


Yu.D. Prokoshkin

PION PRODUCTION IN p-d COLLISIONS

- AND INTRANUCLEAR MOTION OF NUCLEONS*

*fThé results of this work were reported at the 6th
of the Scientific Council of JINR in May 1959.

-

O08veaiyennnlil HHCTHTY "
RHEPRIE NCCRENOBak:
t B TEHA

i

Sessions



Abstraot

It is ahown that the energy depéndence of the reaction croee sections for pion pro-
duction in nucleon-deuteron collisions. and the energy spectra of pions may be oaloulated
rather accurately on the basis of the data on free nucleon—nucleon oollisions. In the con—
’ 1dered energy ‘reglion from the threshold for meson production to =~ 700 MeV the 1nf1uence
»of the nucleon binding in a deuteron is essentially the change of the magnitudes of the
cross sections due to the intranuclear motion of nucleons. There was found an effective

momentum distribution qf nucleons in & deuteron.



-l. “Introduction.

The investigation of the reactions which occur in collision of protons with deuterons
is a convenient method for studying the proton interaction with a neutron.vIn the energy
range 2 1000 MeV which is. considerably higher than the pion Production threshold
(280 MeV) this method was successfully applied in.. measuring the total cross sectlons for
’n—n,interaction’;’ as well as in obtaining the information on ) pion production reac-—
tions‘glt The 'influence of nucleon- binding in a’ deuteron at “such high energles’ ‘13 not- great
and may be " easily taken into account by introducing a- small ‘oorrection:to-the-cross sec—
tions being: measured 1, 2‘

‘On approaching ‘the’ threshold-the- nucleon binding 4n-"a-déuteron -even more: essentially
effects the pion production processes. The main effeot of those’caused” by this’ binding 1is
the change of the magnitudes of the cross sections because of the' intranuclear motion-of
nucleons. Among other effects:which are due to the Presence of the "odd" nucleon it-should
be noted: a mutual screening of nucleons (which is smalll!l™3! pecause of'a Yarge radius of
a deuteron), reabsorptioniof the produced pion‘by a nuoleon’pair,~the~prohibition*of?some
final states due to the ‘Pauli principle,fa poSsible influence of the interference- of nucle-
on states, the contribution from the reactions occuring without a deuteron disintegration
(the cross sections of these processes are very smalll4|) ‘

In order the obtain ‘the’ information on the pion production in p-n collisions from the

data on p—d collisions it is necessary, at least approximately, to take into aooount the

influence of the nucleon binding in a deuteron and first of all to make an attempt to esti-

mate the magnitude of the change of the cross sections due to the intranuclear motion
(these changes are especially considerable near the threshold, where the oorresponding

factor of the increase of the cross section grows to infinitﬁ. This problem will be ocon-
sidered below according to the impulse approximation, the reaction for neutral pion pro~'

duction in p-d collisions being taken as an example

p+d —- “%7° -+ nucleons (¢D)]
which has.been studied in detail in!’!, ' o



2. Momentum Distributionhof N‘uclleons in a Deuteron

If a deuteron 1s regarded as a. set of two nucleons moving with respect to each other,

then the total cross section of reaction (1) Gpa may be represented as follows:

f{spn[?m(ﬁ, E] @P[?M(Pf, Pa]]F(p,)dp,, R 2y

Here F(,D,) W~ .18 the momentum.distribution of nuocleons in a de’uteron, pz ,‘is
their momentum in the center-of-mass system, - b, 15 the maximum momentum of the
generating neutral pion, p 1s the momentum of an incident proton, = Gpn and Cpo

are.thev-,c'ross sections. for .neutral:pion production in the collision of an incident proton
with the neutron and. proton of a.deuteron. When the values of p, are’smallv‘the depen-
dence p (p'.,'ﬁ) is.the main in the .functions 6“,,I and 6'”, ' ; that allows to
. simplify these functions by presenting them as KGF,, [p (p“pz)] (analogously GPP ).
- The .factor K  thus introduced takes into. account all the binding effects ~exoept the in-
tranuclearlmot_ﬂ.(on‘., At the same time it is supposed that K changes little with energy.

