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Summary

~ Cross sections for production of d, ﬂi, K; and pir have been
measured at a laboratory angle of 116 mrad for p-p interactions at.19 and
2k Gev/c. The ohserved.sﬁédtfé are compared with statistical model calcul-
atidns, Significant cross sections were found for the production of deuterons

of momenta in the range 2 - 9 Gev/c and with transverse momenta up to 1" Gev/c,

intrp@ggtion

Many measurements have been made on the production of particles in

proton-nucleus interactions at energles of the order of 25 Ge#, but little

.~ work has been carried out on the more fundamental p- p production cross sections.

. In the course of the_experiments on proton-nucleus collisions in this energy

pegion several groups'~® have observed deuteron production, It is not clear

whether the deuterons originated in proton-nucleon intersctions or in profon-

" nucleug interactions. Appreciable deuteron yields were predicted by

P3/3%956

Hagedorn® in s caloulation using & statistical model for p- p interactions and
by Butler and Pearson’ using a cascade process from nuclei. Experiments per-
formed by Amaldi et al? Balea et al® and Schwarzchild and Zupan8i%® have
supported production of deuterons of momentum less than 3 Gev/c' in nuclear |
processes. At lower energies 2-3 Gev, however, deuteron production in p-p

interactions has been cbserved in hydrogen bubble chamber experimentsio—*z.




~ This faper reports yields of 4, wi, KJ‘r and pi at a production angle
of 116 mrad from p- p interactions at 19 and 24 Gev/c. An external proton
‘beam from the CERN proton synchrotron was used to bombard a liquid hydrogen
target and the particles produced were identified By momentum analysis and
velocity measurement using either a time-of -flight method or a differential

~
Cerenkov counter.

Experimenfal'Details

in external profoﬂfﬁeam was made by fécusing protong scattered at
an angle of about 20 mrad from & target placed in the internal beam of the .
synchrotron. The beam transport system and experimentel arrangement are shown '
in Fig.1. Quadrupoles Q4 and 9z were used to form an intermediate focus at
the collimator €1 placed at the exit of the shielding wall. The beam siée at
this point Was-vﬁ cm diamefer‘and the éollimatbr C1 was 10 cm diameter.
Momentum selsction was obtained by a 4O mrad deflection in magnet M1, Prev1ous
_ analy81s of a similar beam showed that at least 95% of “the partlcles were
protons in a 1 Gev/c band just below the internal beam momentum. The quadrupoles
-'Q3 and Q, were adjusted to focus this beam at the hydrogen target. The
resulting beam size was 2 om wide and 8 cm high. The collimator ¢, was in-
cluded to remove low intensity fringes from the bean and was positioned'so that

secondary particles from it were not detected by the counter telescopes.

An ion chamber of 15.cm diameter was placed between G2 and the I

‘hydrogen target, Ion chsmber readings were teken for different distances -
between the ion chamber and the collimator to estimate the contribution to its

- peadings from:secondary particles produced in C2. At the position used for

the ion chamber this contribution was less then 8% The ion chamber and the
 associated current integrator were copies of. that constructed and calibrated

by Harting et al'>® and the calibration was checked by comparison using a
| strbngfvir@y.source. The measured beam intensity was about 7x 107 protons

for.a circulating beam intensity of 5x 10'! protons.

The hydrogen target used was 15 ¢m diameter and 100 cm long.” =
Particles were detected by scintillation counter telescopes 1234 and 1567

' defining a mean laboratory production angle of 116 mrad and spectrometer
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magnet deflections of 192 and 292 nmrad respectively., The momentum calibration

of the spectrometer was made using a floating wire technique.

Particles detected by telescope 123k passed through & gas Cerenkov
counter'® placed between scintillators 3 and 4. The Cerenkov counter was used
as a differentiel counter with a veloclty regolution of either 0.7% or 1..%.
Light collected outside the annular ring corresponding to this velocity band
was used ©o give an anticoincidence signal %o improve the rejection of particles
with the wrong velocity. The momentum resolution of the counter telescope,

123, had a full base width of about 20% and the solid angle from the target

was 3,6 x 107° sr. lomentum socans were made with the spectrometer magnet for

fixed values of the refractive index of the gas (ethylene) in the Cerenkov

counter,

From the magnet settings found for the sbundantly produced protons
it was possible to predict the settings and line shapes for the iow yleld
particles. Results are shown in Fig,2 for D and 4. A slightly different
teohnique was used to measurc the pion yields, For these measurements the
gas refractive index was set to a sufficiently low value that only particles
of v > 14 were detected and the Serenkov counter was used effectively as an
integral detector. The pion spectra for momenta greater then 2 Gev/c were

taken for one sebting of the gas refractive indeX.

