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A STUDY OF THE REACTION p+p+~ d+nt FROM 1 TO 2.8 BEV

By Richard Meade Heinz
ABSTRACT

The purpose of this investigation was to perform an ex-
perimental and theoretical study of the reaction p+p+ d+mt
in the BeV region. The differential and total cross sections
for this reaction have been measured with scintillation coun-
ters for incident proton kinetic energies of 1.0, 1.3, 1.5,
1.7, 2.0, 2.5, and 2.8 BeV, using the external proton beam
of the Cosmotron of Brookhaven National Laboratory. Values
of the differential cross section are given for barycentric
deuteron angles, 6, for 0>cos6>-.97 in small intervals of
cosf., From 1.3 to 2.0 BeV, as cosb varies from -0.5 to -1.0,
the differential cross section rises, passes through a pro-
nounced maximum, and then decreases rapidly. This maximum
propagates from cosf = -0.8 at 1.3 BeV to cosh = -.94 at
2.0 BeV and evolves into a sharp peak at cos6 = -1.0 for
energles above 2.0 BeV. The total cross section decreases
rapidly and monotonically with energy from 450 ub at 1.0 BeV
to 30 ub at 2.8 BeV.

A theoretical calculation is made using the one-nucleon
exchange peripheral model, and the data are compared with
this and with the one-pion exchange model and the statistical
model. The only theoretical success 1s obtained with the

one-nucleon exchange model, which qualitatively explains the



observed angular distributions of the differential cross

section above 1.0 BeV in terms of the strong repulsive core
which exists in the nucleon-nucleon central interaction po-
tential; it also shows that the rapid decrease of the total
cross section with energy 1is expected because of the struc-

ture of the deuteron momentum space wave function.
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I. INTRODUCTION

A. THE REACTION p + p>d + n™

The primary interest in studying the reaction p + p »

d + mt is that it is one of the few two body reactions in
high energy particle physics, and therefore might provide
both a Stimulus and a test for dynamical theories of par-
ticle interactions. Perl gg_gi.l have pointed out that the
simplest Feynman diagram for this reaction is the one-nucleon
exchange, shown in Fig. 1l; this diagram is calculated in the
next chapter. Yao2 and Chahoud EE.E&? have studied this re-
action in terms of a one-pion exchange model, corresponding
to the Feynman diagrams in Fig. 2. Using the statistical
modelu, a prediction 1s made by R. Hagedorn5 of the energy
cdependence of the differential cross section at 90°. These
theories are discussed in the next chapter.

A further interest in the reactlon stems from the re-
sults of Turkot g£“g£,6 and Cocconi EE.EL°7 who measured a
single point in the differential cross section near 0° at
various energies. Their combined results when plotted versus
energy7 show a peak in the forward differential cross section

et 2.5 BeV incident kinetic energy.

B. SURVEY OF EXISTING DATA
At energies below 1 BeV, investigations by other38 find
the differential cross section for this reaction rises to a

broad maximum at cosb = 1.0 (0 is the barycentric deuteron
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Fig. 1. One-nucleon exchange Feynman diagram for the reac-
tion p4p- d+mt,

d(d) d(d)

Fig. 2. One-pilon exchange Feynman diagrams for the reac-
tion p+p> d+nt,



anglc) over a considerable range of energies. Homer gﬁ_gi,%
measuring the deuteron momentum spectrum at 8.2° in the lab-
oratory for ,991 BeV protons, give evidence of a dip occur-
ring in the forward c.m. direction. Although the results of
3ugg gE__i,lO at 97 BeV are consistent with the dip,. the
angular distribution from this bubble chamber data 1is not
well established because of the small number of events (42);
similarly, the cloud chamber experiment of Batson gﬁ_@lall
at .97 BeV yielded only 4 events. However, very recent data
from Chapman.gglgiolg at .99 BeV give the angular distribu-
tion from cosb = O to cost = .9 and the cross section does
appear to be reaching a broad maximum in the forward direc-
tion,

Subsequent to this experiment, Dekkers et al.’ pub-
lished values for the differential and total cross sections
for the reaction mt+d - p+p, which, using the principle of
detailed balance, are equivalent to the p+p¢-d+h$ cCross sec-
tions at the same barycentric angle and energy. The rele-.
16

vant transformations are

: 2 g
E% (p+p» a+mt) - g.%?-a% (nt+d+ p4p)

(OF

and

2

> Omotar (70> D4D)

= =+:3q
“Total (pp= d+m™) 2D

where g and p are the magnitudes of the ntd and Pp ¢.m. mo-
menta respectively. All of the cross sections measured in
our experiment except those at 1.0 BeV can be corroborated

by this data.



b

The remaining experimental information in the energy
region from 1 to 3 BeV consists of total cross section mea-
surements by Sechi-Zorn!3 at 2.05 BeV and Smith gﬁ_g&.lu at
2.85 BeV. All of the data mentioned above is presented
graphically and compared with the results of this experiment

in Chapter VI.



ITI. THEORY

A. ONE-NUCLEON EXCHANGE MODEL

The one-nucleon exchange model was suggested by Perl
.EE.éial to explain the processes T +p+ p+d (p is antipro-
ton), p+p+ d+ﬂﬁ and backward pion-nucleon elastic scatter-
ing,and has been used by Bernsteinl7 and Nearingl8 as a
model for intermediate boson production in the reaction
pP+p=> d+w+. Cook g§$§i319 have carried out the pion~hucleon
calculation but find it gives a result which 1s too high by
one or two orders of magnitude. However, this model has
been useful in low energy nuclear physics in the theory of
direct interactionscgo

In the Feymman diagram for this model (Fig. 1), the
two 1ncoming protons, p1 and pg,have four-momenta Py and Do
while d, k and n are the four-momenta of the outgoing deu-
teron and pion and the exchanged neutron, respectively. The
masses of the particles which are on the mass shell are such
that

p12=p22=-M2, kez-ug, and d2=—Md2.

