external beam at HAL. Whe TENEZES COo-
vered in |t] and M° are 0.019 < [t] < 0.19
Geve and 1 < M7 < 60 GeV” respectively. The
hydrogen cross section was obtsined by a
polyethylene-carbon subtraction and is given
with appropriately large statistical uncer-
tainties. However, the cross section does
show unexpected structure. In the region
7 < M2 < 19 GeV® the cross section reaches a
maximum near |t| ~ 0.1 GeV“ and then decreases
for smaller lt|¢

INTRODUCTION , e

We have measured the proton-proton inelastic scattering cross
section in the diffractive region using 200 GeV incident protons
in the external beam at the National Accelerator Laboratory. Our
method (Fig. 1) is to detect the recoil proton in an array of solid
state detector telescopes. We have 18 telescopes covering the an-
gular range 48 < 8 < B9 degrees from the incident proton beam.
Each telescope consisls of one thin and one thick detector. By
studying the correlation between the energies lost in the two de-
tectors, we are able to unawbiguously identify each proton and de-
termine its kinetic energy 7. This kinetic energy measurement can
be performed over the range of 10 < T < 100 MeV. From the measured
values of T, 6 and Py (the beom momentum) we calculate It] and M
via the equations™:

L

[t] = (1)

2 Cn %(PB P cos ? - (EB + MP)T) = >' (2)

§
0

¥ Vork supported in part by the National Science Foundation.
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TELESCOPE SOLID STATE DETECTOR
tﬁUMBE?I TELESCOPES

EXTERNAL
PROTON BEAM

v }

NEUTRINO LAB

TARGET NAL : o

Fig. 1. Sketch of the apparatus.

lHere t is the square of the four momentum transfer to the target
proton, M is the missing mass of the system against which the tar-
get proton recoils, and MP ig the proton mass. ’

In order to obtain the hydrogen cross section we have used
polyethylene (CH,), and carbon (C) targets and performed a subtrac-
tion. Each target is a foil Smm wide and spproximately 13 mg/em
thick placed st a L5° angle to the beam. The detector telescopes
are ot o distance of one meter Trom the terget. Each telescope
subtends a solid sngle of 6.4 x 10~7 sterediéns and & range in § of
only 0.46°. Thus our covering efficiency in 6 is only 20%. Hence,
ve have not measured the cross section continuously in M2 and nay
be missing interesting structure. ' ’

s
«"

ELECTRONICS -

A simplified diagram of the electronics for each telescope is
showvn 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 swaiting readout into the anslog 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
which detectors were active at the time of the trigger. At this

SR
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-netic energy T up to T~ 30 MeV.

"MONITOR OF

' BEA e -

. b SAME AS )

i bodeesen il ON TARGETY - v . .

e BOYTOM . .

y CHANREL [I}—';{""wc' TO | MASTER

: })’ g - SCAL&R; oo | TRIGGER N
~ REGISTERS

UPDATING

e

TO ANALOG
MULTIPLEXER

Fig. 2. Simplified diagram of the electronics for each telescope
showing discriminator, smplifiers, monitoring and the sample and
hold system. '
time also the decision is made-to hold the analog signals swaiting =z
readout. P

In order to aveid pileup of the analog signals each detector
generates a deadtime each time its signal exceeds the threshold.
The c¢lectronics 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
forming & coincidence between 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 & master sca=-
ler which stores the total number of monitor counts these scalers
then provide the deadtime correction for each telescope.

ENERGY MEASUREMENT-IDENTIFICATION OF PROTONS

The first (thin) detector of each teleécope is & 500 miecron
totally depleted silicon surface barrier detector. The second
(thick) is a 5000 micron 1lithium drifted silicon detector. The
energy measurcd by the thin detector (E;) gives essentially dE/dx
the energy loss per unit length for the detected particle. The
energy deposited in the thick detector (Es) is nearly the total ki~
Hence, up to this T value a plot
of Ej versus Ep (Fig. 3) is essentially a plot of dEfdx versus T

.