Particles detected by the telescope 1567 were velocity analysed by
meagurement of their time~of-flight using a fime-to-pulse~height converter of
the Culligan-Lipmen type'® and the resulting pulse height spectrum was re-
corded on a 256 channel pulse height analyser. The time ~to~pulse~height con-

 verter was primed by a 1567 coincidence, started by pulses from the last coun-

ter in the beam line (7) and stopped by counter 5. This system, the inverse

to that normally used, was adopted because it resulted in the acceptance of

fewer random start pulses by the time—to~pulse—ﬁ%ight converter, counter 7

having a much lower counting rate thon counter 5. The 1567 coincidence
circuitry had a vesolving time of 12 nsec. The resolution of the time-of-flight
system was 1.1 nsec (corresponding to asbout 12 channels of the pulse-height

analyser) which is indiecated by the line width observed for fast pions,see Fig.3.
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The momentum interval accepted by the spectrometer had a full base width of
gbout 17% and the solid angle was 5.6 x 107° gr. The line width for slower

particles was greater bceause of the larger velceity variation corresponding

to the momentum spread accepted by the spectrometer. Fig.3 also shows spectra

for 1.6 Gev/c deuterons and 0.8 Gev/c protons.

Measurements were taken with both the Cerenkov and time-of ~-flight
systems for incident proton moments of 19 and 24 Gev/c. Accidental coincidences
and background corresponding to an empty target were measured and gave rise to

corrections less than 20%.

Results

-

The cross seetiong found for prodﬁction of ﬁi, X, pi and 4 ata
laboratory angle of 116 mrad from p- p interactions are given in Tables I abd IT
and are plotted in Figs. 4 - 7. Corrections have been applied for particle
decay, absorption, multiple scattering and acceptance of the éerenkov counter.
The acceptance corrections for the éerenkov scounter arose from two causes;
firstly, for the lower velocities studied, the momentum ascceptance of the
counter was less than the momentum accepted by the 1234 counter telescope;
and secondly, the anticoilficidence arrangement rejected some of the genuine
ﬁarticles. The latter contribution was directly measured and the former was
calouiated from the counter geometry and the meagured response of the Cerenkov
counter as a function of gas refractive index for dotecting particles of well-
defined velocity. Valueé of these correction factors are given in the tables,
The errors quoted include allowances for approximations in the caleulations
and for uncertainties in the total cross-scctions used in computing the ab-
sorption corrections. Where no experimental toial cross scctions were available,
geometrical values were uscd and the deuteron cross-sections were catimated by
adding the neutron and proton total cross sections for momenta of half that
of the deuteron. The expeorimental resolubion was not in general gufficient to
resolve muons or electrong from the pions, but the estimated contamination was

loss than 10%. The resulis tabulated and plotted show nc errors for uncertainty

in the input beam intensity which could be 7% and would scale all results cof-

respondingly.




The agreement between the cross sectlons %easured.by the time-~of-
flight system and the Cerenkov counter 15 good Flgso 4 and 5 show the results
for 19 Gev/c incident proton momentum and Flgs. 6 Aﬁd ? for 24 Gev/cu The two
latter figures also show the cross sections oomputed by von Behr and Hagedorn

normalised to a total p-p cross section of 4O mba‘ The compuuatlon fpr deuteron

O
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yields was made by Haogedorn'” using an interaction volume adjusted to give

agreement with observed antiproton yields,

- The fall in the deuteron cross sections, sh@wn in Figs, b and 7,

at about 1.5 Gev/c is consistent with 1t'belng klnematlcally 1mpossible to

produce deuterons of momenta less than about 1.4 Gev/c for the conditions of
this experiment. The average cross section observed below this limlt was
14 * 14 ub/sr Gev/c. |

Table ITIT gives the deuteron cross sectidns in the centre-of-mass’

syatem.

- The pion data :shown in Fig,6 includes cross seétiohs for production
of 7° deduced by Fidecaro et al'®  from their N fay measurenents from p- p

interactiong. The results shown are interpolated from thelr angular distribution.

Table IV gives the K to 7 meson ratios found in the-present éiﬁéfiment.

Discussion of Results :

(1) Deuteron PTcductlon o

Thls _experiment shows conclusively that deuterons are produced Wlth

transverse momenta up to T Gev/c in hlgh~energy proton proton colllslons,

A comparison of the present results with those of previous experi-
ments is given in Fig.8 which shows the cbserved cross sections per nucleon
of deuteron production for incident proton momenta of 19~ 33 Gev/c. It is
diffioult %o compare quantitatively the data because they cover a wide
range of angles, incident moments and target materials but it is obvious
that the cross sections reported here for p- p collisions are comparable

with other cross sectlons per nucleon measured with nuclear targets. .
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(2)

Tt is therefore clear that some of the deuterons observed from a nuclear
target originate in nucleon—nucleon'collisions, but it is probable that
their energy spectra are considerably modified by passage throﬁgh nuclear
matter, the high momenfum deuterons being reduded'by stripping ahd the

lower momentum deuterons being enhanced by pilck-up reactions.

Pion and Protoﬁ Production

The w+ yields are greater than the T yields, especially at the
higher momenta, This is not surprising as the initial particles are both
positively charged. The 7° yields'® (quoted esccuracy * 30%) are in good
agreement with the pion yields reported here (typical acouracy * 15%).