The R-matrix element for this diagram can be written down
directly and 1is given by

i L2 ) )
R3] Jate (em" 6¥enopp) (2m)* 6% (an-py)

o




where'f=yuryq,fjs the neutron-proton-deuteron vertex func-
tion, and the superscript T indicates the transpose and a-
rises because of the way in which the spin part of the deu-
teron wave function 1s expressed, as will be seen below,

¢ is the pion-nucleon coupling constant, Gz/ﬂHQAB, The
total matrix element, R, is the difference between R1 and
Ro, where Ry, is obtained from Ry by interchanging Pl and P2°
The relativistically invariant matrix elements, M, and Mp,

are defined by

2|4
Ry=(2m)* 6% (d+k-py-py) My ['(5%_\3/1 Ny N2

and similarly for Mo, where Ny is the normalization factor

th

for the a particle,

In terms of M=M1—M2, the cross section is

do=(2ﬂ)"2[1;11deN92]2 |2 &4(d+k—p1-p2)plop20d3d a3k

where F= (pypp)?-p1°pp?

is the invariant flux term. Specializing to the barycentric

system,

2 2
do_/1 \2/M\?Ms pe 1 2
G G BErem

where U is the total c.m. energy, py and p; are the magni-
tudes of the final and initial c.m. three-momenta, respec-
tively, and Z indicates a sum over deuteron and proton spin

states. We also have

M= § G|;71—1|-T-i_€ Ys u(pg)] Tu(py)



and T
M2=Jé Gl:—-—-—-—l———-— Y5 u(pl)] T U(pg);
1fo+M+1e
where n1=p2—k and no=pq-k.

Before proceeding with the evaluation of the matrix ele-
ment, it 1is necessary to develop an expression for I,
Blankenbecler gg'giﬂgl and Goldberger EE,EL°22 have studied
this vertex function and, neglecting the deuteron D-state,
express 1t as F:ﬂﬁﬁ;s, where M, the nucleon mass, should not
be confused with the matrix element M; N is the normaliza-

tion of the deuteron wave function, given by

ol
2m l-ap

where a=BM , B is the magnitude of the deuteron binding en-
22

ergy, and p 1is the effective range of the deuteron. S is
the deuteron triplet spin function. As shown in referencé2lj
instead of expressing 1t as a 16 component column vector, it

can be written in terms of Dirac matrices as

5= Mg-id y-€ ¢
2Mg 2

where ¢ is the deuteron polarization vector and C=iy4Y2 is

the charge conjugation matrix, ¢2=1 and CYHC:wyuT, However,
this expression for ' is only valid in the limit m2=«a2
where » 18 magnitude of the three-momentum of the neutron or
proton inside the deuteron., This limit 1s equivalent to
taking both the proton and neutron as being on the mass
shell. For this problem mlg (subscript refers to My or M)

can be found by evaluating the equation dzz(n1+pl)2 in the
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deuteron rest frame, and 1s gilven by

2 1 2 2 2 2 03\

(similarly for ngg), For the energy range from 1 to 2.8
BeV, x ranges from 10a to 43a and clearly a general expres-
sion T'(#) must be found.

If the spin dependance of I is removed by writing I'sHS,
then H can be written in the non-relativistic limit as
H=<®(£)iV(£)|e'iﬁ7£%23 where r is the relative coordinate
between the neutron and proton, ¢(r) is the internal wave
function of the deuteron, and V(r) is the central force nu-
clear interaction potential (since the D-state probability
for the deuteron is only a4%, the tensor force is neglected)

The Schrddinger equation for the deuteron is

[-g2+v(gﬂcp<;>= -Bo(z)

where M 1s twice the reduced mass of a neutron and proton;

it follows that

or

Thus H is proportional to (a2+n2) times the momentum space

deuteron wave function. The function

2,2 i s
Q =147
F(n)= S <p(z))e 2L >

is a most important quantity in this model and will be dis-

_UmN

cussed further. Note that since T S F(n) (neglecting




phase), if T 1s to be consistent with the T given in ref-
erences 21 and 22 and used by Yao in the one-pion exchange
calculation® (see Section B), then F(x)= 1 when o=,

For the Hulthén phenomenological deuteron wave function

given by Hulthén 23_33.24 as

w(r)=§ re—ar_e—ﬁr!’
! o

we find
2 2
-Q

F(%)=§g:;2
Because of this form of F(u), it will henceforth be referred
to as the deuteron vertex form factor. Blankenbeclerg&gl.25
have derived the same expression for F(x) by using disper-
slon relations.

Another wave function which will be considered is a

hard core wave function

®(x)= 0, r<r,

o(z)Ne™ ™11 e'B(P‘rC):!’ r2Tg
r L

which is taken from reference 24 and corresponds to a po-
tential with an infinitely repulsive core ("hard" core) of
radius r, and the Hulthén potential for r>r,. Adopting
natural units for the deuteron of h=c=a=1l, the deuteron ver-

tex form factor for this wave function is

F(x)—l+”2 e~Te | sinur, + # cosure _ (B+1l)sinur,+ucosurd]
% 1+ ue (B+1)c+n< ]

These two form factors are shown in Fig. 3. The constant
B 1s given 1n reference 24 and is chosen to make the corres-

ponding wave functions consistent with empirical information
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1.0 T T T T T T 1
8 r =
6 |
-4 Hulthén i
—_ 2 T /_\ 7]
X
[ O V4 ——
~ar Hard Core |
-4 T ( | | | | l I ]
0 10 20 30 40 50
K

Fig. 3. The deuteron vertex form factor F(n) for two deu-
teron wave functions, the Hulthén and the hard core. « is
the magnitude of the three-momentum of either nucleon in-
side the deuteron. In the units used, =22 corresponds to
a momentum of about 1 BeV/c.

0 T T T T T T

2 Tp=28BeV A
Tp=1.3 BeV
AT 7
6 1
D

g .8 .

