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Abstract

The angular asymmetry dependence inlthe positive pion
‘emission in the reaction P+p->d+ﬂ+has been measured .on a po-
larizedyproton,beam aﬁ the energies: 536, 616 and 654 MeV.
The direct evidenee‘that the d-state of.mesenS'is present in
. the reaction ;)+p—*-d+ﬁ has been obtained The results of
the experiment is agree with the assumption ‘that the ampli—
, tudesvof the S and d transitions are considerably less than
that of the transition 'D,—7S,p, The limiting values of

some partial cross sections have been estimated.

I. Introduction.

'nTae measurements of the_total eross seetipns of the reac-
tion R '
p+p—;-d+ﬂf .

| N ¢D

‘at the proton energy from 460 up to 660 MeV‘ll, as well as
the data for higher energies obtained from the experiments
on the observation of the inverse ;eaction T**d—=p-+p at
the‘positiveipion energies 174 - 307 MeVIz‘:made it possible
to draw a conclusion about the iesenanoe character of these
two mutually 1nvefse processes Which is due;te the strong in-
teraction between the positive pilon and the;proton in the
p—~state with the total moment I = 3/2. V

' The angular_distributions of positive pions in regction

(1) the proton energies 460-660 MeV were explained by assum-

ing that the posifive rion emission occurs mainly in the p-sta-




te‘ll. However, on the bésis of only fhese experiments it is
impossible to draw quite definite conclusions'about the rela-
tion‘between different ampiitudes and, particularly, to clear
up the question about the intensity of the tranéitions 1n‘reac—
tion (1) with the positive pion emission in the d-state.

The experiments on’the observatidn of different polari¥ 
zation effects may yleld more complete 1nformat19n about thé
relation between the'amplitudes of different transitionmns. Reac-
tion (1) on a polarized proton beam was studied at the energy
of 314 MeVl3l where the observed asymmetry was due to the in-

' terference between the S and p-states. Analogous experiments
were conducted at the energy of 415 MeV‘4‘ The values of the
asymmetry obtained in the last case at two different angles

were interpreted by the ‘authors 4!

only as a possible indi-
cation of the presence of the d-wave effect.

It is known that the process of a positive plon scatter-
ing oﬁ a proton in the d-state may occur with small probabl-
lify atﬂthe positive pion eneréy ~ 150 MeV and becomes appre—
ciable only at the energy ~ 300 Mevlsl where -&” ::100, and
c%5f= - 10°. In some papers, e.ge. 1nl6F,‘the data about the
role of the d-wave in the positive pion scattering on protons
have been considered as a basis for néglect;ng the d-state of
a pilon and analysing both the differential cross section and
the polarization effects in reaction (1), only the S and

p-states being taken into account.

¢




Howener, the: known analogy between the resonence proper-
ties of process (1) and the resonance in meson—nucleon scetter—
inglwhich'is correct in’generalvfeatures'may*be;in.fact essen—.
tially different in details. This differenceinajmoe caused
by the,pérticipationvof the second'nucleon«in,prooess (1). 1t
has been shown in the phenomenological theory of positiVe and
negative pion production in_p;p oollisions_that‘in the reac-
tions p+p—»]ﬂkn+p‘andP+p-3ﬁ1p+p at'the‘proton energy from
400 MeV up to 900 MeV the;mechanism of"P-staﬁe_production of’
- the resonance meson-nucleon sub—system_in_apye_ state with o
respect to the second nucleon 1is observed,with enfficiently;.
great probability. The probability of P—sfate production mecha~-
nism in reaction (1) was found to be rather small value. The
congequence of the P-state production in reaction (l) will be
the positive pion emission in the d,  as well as in the s-—
state. Thus, the_additional moment of momentum carried éwéyl
by the second nucleon not associated with the pion'may lead .
to the appearance of the d-state in,fhe meson—nucleon sub-sys—
tem. ' .