Figs. 6 and 7 show that the agreement between the statistically
caloulated!®2'® and measured laborstory momentum spectra for both pions
and protons is poor, particularly at the low momente where the theoretical
sﬁectra.decrease very rapidly with the momentum. The theoretical spectra
were evalusted by assuming the distribution in the centre-of-mass system
to be isotropic. This was an arbitrary simplification adopted to enable

spectra in the Laboratory sysfem o be eagily evaluated.
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Table IIT Centre-of-mass cross sections for deuteron production at. 116 mrad

leboratory angle from p-p collisions at 19 and 24 Gev/c.

Froton Deuteron | Lab differen-jDeuteron Production {c.m.s.differen
Momentum Momentum tial cross Momentum Angle tlal cross
Gev/c (Lab)Gev/c | section (comas. ) (c.m.s.) section
' ub/sr Gev/c Gev/c degrees ub/sr Gev/c
24 9.20 11 £ 5 (PN 70 0,7 *.0.3
6.60 L2 1) 0,78 102 2.0 * C.7
1,90 106 = 31 2.55 175 160 + L7
1.50 22 * 29 3,10 177 60 + 80
19 9,20 17 = 4 1.25 58 1.3 * 0,3
6,30 L7 = 145 0. 7h 89 2.1 + 0.7
1.60 58 = 30 2.47 176 110 + 57
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Table IV K and m meson ratios for 19 Gev/c p- p production at a laboratory
angle of 116 mrad

H - +
Momentum K/ - K/ - K/ 4
Gsb) Gev/e K T 7
1.70 2.1 1.0 | 0,033 * 0,04, =
0,010 0,011
2.40 3,0+ 1,0 |0.036 * | 0.071 =
0,007 0, 01L
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FIGURE CAPTIONS

Fig.1

JFiga. 2.

Fig.3

Fig.h

Fig.h

Pig.6

Beam ’cranspbrt system and experimental arrangement. . Counters 1, 2, .5, 6
and 7 were 11 cm wide anrd 10 cm high and counters 3 and 4 were 7 x 7 cm®

and 6 x 7 cm® respectively.

Spectra taken with %erenk.ov.. counter system f or a gas refractive index
of 1.052 and an incident proton momentum of 19 Gev/c. Filled and open
cireles represent data taken with full and empty hydrogen target

rospec’clvely. The line shapes of the p and d spectra (dashed curvcs)

mwere obtained from the line shape of the p spectrunm.

Pine~of-flight spectra for incident proton momentum of 19 Gev/c. Only
the deuteron-spectrun -has been-corrected-for-vackground from the ~enpty
hydrogen target.

Cross sections for the production of TTi and. Ki from p~p collisions at
a laboratory angle of 116 mrad end incident proton momentum of 19WGev/ Co
Time~of~fiight cross sections (& 77, A 17), Cerenkov counter cross
soctions (@7 ,On , W X, T K). In the — spectra the size of
the points indicate the crrors, The systematic crror of 7% from un-

certainties in the input beam intensity has not been included.

+
Cross scctions for the production of p_ and 4 from p-P colllslons
at a 1aboratory angle of 116 mrad and mcldent nr-oton momcntum of‘ 19 Gev/ C.

Time-of-flight cross sections ( & p, g2 4d), Cerenkcfv counter cross

- sections (@ p, (O p, W d). Where orror bars are not shown the size

of the points indicate the errors. A systematic crror of 7% from un-

certainties in the input beam intensity has not been included,

Cross sectlons for the production of wi from p—- p cellisions at a
leboratory angle of 116 mrad and 1nc:1.don‘i: proton momentum of 24 Gev/c.
Tinc—-of-f‘llgh‘t cross scctions (7, A ), Cevenkov counter cross
scctions (@ 7, (377). The 7° cross scotions shown (symbol X) arc
J.ntex-polated from the results of Fidecaro ot all'®, The sizc of the
cxperimental points indicate the crrors. The systemetic error of 7 % from
uncertaintics in the input beam intensity has not been included. The

dashed curve shows results of statistical model caleulations'S.
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Fig.7 Cross sections for the productibn of p and 4 from p-p colliéions at

Fig.B

a laboratory angle of 116 mrad and incident proton momentum of ok Gev/c,

Time~of-flight cross sections (4 p, @8 4), borenkov counter cross

seotions (@ p BE d4). Where error bars are not shown the size of the

points indicate the ervors. The systématic arror of 7% from uncertain-

ties in the input beam intensity has not been inctuded, Curve (&) shows

results of statistical model calculations'® for the production of

protons and curve {v) for deuterons'?,

Summaxry of deuteron production cross sections per nucleon for incident

proton momenta in the range 19 - 33 Gev/e.

(a)
(b)

(o)

(a)
(e)
(£)

(8)

p-Be collisions at BO‘Gev/c for 45° laboratory angle (reference k).

p-Be n non t U =Told # " (reference L).

p-C n Wooog.6 M to4q,25% " (reference 8),.

p - Be 1 nozz o noo430 " *  (reference L),

p- Al t noog M U Y n " (reference 1).

p-Be T L L (o u . " (veference 5).

p-P " Mgy ok " . M v6,6% M .t (this experi-
. ' ment ).

Curves (a), (b), (&), (e} and (f) were obtained assuming

a target efficiency of 30%.
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