1.0 | | |
0 10 20 30 40 50

Fig. 4. The two values of u corresponding to the cosine of
the barycentric scattering angle 6 for the reaction
p+p*—d+ﬂ+ in the one~-nucleon exchange model. This double-
valued function of 6 is given for two incident proton ener-
gies, 1.3 BeV and 2.8 BeV.
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on the neutron-proton system; r, is .13 (.56F).
)

c

Salpeter g£=g£926 show that several interaction poten-
tials (Yukawa, exponential, and Gaussian) yield F(x)'s with
shapes similar to the Hulthén potential; in addltion these
authors show that F(x) for a repulsive core potential changes
sign as does the protential 1tself, similar to the hard core
F(x) in Fig. 3. The maximum of this F(x) at #a37 is char-
acteristic of an infinitely repulsive core and probably has
no physical meaning, especilally since the deuteron should be
treated relativistically for x> 20.5 (u= .938 BeV/c).

As shown previously, for each c.m. scattering angle and
energy m has two values, n; and no, corresponding to the
Feymman diagram in Fig. 1, and Fig. 1 with Py and Py inter-
changed. Fig. 4 shows this double-valued function of the
scattering angle for two incident kinetic energies, 1.3 BeV
and 2.8 BeV. It turns out that the diagram with the smaller
value of n dominates in the final cross section, so that our
ignorance of F(x) for x> 20.5 is not too important; both
diagrams are retained throughout the calculation, however,

Moreover, an examination of Figs. 3 and 4 shows that
if the terms other than Ff{x) in the calculated scattering
amplitude do not vary strongly with n«, then for the hard
core deuteron wave function this model predicts (remember—
ing that the Feynman diagram with the smaller value of #x
dominates) that the cross section will have a maximum, and

that this maximum will migrate towards 0° as the incident
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kinetic energy increases, finally becoming a peak at 0° In
addition, both wave functions predict that ﬁhe total cross
gsection will decrease with energy because of the smaller
probability for the occumence of high momentum components in
the momentum space deuteron wave function.

Continuing with the evaluation of do/dQ, we find (for

detalls of the spin sumg see Appendix)

2_G-[AF BF“{un) - 2CF(u; )F(no) Jam 1
EﬁlM' &ﬁ? W {I"LH"I‘—A)?5 (n14+ﬁ¢)(n24+M~XKNm@? 1-ap,

where
A=3 (MMg-pyd) [ gd%—zkpgm -MHN
B=3 (MM4-pyd [ +2kpy led ~MHEM
and
C=M2Md2H2-MMdH2(pgd+p1d)“(kd)2(M2+pIp2)
-MMy kd (pok+pyk)+4e ppd pgd

+pr1k péd kd+pyd pék kd.

The resulting expressgion for #he cross section 1is

2 : 2 2
do/d0=8 1 o pr [AF2(w)) +BF {(np)
T DMgM-U® 1-ap pi | (N PABF (npe+Me)?

~2CF (1 )F (x2) J
(012407 ) (np2 +M7 )
An important factor must be considered before this cal-
culation can be completed., Several authorsg7”3o have point-
ed out that single-particle exchange models can give very
misleading, if not meaningless, results unless one takes in-
to account absorption in the initial and final state. For

2
example, Ross ef al. 7 have demonstrated. that for the ..one
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pion exchange model in the reaction 11~ +p» 0?4n, the cal-
culated cross section is suppressed by a factor of 1/3 in
the forward direction and 1/7 in the backward direction due
to this effect.

In this paper absorption will be treated 1n the manner
developed by Ross et al.”! The method used is similar to
the distorted wave Born approximation used in low energy nu-
clear.physicsngo One simply makes a partial wave expansion
of the scattering amplitude (M for this problem) and atten-
uates each partial wave by a factor % (n2+l).%(w'+l) where
My= €Xp. (mgq;) (8 I is the imaginary part of the ¢! par-
tial wave pp phase shift) and Hﬂ is similarly determined by
the mtd phase shift.

The optical theorem shows that pp diffraction scatter-
ing 18 almost purely imaginary, and the nffs can thus be
determined by the experimental data, as given for example by
Fujii gligi331 The He‘s cannot be found in such a straight-
forward manner; however, if one congiders mtd scattering,
the deuteron forms a very large target for the pion, and 1t
is expected that although many partial waves will be affected,
no phase shift will be very large and as a first approxima-
tion all the uﬁfs can be taken to be one. This means that
the suppression factors %(ﬂ£+l)%{pﬂ+l) will generally be too
large and one would expect that‘if the one-nucleon exchange
is the dominant mechanism for the reaction p+p» a+mt, the

calculation given in this paper will predict cross sections
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somewhat higher than the experimental data., In the partial
wave expansion of M, spin was neglected.

Fig. 5 shows the final cross sectlions for the one-
nucleon exchange model at 2.0 BeV; curve A corresponds to the
cross section obtained by using the hard core deuteron wave
function neglecting absorption effects, while curve B rep-
resents the same wave function with absorption included.
Similarly, curves C and D are calculated using the Hulthén
deuteron wave function without and with the absorption sup-
pression factors respectively. These curves show the impor-
tance of considering absorption effects.