In the present paper ﬁhere‘was obtained;the directleﬁi;
dence for the'presenoe of the d—state of a positive nion in
reaction (1) at the proton energies. 536 i616 and 654 MeV. It

|41

follows from the obtained results as well as from 'that the

‘effect of the d—state becomes appreciable at the energy Ep -"
400 MeV. The data on the polarized beam do not make it pos—
 slble to determine all thev'S—matrix elements of‘process (1)

since for the solution of this problem it 1s necessary to mea—
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sure other polarization effects too. However,’if somé assump-
tions about the relation of the ‘transition amplitudeénin reac- ‘
tionv(l)'are made, then on the basis of the obtained results
one may indicate the minimum values of the prbbability of
pién emission in'ihe .8 "and d-states.
Experimental'?rocedure
_ The experiﬁehts were conducted with a polarized proton
beam obtained in the scattering of the 673 MéV unPdlarized
proton beam extracted frdm the syﬁchrocyclotron chamber on
i thé carbon nﬁclei. The polarized protons sdattered "to the
right" at the angle of 6°20 with respect to the direction
of the primary beam (fig. I)_were'éeparated by two collima-
tors so that the beam would be directed to the centre of the
~deviating magnet with the diameter of the poles 100 cm. The
|8

shims of special form l weré placed in the gap 13 cm high
between ‘the polar pieces of the magnef along the beam trajec-‘
tory. They creafed the 1nhomogenebus.magnetic'field equiva-
lent by its action to a'field of a system of two quadrupole
lénseé. The calculation vaiue of the focal lehgth.of the
lenses was 2,5 meters. The use of Such a focusing method made
it possible to increase thé intensity of the polarized proton
beam in the place of hydrogen target position as mﬁdh as three
times. o -

The mgasuring apparatus was protected fr6m the background
‘created by the primary beam and by the scattered particles,by
means of the concrete wall 4 meters thick and by means of the

lead blocks which were placed.on the path of the primary beam
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after 1t passes the carbbn target and 1n.therspace between
’the'magnet yoke and poles., |

"~ In order to increase thefdensity'of fhe‘unpolarized pro-
ton beam at the carbon target~the focusing quadrupole lenses
with the aperture of 40 mm have been used. When the current in
the windings of these lenses was optimum the’density of the
polarized beam increased 1.7 times. :

The'experimental~arrangement consisted of a liquid hyd-
rogen targettgl, of the detecting scintillation counters, of
- a single counter for detérmining the-prof11e>of the beaﬁ in
the meaSﬁrements, as wellfas.of an ionization chamber which was
‘placed behind the hydrogen target.. - '

] The target and the counyers were adjusted with respect
to the axis of.the~4—meter\collimator. The‘pOSition of this
axis was fixed with the help of"a'polyamide-filameht 0.2 mam in
diameter. The target cbntainer’for the liquid hydrogen was
aligned with the axial line of the target with the accuracy
of + 0.3 mm and wés fixedvin~§1ade with stopscrews. The align-
ment of the ﬁarget and the collimator was checked jusf\fefore
each run with the accuracy of some fractions of a millimeter.
Misalignment of the target Qas'cbrreéted if it exceeded 0.4 -
0.5 mm.- )

The absence of the hidden gsymmetry in fhe apparatus was
proved by the experiments with a unpolariied proton beam by
detecting the processes P-+P-——'d+JT* with the other expe-
rimental conditions unchanged. The value of the asymmetry at

the anglé Ehag = 20° which is the most unfavourablé as for the



appearance of the hidden asymmetry was found to«bé Eo=~(2Y4£19)%
- Besides these coﬁtrol:measurements those of asymmetry in the
elastic (p-p)fscattering on the polarized proton beamlwere
made at the angle g, = 41° to which  E£pp (41°= O corresponds.
‘The measured value of the asymmetry was fouhd to be
Cpp (41°) == (0,5 £ 0,9)% . |

Both the control measurements andlthg:main experiments
were conducted at thélvalues of the~magh§tlc intensity of
the diviatiatinn magnet correspbnding*lo'thé maximum’bf the-
polarized beam intensity. In order to exclude the drift ef-
fect in the magnitude of the proton deviating angle the pro-
vision was made for controlling the position and the profile
of the polarized proton beam in the measurements. Such a
control was ‘achieved by—using a movable scintillation counter
éituated behind the hydrogen target (fié. 1). The counter
consisted of a narrow tolane crystal (diphenylacetylene) of
the dimensions 1 x 40 x 40 mm with its narrow edge facing
the béam. The currect from the photomultiplier tube of this
counter was detected by the potentiometer EPPB—51.‘The posi-
tion of the center of the beam was determined with the ac-
curacy of = 1 mm from the curvé ;n the ribbon with calibra-
~tion marks. This corresponded to the relative drift of the -
value of the current in the magnet winding of = 0.5%, or to
~a misalignment- of the beam and the collimator-‘0 05%.
The degree of the proton beam polarization was determin-

ed in a usual manner by means of double acattering on carbon



nuclei at the angle of 6°20'. It was found to be F§=(Q@o;aﬁ)%y
As a verifiction‘of the quantity‘,P , the £ asymmetry of -
elastic (p;p)—scattering:at‘the angle of 30° in the lab.
system has been measured the magnitude of which was found

in paperlloi

on the polarized beam with the degree of po—
larization P,=(58t3)% For the used beam the value