Integrating in.(2) over the unit vector p://”z ~ we obtain
6ot = [ £ {Gpn(p2) + Cun(pun )} Flr)nida | ©
‘Here the oross seotions Gpn (p,’p:) ~ and 6PP(H;3) correspond to the reaotions
SR TS L o o A
.pn ~ pnze. and “
pp — pp % -
e g (%)

whioh cocur on the moving nuoleons of a deuteron. Since the reaotion (5) or¢ss seotion is
comparatively smalflsl the ocontribution from t he second term to sum (3) 18 not great. The
tunotions Gpn(p,,3) R and  Op, (p",g) - entering into (3) were calculated for a wide range
of the values ) and 0, by means of an electronic computer "Urals". When determining

the funotion @,ﬂqg}the experimental datalsl have been used. According to the phenomeno-



logical theory{7‘, near the threshold the cross section Spn (5,) must have the form
af\ | , where . 3 <8 <4 . The calculations of GPR(R,@) have been made for
d'=3 and J'=4 . The integration in (3) has been performed for several types of
momentum distribution F(p,) (some of these distributions are given in Fig. 1).
The dependences of 5}d upon the incident proton energy obtained are given in Fig.2,
where they are compared with the experimental energy dependence of the reaction (1) crons
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seotion +« The curve 4b 4n thils Figure has been calculated for the momentum distribu-

tion of the Chew-Goldberger type (the so—called 1mproved)
2
F(P,} ~(°’"2+pz2}’ (/3 +P2/ 5 ﬁ.=2,5°<_ , o= 790MeV/C R (6)

~ for which the long "tail" is characteristic (see Fig.l).

Together with the concideration of the intranuclear m§£ién an attempt has been made
to take approximately into account the influence of the fauli Principle by excluding .
from reaction (1) the contribution from the collisions in wﬁich'the secondary nucleons
remain inside the Ferml sphere. The change of the magnitudes of the crosslsections due to
the Paulil principle turned out to be insignificant in the energy region under considera-
tion. This can be seen ffom thg comparison of the curve 4b in Fig.2 with the curve 4,
which, 1n contrast to 4b, has been caléulated with account of the Paulil principle.

It has been already pointed out above that the character of the dependence of the
cross section C&d upon energy near the threshold 1s mainly determined by the form of
the momentum distribution and is little sensitive to what energy dependence of the cross
sections of reactions (4) and (5) is. One can become convinced in this if curves 4 and 4a
in Fig. 2 calculated for the cases 6}n-2: and —~é;4 are compared.

Curves 5 and 6 drawn. in Fig. 2 have been calculated for the case of the Gaussilan

distribution ‘ _
Flp,) ~ exp (-5 43, )

which desoribes the momentum distribttidn in complex nuclei rather well. The distribution
of this type, in oohtiast to that of Chew—Gbldberger, has a comparatively“small number of
high momentum nucleons (see Fig.1l). As is seen from Fig.2 both Gaussian and Chew-Goldber—

151 on reaction (1).

ger distributions are in bad agreement with the experimental data

A good agreement with the measured cross sectilons 1s obtained 1if one makes use of
the momentum distributions for the deuteron found by Salpeter and Goldstein'a' (see Fig.l).
In the region of small momenta these dis;ributions are approximately described by the

dependence:

Flp,) ~ (¢*+R)7, : (8)
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Fig.l. Momentum distributions (arbitrary units).
2i8ete

1,2,3 - Selpeter—~Goldstein distributions for the
potentials of the Yukawa, exponential and Gaussian
shapes; 4 — Chew-Goldberger distribution (an improv-
ed one); 5,6 — Gaussian distributions with the dils-
persions fﬁ? /m = 0.11 and 0,06; m - the nucleon
mass. ;
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O - measured 1n|5|. 1-6 - enargy diatri—

- butions caloulated’ for -the momentum: ‘distributions -

given in Fig.l. 4a and 4b - see the text. All the
/ﬁc‘tdata are normalized to unity-‘at-the -incident pro-
ton energy E = 400 MeV. , o , il



where )" = 46 MeV/o. Distributions 1-3 caloulated m'al for the cases of the potentials of
the Yukawa, exponential and the Gaussian shapes differ, as is seen from Fig.l, only in the
‘region of very large momenta. All of them agrée equally well with the experirpental ‘depen—

dence of the reactiocn (1) ‘oross section upon energy.

Thus, the analysis ofsthoﬁenorgy dependence of the.oroas oeotiooﬁof the reaction

ptd - %° + nucleons near the throohold shows that the momentum‘distribution of nucleons
4n a deuteron is desoribed wollfby tho curves found by Salpeter and Goldstein. It should
be noted that the 1nterpretation of the results of the measurements of the energy depen-
denoes, similar to those 1nl5l, in the opirit of the impulse approximation encoun-
ter essential diffioulties since the great momenta of the intranuolear nucleons oorrespom
to émall distances betwoen them by whioh the ro1o ot triple interaotions becomes impor-
tant. Therefore, the:moﬁentum distributions ;1vonfqbove aoooid bo considered as certain
effective distributions; the knowledge of which mokea 1t pooaiblo to take into acoount '
the influence of the intranuclear motion en the magoitudes of the oross. seotions of the
meson produotion reaotions of typo (1) but which may notioeably ditfor from the real mo-

mentum distribution. Vi

3. Reoonatruotion of the Total Croos Sootiono for ,

p=Nn Intoraotions

Making ugse of the effeotive momentum distribution for a. deutorou obtained above, 1t
1s possible to integrate equation (3) which passes by this mto the tollowing rolation—
ship between the oross seotions of reaotions (1), (4) ana (5):