From a detalled analysis of pp elastic scattering data,
Jastrow32 concludes that a strong repulsive singularity does
exist in the nucleon-nucleon potential and uses rC:.6F to
fit empirical data. Gammel et al.33 have reached a similar
conclusion, while several authors have given theoretical ar-
guments for the exlstence of a repulsive core.34 Although
the evidence for such a core 1s not definitive, its presence
is highly probable and therefore the comparison of the one-
nucleon exchange model with experimental data will be made
by using the hard core deuteron wave function. This com-
parison 1is shown in Figs. 6-9; the curves labeled N in these
figures are the results of the one-nucleon exchange model,
developed above, where a hard core of radius rc=.65F was used.
The theoretical curves labeled P are from the one-pion ex-

2

change model as given by Yao® which will be discussed 1n
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100 ,

20 Tp = 2.0 BeV B
» 60 —
=
i
c
Z W —
b
©

20 —

) C
0 [T— T : |
1.0 .8 .0 A .2 0

cos0(c.m )

Fig. 5. Plots of one-nucleon exchange model cross sections
for the reaction p+p->-d+ﬂ+ versus the cosine of the c.m.
scattering angle at 2.0 BeV incident kinetic energy. Curve
A is obtained by using the hard core deuteron wave function
without employlng the absorption correction; B is the hard
core deuteron wave function with absorption effects includ-
ed; C and D correspond to the Hulthén deuteron wave function
without and with the absorption suppression factors, respec-
tively.
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30 I | I I

Tp = 1.3 BeV

2 | §§ ; -

do /dQ (ub/sr)

0 1 | 1 |
-1.0 -.8 -. 6 -4 -2 0

cos8(c.m. )

Fig. 6. One-nucleon exchange model (curve N) and one-pion
exchange model (curve P) theoretical cross sections for the
reaction p+p¢-d+ﬂ+ at an incident proton kinetic energy
(Tp) of 1.3 BeV. The circles represent the data from this
experiment,
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30 | l | I

Tp=1.7 BeV

15

do/dS) (ub/ sr)

10

0 | | | I
-1.0 -.8 -6 -4 -2 0

cosB(c.m. )

Fig. 7. One-nucleon exchange model (curve N) and one-pion
exchange model (curve P) theoretical cross sections for the
reaction p4p+» d+mt at an incident proton kinetic energy

(Tp) of 1.7 BeV. The circles represent the data from this
experiment.
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30 T T l l
5 Tp = 2.0 BeV _
20
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-1.0 -, 8 -, 0 -4 -, 2 0
cosB(c.m. )

Fig. 8. One-nucleon exchange model (curve N) and one-pion

exchange model (curve P) theoretical cross sections for the
reaction p+p+» d+nt at an incident proton kinetic energy

(T ) of 2.0 BeV. The circles represent the data from this

experiment.
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T I I
Tp = 2.8 BeV
50 |- ]
I
5 @ -
a
i
2’ 30 N
b
L
20 h
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0 i
-1.0 -.8 -. 6 -4 -2 0

cosB8(c.m. )

Fig. 9. One-nucleon exchange model (curve N) and one-pion
exchange model (curve P) theoretical cross sections for the
reaction p+p» d+nt at an incident proton kinetic energy
(Tp) of 2.8 BeV. The circles represent the data from this
experiment.
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Section B. The data from this experiment are given by circles
in these four graphs. The conclusions which can be reached
concerning the success of the various theoretical models as
implied by the results of this experiment will be presented
in Chapter VII.

The development of the one-nucleon exchange model as pre-
sented above should be considered as a first quantitative at-
tempt to apply this model to the reaction p+p¢-d+ﬂ+, Improve-
ments which can be made in the formulation include a better
description of the deuteron wave function; the hard core
should be replaced by a less drastic repulsive core, and the
tensor interaction should be included. At the higher energies
the deuteron should be treated relativistically. A more ac-
curate treatment should be given to the effect of absorption,
particularly since do/dQ-is gquilte sensitive to this, One
should also include off-the-mass-shell effects for the ex-
changed nucleon and final state interactions, both of which

have been neglected.

B. ONE-PION EXCHANGE MODEL

This model has been successful in interpreting single
pion production in nucleon-nucleon interactions in the few
BeV region.35 - For this reaction, however, the model is much
more difficult to apply as there must be a final-state inter-
action between the nucleons to form a deuteron; as can be
seen from the relevant Feynman diagrams shown in Fig. 2,

2

this necessitates a loop integration. Yao™ has made the
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calculation, approximating the loop integration, and the fol-

lowing 1is a description of his calculation,

-+

The R-matrix element for the m' exchange diagram can be

written as

il o - .
(1 L =177 +M . ! - -1 +M
() e [P 18 ove(e) | T R

p22+M2—ie

[§+iqB+i¢b+qy§]u(p1) Efg:%g—f‘
1c+Huc-1e

This expression contains four-vectors defined in the dia-
grams, expressions introduced in the previous section, and
the quantity

M= A+igB+iyC+d¥D .
), and M is the most general ex-

Here q=%(kl+k2), P=%(k -k,

172
pression for the unphysical pion nucleon scattering vertex
(the right vertex in the Feynman diagrams), where A, B, C,
and D are four invariant scalars. The other diagram can be
incorporated into R1 by straightforward isotopilc spin con-
siderations, the effect of which will be shown presently.
Similar to the cne-nucleon model, the total matrix element
R is given by R:er—R2 where 32 is obtained by interchanging
py and plY in Rlo

I

By transforming the integration variable d'n; to
dnl2dp22dk12ds, where s="(pl+kl)2, the n12 and pgginte—=
grations are performed by assuming that the main contribu-
tion to these integrations comes from the region of the

22

poles in the integrand at nq +ieandp22:hM%H£, and then

extending the region of integration from -« to +«, By also
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assuming the integrand contains no other poles in the upper
half plane (for either variable) and behaves well at infinity,
the integrations can be performed in the complex plane, and

are expressed 1in terms of the resildues at these two poles.