-
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Fig. 3. Eﬁergy deposited in the thin (E;) and thick (Es) deﬁectors
by & proton with a given initial kinetic energy.

and falls as 1/7T. For higher T values the proton does not stop in
the second delector but a measurement of the energies Ej and Ep )
still ellows a good delermination of the proton kinetic energy up
to T ~ 100 MeV. As can be seen in Fig. 3, however, our resolution
in T gelts progressively worse at the higher T values.

. Scatter plots in the Iy--Ep plane of events collected in & few
minutes of running are shown in Fig. U4 for two telescopes, each
with both polyethylene and carbon targets. The proton bands are
clearly scparable from background both when the proton stops in the
thick detector and when it treverses the thick detector. Proton-
proton elastic peaks are prominent in the polyethylene data at the
correct T velues but are absent in the carbon datea.

.- SUBTRACTION S

In order to obtain the hydrogen cross section we subtract the
carbon Ey-FEs plot from the corresponding polyethylene plot for each
telescope. The bands in each Ej-Ep plot (Fig. 4) above the proton
band are due to deubterong and tritons produced in proton-carbon in-
teractions. These deuterons and tritons provide an essentially
ideal normalization for the carbon data before subtraction since
they can not be produced with low laboratory momentum in proton-
proton interactions. Hence, we mltiply the carbon data for each
telescope by the appropriste factor so that the number of deuterons
and tritons from carbon equals the corresponding number from poly-
ethylene. 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 energy bin is essentially given by the .




wer ‘f\:orw" --"" BT
A3
d{, .M.:)b nu . - . .

. ;-.. 2285 M et N (RS
Ul 4 : .t .« =
k,s.rq{pﬁp . b .

SRy . .
EARN . O

"y

Fig. h. Scatter plots in the By-E, planc for(a) }giyethylene data
et 83° (1) carbon aaia at 83° }c) polyethylene deia at 80°
(d) carbon data at 80°

square root of the sum of the number of prolons frem polyethylene
and carbon in that bin. -

In Fig. 5 we plot our polyethylene and carbon data. We plot
the unnormalized doubly differential cross sectiom as a function
of M® for our region of smallest |t]|, at about 0.03 GeVZ. The
statistical errors are smaller than the size of the points. The
apparent structure in the carbon cross section is & binning effect
due to the rapid fall of the carbon cross section with ltl within
a single bin _in !t[. Consequently the dats should bte averaged
locally in M This effect is not importent in the hydrogen cross
section. The elastic pesk in Fig. 5 is sbout five %imes the car-
bon background. 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 menticned previously
we pay a heavy statistical price for doing the subtraction.

As & check that the subtraction is performed rroperly we _note
that the hydrogen cross section should be zero for M2 < 0 GeV
This is the case except for telescope number 3. In telescope -



http:polyethylc!.1e

( T T i !
« (CH,),
1660} +C N
. Wl = 03GeVE
lﬁOO- .019<1tl < .038 ;
ool )
. o
o 4
> . ! .
5 1000 }- : - .
5 . o
) .
2T B00f | ]
. B | .
2 600} - . | | T
IS . v
:"D ;, . . R . A
400 - + o° e V . ]
£ : " + o -
ooty f“«‘{*§$?¢.‘+¢;
200} | ¥ y
1 L 1 .

A0 0 10 -20 30 40 50
L M2(GovE) 7

¥ig., 5. Unnormalized polyethylene and esrbon
cross sections near ‘t v 0.03 GeVe,

3 the proton-proton elastic pesk occurs in the upper branch of the
Ey~E» plot and some of the events in the tail of this pesk conta-
minate the deuteron sample. A 7% correction has been applied to
the data from telescope nuwber 3 in order to eliminate the effects
of this contemination. This correction only affects our measure-
ment of the elastic slope and does not influence the inelastic
data for M > 0 since telescope number 3 does not measure this re-
gion. The four other telescopes which messure the hydrogen cross
scction for M® < 0O obtain & cross section which is zero within
statistics The effects of telescope number 3 in the inelastic
data for < 0 have not been corrected and are displayed in Figs.
g-12 and Table I. B =

NORMALIZATION TO ELASTIC EVENTS

We measure the unnormalized elaotlc differential cross section
by integrating the elastic peoks in telescopes 3, 4, and 5. We
plot our results in Fig. 6. Our measured velue of the slope

.
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Fig. 6. Heasuremcnt of the elastic differential cross section.
Normalization determined from reference 3.