Gpa = K(Gpn Oon * 9» SPF) . ' (9

Here Gpn= 5pn(p, 0) and Gpp= ”(no)uo the "usual® oross aootiona, whereas G,, and §,,
are the ma.gnitudea oha.raoterizing the ohango of tho oross oootiono duo to tho mtranuole-
ar motion a.nd depending on]J on p, e '.l'o mke a a:lnilar mtegration 1t 13 neoeooary to
know the energy denendenoe of the oross aootions of roaotiono (4) a.nd (%) This problem
‘must be solved by tho mthod of oubaoquont approximationa. However, sinoe the/
momentum distribution F{g) is not wide,for the deto;-mination ot Fon a; suffioient acoura-
oy may be provided by the firat a.pproximation for the oross seotion , 6,,,.) « A8 the lat-
ter the dependenoe p near the threshold was used. In the high energy region it oan be
assumed 5}.: =Gps=Opp . Above 600 MeV the rise of 6,,, olowa down and at the energies
2 1000 MeV 6,,(,. = oonst. The obtained funotions p,. (p,,g). whioh were used for



the determination'of 9on @are given in Fig,BQ The functions G},ﬁ%g)have an analogous
form. The coeffioilents gpn and gPP found by the method desoribed above are pre—
sented in Fig.4. o
To caloulate the coefficilent 4  entering ihto (9) 1s praotioally impossible beoau-
se of the imperfeotion of the modern theory of a nuoleus. This ocefficient may be only
sald to be close to unity at high energies, where 6}4 ..6}"4-6;P o The only factor en-
tering into the coefficient’ which oan be caloulated i1s the decrease of the oross seotions
due ‘to the mutual soreening of nuoleons in a deuteron|3| The oorresponding correction 1is
found to be not great (some peroent). : ';
‘The ooeffioient” K ; may be found experimentally by oomparing the magnitudes of the
oross'sections measured at the "beams. of protons and neutrons with an equal mean energy.
In case when the incident: particle is a neutron, the oross section for a deuteron is of

the form

o = K(Gny Oon * Gun O], o (!
that is analogous to (9), as due to the oharge symmetry of nuclear foroes G,,=0pn, G, =G,
9np= Gon 804 Gon =Grp + For the determination'of the magnitude of the coeffioient X
1t 1s convenlent to use not the oross seotions the measurement aoouraoy of whioh 1s not
great but the ratios of the cross sections ocP= 6,,4/5'” and oL,.- ,,,/07',, measured more exsot--

ly. Under these notations :
1/'( = 9PP/°‘/° * 9,,,,/06,1 ' (10)
1546,91, » a
The values olp and ol were determined at 590 MeV 16491, d}= 3.0040.15, ol,= 1.30+0.04.
From here: e

k(590) = 00891‘0003.

The magnitude of K may be also determined in one more point, at 380 MeV, where the
magnitudes of the oross seotions of reactions (1), (4), and (5)'5 6,10] are known: '
. k(380) = 0. 7240416 _
The oomparison of the obtained magnitudes allows to suppose thot the ooeffioient ‘ K 18
constant in the whole energy region, tron the threshold to 600 Mev.\ w ,
' Making uase of the found values 9¢n ° g,, ; and X one ‘oan reoonstruot the oross
section f6r neutral pion production in p-n oollisions by the experimental data ‘on the
oross seotions .Opa and Gpo

. Cpn = Pd‘/’riﬁn"" Ot Gon /9o . k’ | (11)



- 10 -~

()

Opn(Pesp)
Q

Fig.d. . The functions G (B,8).
The ‘figures on the curves indigate the correspond-
ing values of the kinetic energy B=vVpismt—m..
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4. Pion Spectra