All quantities are now evaluated at nlgﬁmM2 and p22=-M20

2

This assumption also simplifies the k1“ integration, since

now, with n12=~ﬁ% the width of the integration is 4ioaqg
(qd is the magnitude of the three-momentum of pli in rest
frame of the deuteron); since a 1is small quantity, the inte-

gration is approximated by Miaqd times the integrand evalu-

ated at the average value of klg,

Q:nlgﬂnMg, one can easily show (by conservation

of energy) that m2==a2 where n 1s magnitude of the three-

Since po

momentum of Po Or 1nq in the deuteron rest frame. Thus the
vertex function I', discussed in the previous section, is
simply T:ﬁﬁﬂ S,

A final approximation is made by discarding the cross
terms when the matrix element is squared, i.e. Yao takes

2 2

"R “=~ Rq 24 Ro ©. After doing the spin sums the expression

for the cross section becomes (neglecting deuteron D state)

2
do 2G°.2 2 2M M a Bﬁ ) dot-do”
T I (a e oL 2 3dQ a0 +3dQ
+{p;>p; ).
F(klg) is the Ferrari-Selleri off-the-mass-shell correction

for the exchanged pion, s 1is the c.m. energy of the virtual

~plon nucleon scattering process at the right hand vertex, and
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+ A
4o " _do (tips mhip)

d
39 =22 (™ +p> 1 4p)

and

These three cross sections are evaluated at c.m. energy s
and the unique scattering angle at the right hand vertex cor-
responding to the aﬁgle of scattéring of the deuteron. Thus
the right hand vertex has been related to physical pion-
nucleon scattering, and the linear combination of the three
cross sections arises from considering both diagrams in
Fig. 2,

Actually, Yao has included the effect of the deuteron D

state in his calculation, which has a 12% effect, but in his

1
1-ap

in Ng, which is 1.67. The theoretical cross section for this

final expression for do/dQ he has neglected the term

model has been evaluated at four incident proton energles,
1.35, 1.70, 2.07, and 2.8 BeV; these curves are shown in.
Figs. 6-9. The pion-nucleon scattering data necessary to
make these numerical calculations were taken from references

36-39.

C. STATISTICAL MODEL
The basis of the statistical model 1s the assumption
-that in a collision process, all possible final states (states

consistent with the conservation laws) have a probability of
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of occuring which is proportiocnal to the statistical weight
for that S’catefL Thus the transition rates essentially de-
pend only on the phase space factor, and not on the matrix
element connecting the 1nitial and final states. Hagedorn5
has applied this model to any arbltrary two-body final state

(pp initial state) and finds

99(6-90° ) =F (E)e 32"

where 6 is, for this reaction, the c.m. angle of the deuteron
and E is the total barycentric energy. F(E) is proportional
to the total pp inelastic cross section and another function
of E, neither of which vary much with E. Thus one expects
the energy dependence of the 90° differential cross section

to be exp(-3.29E).



IITI. EQUIPMENT AND PROCEDURES

The external beam 2A from the Cosmotron, with an energy
which varied from 1.0 BeV to 2.8 BeV, was brought through a
magnet system consisting of one bending magnet, three quad-
rupoles, and two more bending magnets and focused on a three
inch liquid hydrogen target. Desired events, which comprise
0.05% to 0.5% of the total pp cross section in this energy
interval, were recorded when a coincidence occurred between
the pion counter telescope and the deuteron counter tele-

scope,

A. BEAM AND MAGNETS

The layout of the beam and magnets is shown in Fig. 10,
The purpose of the 6" x 12" bending magnet H200 was to com-
pensate for the fact that the angle at which the external beam
leaves the Cosmotron depends on the beam energy. Thus, by
adjusting the field of this H magnet, all of the beams were
brought down the center of the ensuing quadrupole magnets.
Another function of H200 was to collimate the beam; the ver-
tical dimension of the beam was restricted to 1.5" by the pole
pieces, while a collimator in the magnet gap provided horizontal
collimation which varied from .75" to 2.0" depending on the
beam energy. Collimation was necessary because of the joint
requirement of small spot size (cross sectional area of the
beam) and small angular divergence at the target, conditions
which could not have been produced without collimation be-

cause of Liouville's Theorem.uo The reason for this require-

25
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ment 1s that the beam spot size and divergence strongly in-
fluence the size of scintillation counters needed.

The beam was then focused at the target by the three 8"
aperture quadrupole magnets Q201, Q202, and Q203. The cur-
rents in these magnets were determined with a beam-design
computer program, and fine adjustments were made empirically
by exposing polaroid films at the target and further down-
stream. The beam was designed to have a maximum spot size
at the target of 1.5" and a maximum angular divergence of
1/5°.

The two bending magnets H204, with 12" X 60" pole faces,
and the 18" x 36" H205 served to steer the beam through the
center of the target at the desired angle in the horizontal
plane. At the target the beam had a diameter of about 1"
or 1.5", depending on the beam energy, and an angular diver-
gence of about 1/10° in both the horizontal and vertical
planes.

The C-magnet C207 merely served to bend the beam slight-
ly so that the beam stop would not get in the way of counters
D3  and D3i (see Fig. 11). Magnet H206 momentum analyzed
the deuterons and will be discussed further in Section B.

Two direct methods were used to determine the energy of
the beam. These methods were: 1) measuring the Cosmotron
magnetic fleld and the radius of the circulating beam and
2) finding the frequency and orbital path length of the in-

ternal beam. These methods and formulas for applying them
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are described by Bennett. A kinematical check on the beam
energy was provided by the two deuteron scintillation counter
telescopes (see Section B); if the beam did not have the en-
ergy corresponding to the angles at which the plon and deuteron
telescopes were placed, there was an asymmetry of the number
of good events arising from each of the two deuteron channels,
These three methods together served to determine the beam
energy to + .05 BeV.

The beam rate, which was determined by requiring that
the accidental rate (described in Chapter V, Section D) be
less than 10% and that no counter have a singles counting
rate greater than 2 x 105 counts/pulse, varied from 2 x 109
8

to 8 x 10° particles/pulse.