: EPP(3oﬂ-U)g406)%:has been obtained whereas the. value of the
asymmetry|1Ol recalculated for F{:gqﬂ% must have been eqnal

S to £=12,0% -

The energy of the polarized beam and the spread in energy
were determined by measuring the range curves with a teles-
cope consisting of several scintillation counters tane last
of which was in anticoincidence with the previous one. In
fig. 2 two range curves are given: curve I - on the unpolari-
zed proton beam of energy 670 MeV and of spread in .energy

AE =+ 5 MeV, curve 2 — on the polarized beam with the mean
energy E = 616 MeV whereas the spread in energy AE = + 7 MeV.
When calculating the proton energy by the magnitude of the
slowing down absorber there were used the computed values
of the correction coefficient taking into account the effect
of multiple proton scattering in copperllll.

Other characteristics of the pblarized beam at three
energies are given in Table I. _ '

The»detection~of secondary particles from the reaction
p+p — d%JT+ was achieved by two conjugate telescopes of

scintillation counters in coincidence. The radiotechnical
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circuit was spaBle énqugh’due to the use_invthézfelesqopesllzl
.ijtﬁe coincidence circuits, having negaf1ve “values of the
selection coefficients. The three counter_telequpe detect-
ed posifivé pions. 4 |

ﬁ . ‘TT able I.

._..__._ —————— ._....._-—.-..-_—__—-—_—-—.————_———-—_.—_.:::::::::::::::;::::::ﬁ
Energy of the polarized |. ' ' o

Enercy of the rize 536 616 654
Intensity 5 5 | : 5
Protons 0,9-10 5.5+10 2,810 .
cm® sec ' ‘

Thickness of the carbon a ‘ '
scatterer y &/cm 22?? , - 22,9 , 753
Thickness of the carbon 34,2 was not used.

absorber on the way of , |
the primary beam, g/cm”.

(- S-S S L T

K\The deuteron telescope consisted of five'coupters. The
first three counters were in coincidénce; while the last two
were connected in anticoincidence with the first thr;e. A
slowing down copper absorber waS‘placed between the second
and the third counters. The thickness of it corresponded to
the minimum deuteron range from réaction (1) at the éonju— s
gate angle. The iénge;interval was given by the absb:ber p;ac—
ed between counters 3 and 4. At such a-positioh of thé'abF 
SOrbe:s the teleébﬁce,deteﬁted the dauterbns of a defiﬁitéﬂ
energy, whereas the.counfing efficiency of the reactibhét. |
PP JT:-n;P and P+p—-JT°+p+p considerably decreva‘sed.'leie

measurement of the contribution from these reactions as well
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as of accidental coincidences between the«telescopesﬂWés made -
under the conditions when the thickness of‘the 51GWiﬁé abser-;
ber placed between-ceuhters 2 and 3 1ncreésed so that process
@D was not recorded. The magnitude of the Background did not
exceed 10% of the process under 1nvest1gation p+ P-—» d+JT
The angular resolution of the telescope at the angle @gag po°
Oc.m.s.35° was + 1,9° (+ 3,5° in c.m.s.) while at the
angle Og,f =96° (Bcms. =130°%+25°(:24n CeM.Se). |
) Results and their Discussion

45 1s knwon!®! the differential cross section of the
reaction p+p— d+J7* on the polarized proton beam is of the

form: | K2 dﬁ' (G\P>—(2fo+ Y CO{,BQ{XHCM“G)+

13

+P5in@(o:s*f’()\o+)\‘w39+Ae®32_@+)500339)) (2)
where P 1is the degree of the beam polarization; whexreas
the coefficients y and )\ 13) areudetermined by the eleé
ments of the S—matrix of process (1). In our case the positive
plon emission “fo the right" cor:eeponds to the aximutal angle
§ =71  while the polarization vector P 1is directed "down".
114,15 '

In the experiments performed "the right'vs left" asymmetry

R-L
E:“‘__'_'L‘_

sion from 35° up to 130°.

was measured at the anglee of positive pion emis— .