The energy spectr%;of pions produced in the reactions of type (1) are subject to the
nucleon binding in a greater extent than the maénitudes of the total cross sections &
Even at high energies’they are differgnt by their form from the spectra of plons produced
in the collisions of free nucleons‘ll’lz‘ (see Fig.5,6). In particular, one can see at
once that the "peak" so characteristic for free'protonQproton collisions 1s absent in

these spectra. Assuming as earlier that the influence of the binding mainly reduced to the
change of the magnitudes of the differential cross sections d’6/dsdEf
due to the intranuclear motion of neutrons in a deuteroﬁ it 1s possible to calculate the
change of the spectrum form by the same method which was used in previous paragraphs
when solving the problem about thé total cross sections. This calculation was made for
the spectra of positive pions produced in p—d collisions at 655 MeV to compare the results
of the calculations with the experimental data * on the pion spectra in the reaction

|12|. The calculations were made separately for the reactions pp-d%*

p+d—~5%*+ nucleons
and pp —. pn%*(the parts of the spectra corrésponding to these reactions are ‘shown in
Fig.5). The functions d%ﬁéﬂ?tif?gﬂq) analogous to those entering into (3) have been
calculated using the energy débéndeﬁce of>the crbss section for positive pion producti&ﬁji
and the spectra obtained in|12’13|. The integration over the nucleon momenta in a deute~
ron p, has been made for the case of Salpeter-Goldstein momentum distribution.

The calculated spectra (see Fig.6) differ essentially from those of positive pions
produced in p-p collisions. Most of all fhis refers to the "peak" corresponding to the:
reaction pp — d%*. The width of this "peak" increases under the influence of the 1ntra-<
nuclear motioa up to 50%. This makes it practically unobservable in the spectrum of pions
produced in p-d collisions. At the same time the relative contribution of the "peak" some~
what decreases (by 15%) as the energy.dependence of the reaction pp — d%* cross sec~
tion haé a resonance character. '

The comparison of the spectra of pilons produced in p-p collisions in a deuteroﬁla]
with the calculéted oneg shows (Fig.6) that the form of the spectra for p-d collisions

may be rather accurately predicted on the basis of the data on free p-p collisions.

__%* The author takes the apportunity in thanking M.G. Mescheryakov and his co-workers
who kindlykprovided the results of their measurements prior to publication.
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Energy spectrum of positive.pions produced in. p-p collisions (in relative units).

I- measured by G.Gelfer et al|l2| at an angle. 5909 in the c.m.s. at the proton energy e
655 MeV; 2- the positive pions spectrum from the reaction pp = pn%*  3- position of the
peak corresponding to the reaction pp — dw* . - .

Fig.6.

Spectrum of positive plons produced in p-d collisions (in rel.units). o =the measured
spectrum of positive pions produced in p~p collisions in a deuteron |12]_ (1t was obtained
as a difference of positive and negative pion speotra). The thick solid curve shows the sa-
me spectrum calculated with the use of Salpeter~ Goldstein momentum distribution. The dash-
ed curve Indicates the spectrum calculated for the distribution of the Gaussian tybe with
the dispersion fﬁ?/nm = 0406+ The thin curve represents the spectrum of positivé pilons
from the reaction pp —~ 4A®* , transformed as a result of intranuclear motion. In caloulate
ing the speotra there was taken into account the resolution of the spectrometer|12|(this
changes the' form of the spectrsg only slightly due to their large width).
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The form of the caloulated spect:um depends essentlally upon what momentum éistribu-
tion wae used in the ocalculations. In-Fig.6 is shown the spectrum of pionszcalcﬁlated in
the same manner as that givén‘above}bﬁt for the case of the momentum distribution of the
Gaussian type with '//? M = 0.06./In spite of the fact that this distribution is ra-
ther close to Salpeter—Gold;téinLdiStriﬁution (see Fig.l), the corresponding qu;tra con-—
siderably differ from each other. if follows from here: that the study of the spectra of
the pions prqduoed in p-d oollisiqnsvmakés,it-élso bossible to obtain tﬁe qgantitative in-

formation on the momentum distribution of nucleons in a deuteron.
The problem of the pion spectra considered above may be reversed, i.e. from the mea-

sured spectrum of pions prpduced'in p-d dollisions it is possible when the latter is-mea-
sured very aocurately to reconstruct the spectrum of pions :produced in the -collisions of

free nuoleons. This is of great interest in case when a direct investigation of the corres—
ponding reaotions taking place in thefbollisions of -free nucleons.is very difficult from

‘the experimental ‘point of view (such, e.g., is the reaction pn - %" ).

In conolusion the author wishes to express his gratitude to A.I. Baz', B.M. ‘Golovin,
M.G. Mescheryakov and Yu.A. Soherbakov for the discussion of the results of this:work.
He is also grateful to L.A. Kulyukina for assiatance in performing laborious calculations.

Received by Publishing Department
on September I5, 1959,
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