31.6 + 1.4 GeV™? is in good’ ngreement with published valuea.2
Ve have included in our points systematic errors associated with
our ability to separate elastic and inelastic events. We cite our
measurement of the slope as evidence of our ability to measure the
ltl dependence of the proton-proton cross section.
Having demonstrated our sbility to measure the unnormalized -

elastic differential cross section, we use this cross section to

estoblish an sbsolute normalization. We tske the elastic do/dt to be
26 mb/GeV® at |t| = 0.1 Ge¥? as obtained by the ANL-HAL bubble cham-
ber experiment st 200 GeV. This sbsolute normalization is believed
t6 have an accuracy better than 30%.

DEADTIME CORRECTION

The data for this 200 GeV experiment was collected under quite
adverse circumstances. It was taken before WAL had really achieved
a slov extraction and hence was taken under conditions in which no
other counter-type experiment in the external beam could operate.
Consequently the deadtimes are quite high, up to 507 for some de-
tectors, and we cannot rely on any results which depcend heawvily on
the deadtine correction. Fortunately most of the interesting
aspeels of the experiment do not depend upon this corrcction bew
couse ve normalize to the elastic cross section after the deadiime
correction. Consequently only the differences in -deadtime correc-—
tions among the variocus ftelescopes are important.

In Fig. Z we plot the doubly differential cross sectlon 85 8
function of M for |t| = 0.03 GeVZ. The normalization for this
plot was obtained without dcadtime correction. Consequently we can
study the effecls of the deadtime corrcction by comparing Fig. T to
Fig. 8, the corresponding plot including the deadtine correctlon.
We see that the correction has essentially no effect for small M2,
ﬁgls is to be expected onnce the normalization is carried out at

= 1 GeV? For high M“, however, the deadtime correction has the
" effect of ralslng the cross section by amounts approaching thirty

o




per cent for some og the points. Hence the possible error due to'

deadtime for high M- is less then thirty per cent. Sucg an error is
expected to be a uniforn shift in the points at high M= and should

not affect the point to point errors.

We should point out that we have independent evidonce'support~
ing the validity of the dcadtime correction. The shepe of the car-
bon cross scetion versus 0 is similar to that observed in & sub-
scquent run at 300 GeV which requires essentinlly no deadtime cor-—
rection. : T 7

The shape of the cross section versus lt] is essentially un-
affected by the desdtime correction. This is due to the fact that
a chenge in |t[ for constant M° involves a change in 6 of only & few
telescopes. : .

Y - DEPENDERCE ON M2

Ay
2 _‘2 ) v It :
Our values of 8d70o/dtdM” arc presented in Teble I and Figs.
8-12 for fixed it] intervals. The limits of each intervel are given
on lLhe appropriatce figurg. The gaps in the data are due to our co-
vering -inefficiency in M~ discussed earlier. The date near the elas-
tic pesks in the low [tl regicns (¥igs. 8-10) sre disvleyed via &
change in scale and fine binnjing. From study of the elestic pesks
our resolution in 12 is 1 GeV® full width half maximen in the two
regions of lowest ]tl. Duec to the deterioration in oxr T resolution
(Fig. 3) our resolution in M increases to 2 GeV? for it] = 11 GeV®
end to b Gev® for |t| = .17 GeV®.
_Under ideal circumstances our resolution in T would in no case
be limiting since our resolution in El and E? would be 50 KeV es s
shown with an o source. However, this experiment was performed one
meter frem e beam of about 3 x 107 protons per pulse with an effec-
tive spill time of one millisecond. It is a tribute to the National
Accelerator Laboratory that the besm was clean enough Tor the expe-
riment to be performed. However, becsuse of smell-sipnal pileup
the high rediation enviromment did cauvse deterioraticn in our T re-
sotution. It also caused o systemetic error in our ersergy messure-—
ment (v 1 MeV in By and BEy) which has been corrected wsing knowledge
of the T values at the elsstic peeks in several telescopes. {Initial -
calibration was carried out with an o source.) ’