‘The results of the measurement of & at three energiles

are given in Fig. 3. When analyzing the obtained experimental
dafq the magnttude



ALt '_m_(ds) |
psin® Ct \ d$2/ unpol.
5 | (3
was 1ntrodhced, where P 1is the degree of'polarization. The
hqrmalization factor (-%%?— ) serves to make the apalysis
of the mggnitude of asymmetry of reactioh (1) in the wide
energy interval’moré convenient. |
The differéntial cross section (fﬁ%— ) on the unpolariz-
ed proton beam as well aﬁ the total cross sectionSIG} for

the reaction P*WD""d+JT’ the values of which were used when

calculating /\ have been obtained by averaging the results .

of the‘papersll’Z;lel and were assumed to be the fOllowing'
1) Ep =654 Mev %?62.—~O,27+cbﬂ29 O, =31" 1047 cm?
2)E p = 616 Mav —(‘;—%~o,aa+mae Gy = 3,14-10 * cm?
3) Ep = 536 Mav %g- ~ 02% + (0320 Oy =242 10 Tcm?

The centre—of-mass values of‘/\ as a function of 6
are given in fig. 4 fdr.the proton energies: 654 MNeV, 6I6,M6VQ
536.Mev. In the absence of d-transitions the quantity A at
a given value of the energy must be constant. The'presence,
of strong angdlar.dependence A (6) as can be seen frOm’the
‘graphs, serves aswdirect proof of d-states of the positive
pidn in reaction (1) at 811 three values of the energy. The
experimental values of A (9) were approximated bj the expres-—

~slons

A =——;L—;(Ao+ A 056+ A cos’ )
X«f*?:fbfe . y
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using the method of orthogonal polinomialsil7‘. The values

‘of the coefficients ) and the erros were the following:

Table 2.

£==ﬁ=========::======:'==================::=======: ============
Ep | 2o | Ad | xa | drodA. $AedAe | SN,
Mev | ¥orf¥e |5 58 [Xo*3¥e [ (ot 3¥e)® | (Ner31:)* | (Yot 34 )°
.6 3 018%  |.0,20 |105¢ : !
. ! _ -4 o =k -
’ 0,03 |+006 |00 | 9% 19 40107 |-150. 407
o 09+ Q05+ 06 t - -
616 | . I ’ ! -70-107" 55107 -6,0: 10 "
: 0,03 0,06 0,11 ’ Y
-0003* 015+ |Q87 % 3 ; ;
536 -{1-10 -34. 10 -77-10
0,04 0,12 |o,20
] =======J:======‘£===========::=================;=====

The.real values‘Of the coefficient A3 could not be determin~
ed‘from tﬁe‘obtained expérimental data. In ofder to determine
this coefficient it was necessary to make father difficult‘mea—
surements of £he asymmetry at the angles 8y close to 0° and

- 180° where the asymmefry effect“disappears due td the dépendenf
ce ~Sin?0 . The coefficients are determined with thé smallest
error when only three terms of the series are taken, henée the
expansion can be cut off on the term ~vc6529j. The prpblem of
the real values of the coefficient A; .shouid be considered
‘_togetherdwith the problem of determining the coefficient 3@ ;n
the angular;distribution.On the unpolarized beam. Both the first
and the second coefficients are determined by the‘exPreSsioﬁs

quadratic. with respect to the amplitudes of the d-transitions
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which, as is shown below, are sufficiently smail.

The variation of the energy depéndence offZ\ ‘ found
.out in thils. investigation may be followed in the'}egion of
smaller energlies 1if one makes use of experimental results at
~ the energiés 415 mev! 4! and 314 MeV‘B‘. In the notations used
here the results of these two 1nvestigationsvmay bevpresented

as follows.