B. COUNTERS AND ELECTRONICS

A diagram of the experimental layout is shown in Fig.
11. The sizes of the counters are given in Table I. The first
counter of the pion telescope, Tml, defined the solid angle
which varied from 0.035 to 0.87 millisteradians depending on
which of the two 1Tl counters was used and its distance from
the target, which varied from 8 to 20 ft. This distance could
be changed by sliding the carriage upon which the m counters
were mounted rédially along a 6" wide-flange beam. The angle
between the pion telescope and the beam was varied by rotat-
ing the wide-flange beam which pivoted on a post mounted di-
rectly underneath the target and rolled on a clrcular rail

located 19' from the target. The pion angle, as well as the
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TABLE I
SCINTILLATION COUNTER SIZES

Counter Size Thickness

widthxheight

(in.) (in.)

ml Lx2 1/2

or 2x1 1/2
2 7.5x4 1/2
D1,Dy " 5.5x8 1/2
Dp,Dp 13x19 3/8
D3,D3! 17x30 1/2
c 8 (diam) 1/2
M (3 counters) 1x1 1/4

S (3 counters) 1.5x1.5 3/8



31

deuteron angle, was determined quantitatively by calibrating

a scale, mounted on this rail, using a transit secured to the
top of the pivot post, (The transit can be seen in the bot-=

tom of Fig. 14.)

Thé deuteron was detected by two overlapplng counter
telescopes, consisting of three counters each, and an 18" X
36" bending magnet (H206 in Fig. 10 and Fig. 11) which de-
flected the deuterons by * 10°, This magnet had a 10.5" sep-
aration between the pole faces. In Fig. 11 the two deuteron
counter channels are labeled D1, Do, D3 and Dl', Dg!, D3'.
The flight path between the Dy and the D3 counters (40 feet)
provided time-of-flight selectlion which when combined with
the momentum selection from H206 separated the deuterons from
pions and protons up to 2.4 BeV/ca Because the initial state
of this reaction consists of identical particles, the differ-
ential cross section is symmetric about 90° in the center of
mass and it was only necessary to measure it for deuterons
going backward in c.m., where this momentum condition is sat-
isfied. This region 1s shown in Fig. 12, Two deuteron chan-
nels were uged to increase momentum resolution, to provide a
kinematicél check on the beam energy as described in Section A,
and to insure that the deuteron telescope was located at the
proper angle.

The deuteron angle was varled by moving the magnet, which
was mounted on a carriage, along the arc of a circle on rail-

road tracks (see Fig. 11). The Dy and Dy, counters were at-
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Fig. 12. ZKinematics curve for the reaction p+p-v-d+ﬂ+ at an
incident proton kinetic energy (T.) of 2.0 BeV. The solid
line represents the region where Ehe cross sections were
measured in this experiment, and corresponds to deuterons
going backward in the barycentric system.
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tached to the magnet carriage while the D3 counters could be
moved along a pailr of parallel I-beams. The magnet was cal-
ibrated by using the standard wire-orbit technique,42
It was possible to reduce the size of the D3 counters
by approximately 20% by taking advantage of kinematical focus-
ing. If p and ® are the laboratory momentum and angle of the
deuteron, thendp/d$>0 as ¢ goes from 0° to its maximum, for
deuterons backward in c.m. (see Pig, 12), and then dp/dm<Oo
By bending the deuterons counterclockwise (aS-seen from above)
in the first case and clockwise in the second, this effect
serves to focus the deuterons. The sizes of* the deuteron
counters were determined by an IBM 7090 computer program which,
using ray tracing techniques, considered the effects of the
beam size and angular divergence, Tl size and distance from
the target, the length of the target, multiple Coulomb scat-
tering, and kinematical focusing. The amount of overlap be-
tween pairs of deuteron counters was determined primarily by
considering the Coulomb scattering of the deuterons.
The kinematics of the reaction (see Fig. 12) are such
that 1t was possible to measure all barycentric deuteron
angles 6 for O > cos6>-.,96 or -.97 (depending on beam energy)
by varying the m telescope angle from 5° to 58° and the deuteron
telescope from 6.7° to 23°, At small laboratory deuteron
angles the beam struck the yoke of H206 and it was necessary
fo reduce the beam intensity so that the singles counting

rates in the Dy counters would not be too large.
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The beam was monitered by two sets of scintillation counter
telescopes contailning three counters each. The M moniter tele-
scope, used to normalize the measured cross sections, was point-
ted toward the target at a laboratory angle of 11.3° while S
was aligned so that it looked at counter C (see Fig. 11). The
C counter was located in the beam 20 feet downstream from the
target and served as a source of particles for S which essen=
tially depended only on the incident beam intensity and not
upon whether the target was full or empty, since less than 2%
of the beam interacted in the liquid hydrogen. This counter
was also used to indicate the beam spilll. (The beam spill
refers to the time distribution of the beam particles,) The
calibration of M is discussed in Chapter IV; the purpose of S
was to determine the beam intensity when the target was empty
(see Chapter V, Section E).

Before the experiment all of the scintillation counters
were plateauved and the characteristic time delay between the 1in-
cidence of a particle and the output pulse from the RCA 6810
photomultiplier tubes was determined with a light pulser,

During the experiment these delays were cheqked by running time-
of-flight delay curves on protons from elastic scattering.

With this information, it was possible to calculate the proper
delay cables to insert between the counters and coincidence
circuits for the m¥d final state. Both D3 counters had a
phototube on each end to decrease the timing Jjitter and increase

the signal to noise ratio from these counters. All counters
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except the M moniter counters had plexiglas light pipes to
transfer the light from thescintillator to the phototube. A pulse
from the Cosmotron was used to generate a gate signal which was
adjusted to turn the scalars on during the desired portion of
the beam spill.

A bplock diagram of the electronics i1s shown in Fig. 13,
The logic circults are standard units described in detail by
Sugarman et gla43 The 1OMc scalars were manufactured by the
Transistor Specialties Inc. The 1D coincidence is a colnci-
dence between the ™ telescope and either (or both) of the
deuteron telescopes. The accidental coincidences, called
M, will be discussed in Chapter V, Section D. The scalars
mD°® and D' show how many good events arise from each chan-

nel.