The uncertainties guoted in Table I and Figs. 8-12 are the sta-
tistical errors resulting,.from the subtraction for allquints except
one. The exceptional point is at ]t| = ,08 GeV? and I~ = 5 GeVZ.
This point has becn reduced by 0% due to contamination resulting
from clastic events., In order to define the solid angle of each
telescope wniformly, collimators are placed in front of both detec-
tors of each telescope. Protons which pass through the body of the
collimators are expected to be excluded because of their improper
Ey~E, correlation. Because of our poor resolution during this 200
GeV run, however, this exclusion could not be completely carried
out. Due Lo the small size of the active area of the detectors be-
hind the collimators, this failure in most cases did not present a
problem. However, for the point in question the elastic pesk was at

-




' , 2
Table T, sd20/dth2{mb/Ge¥ )

M |t]=.03 |t]=.08  [t]=.11  |t]|=.1h |t]=.17
-3 23+ 70 ~249% 31 -86+23 -39+16 -23+ 8
-2 ~2h9112) 31+ 86 0£78 2345h 20215
-1 934124 b3 sk —— 358439 R

0 h6T1:233 4030+ 93 —— 18L3+5) ——
1 123551210 63334101 301070 —— 1182454
2 32994187 —— 185962 —— 123745k
3 e — 1961470 —— 82439
L 1105+ 93 -— — —— 622239
5 1283+179 911455 — 48239 ———
6 —— — ——— 389439 -
7 hhh£.78 -— 389439 — -
8 - - 365439 ——— 124439
9 ~621206 335* 39 — e 179431
10 218+ 86 ahix G2 — e 22613
12 1954101 — 93+39 132%23 ——
1k 861109 101t 31 233439 —— —_—
16 784109 — —— e 39%16
18 -39+ 03 171 39 - 70%31 78431 13262
20 179+10G —— — —— —_—
22 1324109 265+ 93 — — Y7403
2h 373109 101* 39 70%31 23103 TO%31
26 2881109 - T70% 93 —— — ——
28 272101 156+ 39 194462 — —
30 2571l k3132 10939 117431 86x23
32 21.0112) 621 5k — — —
3k 3664140 70% 62 17939 — —
36 1874140 148+ Ly — 117431 9303
38 257%2hg 117% b7 13245 — —
ho | 1484218 117+ 62 1231 . 12Lk39 —
b2 L&tz 117+ 5k 132493 54431 109%23
Lk —— 2hot 86 172EhT ——— ———
e — 233% 54 1h862 179431 ——
L8 — 265% 78 233470 233470 156%3]1
50 —— 54t 7o 101%5) 100+93 233%62
52 — 210*117 187+70 163+47 —
Sh — - 195%5) -— 12k%3g
56 - - 18762 L7tsy 0%39
58 — - e 86k 101478
6o -— — — R 171431
62 ——— — ~—— _— 272%62




X=1- Mg
160 93 96 94 92 90 &3 .{)6',83;'.?2

I il = .03 GeV? 1
) 019« i < .038
— ol =y ) J
N 2 IS fofore
& ~ Doadtima ‘
> ol Corraction :
©n &L P ashe »4
[ . .
6 : ]
— 1]
1 i 4
o E
% E N
v . T ‘ 1 ’
PO 1, p ]' .
., T I} 1T {I‘;;*IIEILIII}
3 NN RN o § 15 A ) M
{ i :
A0TT0 026 30 40 5060 70
CUME (GoV?)
Fig. T. Doubly digferential cross section versus

M° for lt]ﬁ0.0SGeV* before deadtime correction.

X1 MY

1.60 93 96 94 92 90 83 £4H o4 62

{barns /GeVY)

dle
drdmt

¢ ]

1} = 03 GaV®
O19< il < 028 ’