[ R Vi R VI VY v
p eV Yo+ T ¥e Yo© T X2 (Yot 5 12)°
415 ~0,34 + 0,05 0,43 + 0,28 ~6,2 » 107
314 -0,22 + 0,03 - -
==========1 N S L T N L R N N S L N T I S T T T T S T L L S N s n s Em el

As 1s seen from Fig. 4 at the proton energy Ep ~ 500 MoV the

change in the sign of the asymmetry is observed. The values

of the coefflclents: .
Ao i AJ . Aa

' i ! R 1

Ké""}'b/a ‘ Yo+ 7 V2 o * 5 ¥

are given in Fig. 5 as functions of the pion momentum in‘théﬂf

c.m.s. expressed in the units mgc. At zero energy'only the

S-state of the meson may occur and all the coefficients must

disappear. At small-values of the positive pion momentum fﬁe

coefficient %7—3;§7—,'being negative, increases ﬁitﬁ thekpo— a
ot 342 ‘ ) -
sitive pion momentum increase, reaches the extremel value,

then falls off to zero at E, ~ 530 MeV after which it in-

creases again,Vbut this time with the positive values. When
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Q is small variation of - Af is due to the increase

in the effective amplitude of f%e P wave with respect to the
¢ ~amplitude. At great«values of h (p-d)- interference is
added to the (s-p)-interference. Apparently,vthe effects of .

these two inerferences are comparable beginning from the pro-
Ae

(Yo""_i;'Xe

tremal value. It is confirmed by the fact that the'coefficient

ton energy at which the coefficient passes through ex-

— 2. -~ which is due to the ‘interference only between the P

Yor3¥e

and d—states becomes observable at the energy Ep ~ 400 MeV.

The coefficient Ve AL&T associated with the effects of (S-d) and
34d2

(d-d)—interference was found to be very small, and it was dif-
ficult Fo be noticed in our experiments.

All these results may be eﬁplained i1f one assumes that
at Ep - 600 MeV the transition amplitude 1Da——’-JS‘p2 consi~
derably exceeds the values of the S and d-amplitude. In
this case only‘the (s-p) and (p-d) interferences will turn to
be observable while the (s-d) and (d-d) —-interferences will
correspond to the second order-effects. i

The experiménts performed with the polarized proton beam
though contributed considerably to the information about reac—
fion 1 do not make it still possible to find the values of
all the S-matrix elements associatéﬁ with this reaction. How—
ever, making use of the smallness of the S and d—amplitudes
one may make some estimates of the partial cross sections. It
is ﬁecessary to take into account that the d-transitions in

reaction (1)‘are due to the change of the orblital moment in
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the two nucleon system before and after the reagtion as well
as to the change of parity. This circumstance leads to'a ﬁefy
small probability of the d-transitions. The trénsitions
35-*%3S.dg and}F}——}S‘d3 which are due to the change of the or—
bital moment in the two nucleon system equal to s¢=3 should
be especially difficult. This makes it possible to put the
amplitudes of these transitions equal to zero and to obtain
the values for the limiting extimates of the partial cross
sections. |

G('s,—?8,p,) % 10726, (pp— dTT*);

G(s+d)»54107°G, (pp—dIT™);

6 ('D,—7%s,p,) £0,945- G, (pp —=dur™).

4. €o0onclusions

1. Measurements of the asymmetry in the differential cross
section of the reaction p+p— d+J7 on a poiariéed‘profon beam
at the energies: 536, 616 and 654 MeV point out to the positive
plon emission in the d-state. ’ '

2. It foilows from the results of the given experiment as
well as from‘3’4‘ that the effect of the d-state of .a positive
pion in the experiments with the polarized beam becomes obser—
“vable, begining with a proton energy Ep  : 400 MeV.

3. The reaults obtainedigre consistént with the assump-
tion that the transition amplitudes accompanied by the posi-

tive pion emission in- the S- and d-states are small if com-

—~



pared’ with the transition amplitude D —»—35 Pe in all the
anergy region under investigation.
4. By assuming that the transitions from the: initia.l F

and F3 -states may be neglected the following limiting esti-“fr

I

" mates are obtained G ( S —3s, P°)>/ 10 Gt (pp——» dJT )

O(5+d)>5 V410 Gt(pp—.-dJT) G(D -3 pa)409956t(pp'

5 The phenomenological theory of pion production in
(p-p) collisions suggested by S. Mandelstam|7| is in.agreementT
with the- obtained results. ,7 ok

In conclusion the authors express their'éretitﬁd £
MeGo Meshcheryakov, B.S3, Neganov and L.I. Lapidus 0
' cussion of the paper. They are grateful to N, P.~Klepikov and{
SeN. Sokolov for help in treating the experimental data. 'j
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