C. HYDROGEN TARGET

A photograph of the hydrogen target is shown in Fig. 14.
The upstream beam pipe is visible behind the target. The beam
enters the vacuum chamber 1in which the target is‘énclosed
through a ,010 in. mylar window. The liquid hydrogen 1is con-
tained in the .010 in. mylar bag located in the upstream end
of the vacuum chamber. This bag is 3 in. long and 4 in. in
diameter and 1s supported from above by the gravity filling pipe
which is attached to a 1 in, wide metal ring which surrounds
the target. The exhaust pipe 1s connected to the bottom of
this ring. Thermal insulation for the liquid hydrogen is

provided by wrapping the mylar bag with 20 layers of .00025
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d hydrogen target.

14, The liqui

g
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in. aluminized mylar and a layer of aluminum foll, and by the
surrounding vacuum. As can be seen in the photograph, the
vacuum chamber is designed so that the emerging pions and
deuterons which were recorded passed through a .015 in. mylar

window,

D. EXPERIMENTAL CHECKS

Numerous checks were made to verify that the events de-
tected indeed corresponded to the ntd final state, Deuteron
time-of-flight delay curves, obtained by varying the delay
between the m and D coincidence circuilts (see Fig. 13), re-
sulted in yleld versus delay curves which typically had a flat
top of width 7 nsec, a full width at half maximum of 10 nsec,
and a full width for a 10% yield of 16 nsec. These curves
were centered about the delay corresponding to the ntg final
state. Curves of yield versus the current in magnet H206
similarly had a maximum at the current corresponding to the
momentum of the deuteron from the mtd final state; these curves
had a full width at half maximum ©of 75 amps and dropped rapid-
ly to zero. Angular correlation measurements, obtalned by
fixing the deuteron (pion) angle and finding the yield as a
function of pion (deuteron) angle also identified the mTd
final state; of course, the shape of these curves depended
strongly upon the kinematical region in which they were taken
(note Fig. 12). A curve of yield versus pulse length in the
deuteron channels was run to insure that no events were lost

because of the spread in deuteron flight time being of the
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order of the time resolution of the 1D colncildence unit.
Finally, for low beam energies 1t was possible to measure the
differential cross section at forward barycentric deuteron

angles and verify the symmetry of the reaction about 90°.



IV. NORMALIZATION

The moniter counters M were calibrated by measuring the
cll activity induced by the beam in .004 in. thick polyethyl-
ene foil by means of the reaction Clg(p,pn)Clla The foill was
mounted on the downstream end of the target assembly and ir-
radiated for one minute by a beam with an approximate inten-
sity of 2-5 X 109 particles/bulsea The ¢ll activity was then
measured in a Nal well- counter by detecting one or both of
the gamma rays resulting from the annihilation of the posi-
trons emitted by the cll atoms.

If the foil were irradiaﬁed by a continuous beam of pro-
tons, then the number of C'l atoms present, N(t), would be

determined by

L) w(e)+cw

where A is the Cll decay constant, o is the cl2(p,pn)cll cross
section, A is the foil area, C the number of 012 atoms in the
foil (assumed constant), and ¢ is the beam rate, Thus, after
lrradiation for t; minutes,

N(t1)=9C(1-e"M1)g

X
N(tl)m%g F(lmﬁgl)

or

where F=¢t 1s the total number of protons passing through the
foil during t1, and Aty is a small quantity (Aty=3.4x1072

for ty=1 mino)o If v is taken to be a series of equally spaced
impulse functions instead of a constant, corresponding more

closely to the actual physical situation, the same expression

Lo
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for N(t1) is obtained to first order in At]. F can then be
determined by this equation.

o has been measured at 1.0 BeV by Poskanzer et QLGAM
and at 2.0 BeV and 3.0 BeV by Cumming et al.*5 These auth-
ors report 0=26.6 + 1.3 mb at 1.0 BeV, 0=26.0 + 0.9 mb at
2.0 BeV, and 0=26.6 = 1.0 mb at 3.0 BeV. To obtéin o for
the energies of this experiment 1t was usuvally necessary to
interpolate. Since polyethylene has a chemical formula
(CHp)p, C=NgW/qy o where Ny is Avogadro's number and W, the
weight of the foil, 1s determined with an analytical balance.
The 1.1% oceurrence of C13 in natural carbon isotopes intro-
duces no error in the analysis since the cross sections
quoted above were based on the total carbon content, not just
the ¢12, N(t1) is obtained by measuring Ng,» the number
of ¢l decays during the period t, to ty in a well counter,
Then since

£
Nap=) ° AN(t)dt

ta
and

it follows that

Ngp=N(tp)e t1(e™*ba_e" ),
Usually N(tl) was determined in this manner by counting the
foils for six one minute intervals and taking the average
of the six resulting N(tl)'s, However, before F can be com-
puted, it is necessary to apply a correction to N(ty) ob-

tained in this manner. When the Cll atoms are produced,
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they possess enough kinetic energy to allow a breaking of
chemical bonds and the subsequent formation of gaseous mol-
ecules which can diffuse out of the foil. This "hot atom"
loss, described by Cumming et al.0, is found to be about
14.2% for 004 in. polyethylene foil by Cumming et al.47

The standard error in calculating F in this fashion
arises primarily from the error in o, the statistical error
in Npyp, and the fact that the efficiency of the NyI well-
counter is only known to within = 5.0%. The result of com-
bining these errors orthogonally is about + 8%.

The calibration of the moniter counters M is given by
F/M, where M is the number of coincidencesin the moniter
counters while the foil 1s irradiated by F protons. For
most energies two foils were lrradiated, and the resulting
F/M values always agreed to within 3%. An exception occur-
red, however, at the end of the experiment When the calibra-
tion factor F/M was remeasured at a previous energy, 2.0
BeV, and differed from the previous calibration by 7%; howe
ever, it was discovered 1n a subsequent experiment that for
some runs the beam scraped a veam plpe upstream of the target,
resulting in an abnormally high M reading. This introduced
no errcr, since each run had a separate calibration factor F/M
which was accurate, within the 8% error mentioned above,

for that run.