0 10 20 30 40 . 50 &0 70

. Fig. 8. Doubly differentisl cross

section versus M¢ for it[:O.O3GeV2..‘



http:TrlII!TlT.TJ

X=1- Y
100 3 95 94 92 L0 &8 8BS .84 8r2
It .08 GoV? ]
066 <1< 095
% 2 § K
Q =
€ - >
S P
£ I I
':gl t |
bi-o
oS t
iz t
II T CTeT T
! S O S LA
oL, D— I.~-.-~,..-..{ ........ i -...‘I..{.-f.f.} ..... S
z <
10 0 0 20 50 40 50 60 70
M* {GoV?)
Fig. 9. Doubly differential crosg
-section versus M° for It}x0.0BGeva.
: CRE Y- MM
l.OQ R .?6‘_5.’4 92 %0 .?8‘ .{,é; .8f‘.|E 52
T e N1 GoV?
- 095 < 141223
% 27 | ~
o
~.
g
£ s
ﬁ
)
PR = T
b{= -
Yol <
mc -~
7
o [, I yerpel, 110
- I N I II - 3 i
0 ...........I._-.......-...-..-S._.....‘............-_......j‘....._....z.,...,...................._. -

SO0 10 A0 3046 8060 70

M (GoVi) T
Fig. 10. Doubly,differential cross
i.section versus M2 for ltlwo.llﬁev .

- -

OO SN W



{oarns /GeV?*)

L33

oo
drdist

S

(barns /GeVY)

dte
drdmt

5

x‘]’f\’\zl’s
100 98 95 94 97 .?O B8 86 B4 82

+ e 34 GgV?
123< 1 <147
2.,
I
‘.. o
o b : )
_ rlyg
OJ _____ .S,‘-.-.----...E....-..I.-...,I....-3...\...3-\...{!--..._1....,. s et
=10 0 10 200 30 40 . 50 60 70
. M {GeV?) o
Fig. 11. Doubly differential crogs
section versus M° for |t|=0.1hCeve.
. x & ]“ i“!!\?f{: Lo
100 98 ©6 94 92 90 83 86 84 . ?
| I 37 Gev?
JAZ < 1l < 203
2" ‘ K
II
1+ .
I
{ N
v 1! - T I

(A} AT USEUQUPSPEPUORY Sestly: S SEEY. SUPI SRR, J5 SN

I

2 i 3 Y 3

0 1020 30 40 50 60 7
M (GoV?)

Fig. 12, Doubly, differential crogs
section versus M° for ltl'—“O.l’{GeVa.




he collimators and cause apparently

the proper cnergy to penctrete tl !
or gttributed to this

inelestic events. Conseguently, the lerge err
point is systematic. ;

Another possible source of background is pion contamination.
Such contamination is possible only for low velues of Eq and Eo
corresponding to ]t] > .1 Gevg. From study of the Ej- Eo plots we
estimale this contamination to be less than 10% even at our higher
fti values. This cstimated upper limit is supported by kinematical
considerations. :

After the deadtime correction no further corrections have been
mede. Corrccetions for the finite thickness of the terget would be
negligible. A maximum of 0.3 MeV is deposited in the target by &
10 MeV proton which traverscs the entire target. The meximum root
mean square multiple scettering angle is epproximaiely equal to the
engular aperture subtended by one telescope. Thus mltiple scatter-
ing in the target does not appreciably broaden our resolution.
Corrections for less of protons due to nuclcear interections in the
detectors would change the date points by less thexn 2%.

“The most noteworthy feature of ghe date in Fig. 8 is that the
cross section reaches o minimum et M° = 12 GeV® or X = .97. Other
exyverimenters at larger ]t} have found the mininmun et smaeller
values of X.' If sll experiments are to be consistent, this mini-
mun wust wove toward X = 1 for small ftf.

DEPENDEFCE ON |t]

the deta from Table I is presented aggin in Teble IT using
6 GeV™ bins in M. 'The ceptral valuce of }M° for esch bin ig’ listed.

m 2 e . . 2 e
Table II. sd o/dtdM (mb/GeVE) using 6 GeVe bins in MO

M7 [t]=~.03 |¢]=.08 |4]=.12 |4]=.14 [t]=.17
10- 36t 63 308133 229+28 132423 k183¢19
16 33t 59 1282k 133+2k 78431 45415
22 228z 63 125£36 T0+31 23423 55+18
28 27kt 6h 163¢35 133+33 117431 86423
34 251+ 77 101+31 179+£39 117+31 93x23
Lo 303:127 117+31 126126 812k . 109+23

From Table IT it seems indeed plausible that the minimum in the
cross section moves to larger Me values (smeller X} for large ftl.
Plots of the data from TaB%e IT are shown in Figs. 13 and 14 versus
Itlfor several valucs of M™. In the region 7 < M®< 19 GeV

(.98 > X >.95)the cross section reaches a meximum near [t]=0.1 Gev®
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and then decrcases for _smaller t]. This behavior is unexpecled.
For lerger values of M~ the cross section exhibits the conventional
monotonic decrease versus }t{.

Tn Fig. 1k we present also a Tew points obtained by Sannes et
al. bt nearly the same value of s. Their pdints are consistent
with ours and have errors which are approximately the size of the
poinls shown,
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The writeup on Phase TII and Appendix C (on theoretical ideas to which

our experiment is relevant) will follow.
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Addendum to Proposal #221

CALIFORNIA INSTITUTE OF TECHNOLOGY

CHARLES C. LAURITSEN LABORATORY OF HIGH ENERGY PHYSICS
PASADENA. CALIFORNIA 81109

April 19, 1973

Dr. P. Franzini

Physics Department

National Accelerator Laboratory
P.0. Box 500

Batavia, Illinois 60510

Dear Dr. Franzini:

Several times you have asked me what I thought you would get for
yoﬁr experiment, (measuring recoil protons in the lab) according to my ideas.
At last I will answer you. One reason is that some recent ISR data (near x = 1)
indicates I might have been wrong - and it would be very nice to resolve this.
What T will do is first tell you what I thought as if I responded a year ago
when you asked me. Then I will say what the new data suggests.

I suppose I do not have to describe the kinematic variables - if P,
is the beam proton, Py the struck proton, Pq the observed proton (p3 is your
recoil proton, or in the center of mass system where PysP, each have energy E,
momentumn PO’ it is the particle moving in the general direction of Py with
transverse momentum P, and longitudinal momen tum Pox)- The unobserved "anything'
has momentum P1*tPy-Py and square,mass?¥6 = (pl+p2—p3)2. We call s = (pi+p2)2 =

2M(e+M) where € is your lab beam energy. Then

2 -2
%—2‘4 =l_x=—I]4;:[P COSOC"‘PZ/ZMI

S

where P;is the momentum of the proton you observe at angle o to the beam direction.
" (These relations are approximate. x should really be replaced by the energy of Pq
in the center of mass system over E, which is very nearly x; the term —(P°/2M)
should be total energy in lab minus the rest energy M, but your particles are
nearly non-relativistic; and cosa should be coso times the momentum of the beam
in the lab times 2M/s.) To get near x = 1 we usena near 900.

' I shall give expectations in terms~of.%f and Ef or in terms of x and
PZ' or tw —P?. I would divide the processes into four pieces. The total curve

L2
is the sum of these pieces.

-




Dr. P. Franzini
April 19, 1973

(1) Elastic
(2) Diffraction dissociation of the unobserved particle
(3) Diffraction dissociation of the recoiling particle

(4) General inelastic scattering.

There is a (5)th category, diffraction dissociation of both protoms but
it is probably small and you are very insensitive to it and we will leave it out.
(1) Elastic is obvious, of course; there is a sharp peak at‘%? = Mz (near x = 1).
(2) Could also be called resonance production. I mean that the unobserved
particle gets excited to a resonant state P* having the isospin of the proton

(i.e., A+ is excluded) -~ éuch as the 1470 or 1688 resonance - with mass MR and

. 2 ; do .
some width. Thus versus %1 the cross section 5 would show resonances like

Ao ‘ v dtdyn
A ,«/f/an i
ALAM
fFegongncee '
ud production (2f tenstant )

MY eVl 7 *

This part of our curve would look about the same for every s. I would guess the
cross section to be small compared to the elastic cross section, so perhaps 1 or
2 mb but the size is hard to be sure of. I also guess the curve falls rapidly
with'%g so the entire phenomenon disappears beyond say'mf or order 10 GeVz. (As
we shall discuss later, it is this latter guess which is subject to question by
the new ISR data and other peoples theoretical ideas.)

(3) This is the physically symmetric phenomenon to (2), but here it is the
recoiling particle which comes out in a resonant state, energy MR. This state
decays gnto a proton (of energy ER’ momentum PR in its own rest coordinate system)
and let us say one pion. You observe this proton. It makes a small effect in
your experiment but we must mention it. If MR decays into a proton and a pion

{:}v’/—:’]ﬂ@é/ a7 FL})

isotropically in its own rest system what we see in terms of our varlablesAls a

uniform distribution in x from x i (E -P )/MR to X o = (E +PR)/MR. We will
only see the large x end, near x ax whlch is very cloqe to 1 (appr031mately
X =1 - m /MR - M ) where m_ is the pion mass) where it will look like
max T
o~
¢
[ty 1 N
Ardt e (Emtegitafe A on ) :
”””””” N s - g npL g ' r /
, S ~heiaht equals R fimes x-secl Lo make M
i= 1 X ot 1——’7 J v  Fi 4
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(There is no reason for isotropy - it is only an example - any other decay
distribution in cos6 the angle to the beam is reflected by the same shape in
X, = 1/2 [x + (x X Ycos8].) Because of the several resonances

mln max max
it will look like

You can get a good estimate of what this part (3) contribution may be ffom
observation of part (2) contributions to get the curve which determines the
probability of making various resonances. (Part (5) contributions (both resonant)
will just add a little more on hereglooking qualitatively similar and quanti-
tatively perhaps less than 20%).

(4) The general inelastic scattering, the biggest contribution totalling roughly

30 mb including pionization etc., should produce a contribution which scales,

2
I expect that aga%-= f(x,t). The question is how f(x,t) varies near x = 1,
excluding the effects of (2), (3) above. In my paper I predicted it would go as
(1fx)l—2a<t) where o is that of the lowest Regge pole possible, excluding the

Pomeron. This is the w,f trajectory with a(t) near 1/2 + t. TFor o = 1/2 this
gives a flat distribution f(x,t) more or less independent of x for x mear 1.

How it varies for x distinctly away from 1, say x < .8 I don't know. At any rate
ISR has seen the curve over all x and you are familiar with that.

2 Well, that is what I would have written a year ago. Since then two
things have happened. One is theoretical. Using the Mueller approach theorists
have found a term called "triple pomeron term" which could give a sharp rise-like
1/(1-x) in f(x,t) near x = 1. A little consideration shows this is the same as

saying that in (2) the function go would not fall fast with w& as I guess but
dy dt
Would fall slowly - asymptotically for large'%L as constant/»t (because dx/(1-x) =

dﬁt/(%(~M ). I have always tried to understand phenomena which go under the

name of "pomeron exchange'" in a physical way just as total diffraction scattering.




Dr. P. Franzini
April 19, 1973

I do not yek see physically from this view where this l/@? tail could come from.
Therefore I am very interested in your experiment to see whether indeed it is
there,

The other thing that has happened is experimental. For example,

Albrow et al, of CERN, believe they have seen such an effect, The data looks
pretty good but doubt could still be expressed, especially if you are as prejudiced
against it theoretically as I am.

When the idea was first presented (of triple pomeron exchange) there
were preofs that the coupling would have to be zero (as I suppose@)if ap were
equal 1, for example at t = 0. These were simply based on the assumption that
the total cross section was a constant (as I also supposed). Because the total
cross section would be [ff(x,t)dxdt or nmear x = 1 if f(x) went as (l—x)nl we have
J dx/l-x logarithmically diverging as x ~ 1. But x stops scaling at order MZ/S
so we have 4n s/M2. Thus total x sections would have to rise logarithmically
with s. But there now is some good evidence (but not entirely unequivocal) that
they do rise slowly for very large s and so there is the possibility of a
1/1-x term. T wish this would all go away. A

Therefore your experiment has the possibility of resolving this question
(as well as telling us many things about how intensly the various resonant states

are excited). Disregarding (3), what you should see is this. If you measure
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Dr. P. Franzini
April 19, 1973

If you have any questions or want more details about one point or
another (for example.the relative probabilities of exciting various resonances
as calculated by Ravndal) please write, including your range of o, P and
accuracies Ao ,AP which I forget.

I am sorry I took so long to answer. My regards to your wife. Thank

you both for taking care of me when I couldn't get breakfast at NAL.

Sincerely,

Dyl fz,zyﬂm/w/

Richard P. Feynman
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