V. DATA CORRECTIONS

This section describes the corrections which were ap-

plied to the data,

A, NUCLEAR INTERACTIONS
Some of the desired events were not recorded because

the pi and/or the deuteron did not travel completely througn
their respective telescopes because of nuclear scattering in
the hydrogen target, air, or scintillators. The number of
events lost in this manner can be calculated 1if the relevant
cross sections are known. A good approximation to the actual
cross sections is the geometric cross section, defined by

o :ﬂrng where r &roAl/g is the nuclear radius, A the mass num-

g

ber of the material and r, a constant. This formula can

n

be improved by remembering that in the particle energy region
we are dealing with, a nuclear collision can be thought of
as occurring between the incomingkparticle and the individual

L8

nucleons of the nucleus. Since the plion and deuteron col-
lision cross sections are experimentally known for neutron

or proton targets, the collision cross sections for other
materials can be approximated by multiplying the corresponding
geometric cross section by the ratio of the pilion-nucleon

(or deuteron-nucleon) empirical cross section to the geo-
metrical cross section for A=l1., Thus Opa? the total cross
section for deuterons on material with mass number A, 1s given

by ODA:ODNA2/3 where OpN? the deuteron-nucleon total cross

section, is approximately 80 mb, 49 Similarly, cﬂAzanAg/B

43
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where oﬂN=35 mb,5o For pion energies below 1 BeV, opy 18
taken to be the average of the plon-neutron and pion-proton
cross sections, This'refinement of the geometric cross sec-
tion is necessary because the deuteron is qulte unstable

in matter, and interacts much more strongly than the geo-

metric crogs section would indicate.

B. MULTIPLE COULOMB SCATTERING

As discussed previously, the experiment was designed
s0 that there wculd be no loss due to Coulomb scattering.
It was possible to verify this experimentally in the following
manner: at one pion angle at each energy, the differential
cross section was measured twice, once using a pion counter
which subtended the designed solld angle and once with a
solid angle one-fourth as large. I1f the deuteron counter
telescope were not large enough to collect all of the desired
deuterons, the yield would be higher with the smaller pion
solid angle since then the deuterons would be confined to a
smaller region. There was no statistically significant
difference between the two measurements.

Obviously one cannot prevent pion Coulomb scatteri ng
loss by increasing the pilon counter sizes since one of the
pion counters defined the-solld angle. However, there are
approximately as many pions scattered into the system as there
are scattered out so there 1s no net effect providing the
deuterons corresponding to the pions which scatter into the

system are collected by the deuteron telescope. That this
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was actually true was shown experimentally by the results of

the test described in the previous paragraph.

C. DECAY OF PIONS

The pion i1s unstable, decaying into a muon and a neu-
trino with a mean life of 25.5 nsec.’> The variable pion
path length, which had a maximum value of 22 feet, required
a maximum of 23 nsec (4.5 nsec in the pion barycentric system)
flight time. Thus as many as 16% of the pions decayed be-
fore reaching the final counter. However, the muons were
emitted by the highly relativistic pions 1n a narrow forward
cone with a maximum half-angle of 3.0° in the laboratory.

Thus the coincidence was completed in many cases by the muons,
while events lost by the muon missing the pion counters were
compensated for by pions which were slightly off angle beihg
counted by decaying and sending a muon through the counter
system.

Verification that the number of events lost by pion
decay was not significant was done empirically by remeasuring
one point with a 50% shorter pion travel length. There was
no statistically significant difference in the two resulting

cross gsections.

D. ACCIDENTAL COINCIDENCES
Accidental events, in which independent pulses from the
pion and deuteron channels occur by chance within a short

time interval and are counted by the coincidence circuit,
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were indicated by recording the colncidences between the two
channels when they were 31 nsec out of time. These "out-
of-time" coincidences, mD in Fig. 13, were recorded through-
out the experiment; they obviously were not exactly equal to
the number of accidentals included in the good events and

in subtracting them from the good events this statistical
uncertainty 1is reflected in the statistical error (see Chapter
VI). By adjusting the beam intensity, the accidentals were
always held to less than 5% of the good events; however, the
structure of the beam spill, which could not be controlled,
was much more influential in causing accidentals than the beam

intensity was.,

E. BACKGRCUND EVENTS FROM TARGET

When the liquid hydrogen was emptied from the target,
the number of events recorded could be expressed as a frac-
tion of the number of events with a full target for the same
amount of incident beam by using the S moniter counters.
The distribution of the target empty to target full ratio
was approximately Gaussian, centered about 207%0 Approxi-
mately 1.3% should be expected from hydrogen in the mylar
serving as a target. The number of events arising from the
hydrogen vapor which remains in the target after i1t 1is emptied
is about .1% while the rest can be attributed to quasi-events
in which the target protons were in the nucleil . of carbon
atoms in the mylar. Thus, this effect was corrected in the

data by subtracting 2.6% from the good events, where, of
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course, the hydrogen vapor events should not be subtracted

since the vapor is not present when the target is full.

F. BEAM ATTENUATION
Since part of the beam interacts in passing through the
target, the downstream end of the target only sees some frac-
tion of the initial beam flux. Thils effect can be corrected
by using an effective target length, Leff’ which is defined
by
I(o)Leff=j'SI(x)dx

where L 1s the actual target length and I(x) is the number

of protons per pulse which pass through x, the x axis point-

ing along the beam direction with its origin at the upstream

edge of the target. The resulting expression Leff is
LeffRL(l-ggé)

where o is the total pp cross section and p the number of

protons per cubic centimeter in the target.

G. COUNTER DEAD TIME

The dead time of a counter, T, can be defined as the
time between the traversal of an lonizing particle and the
time when the counter has recovered enough to record another
lonizing particle, giving an output pulse large enough to be
detected by the subsequent electronics. Thus, i1f the beam
has a spill time T and the cbunting rate in a counter is S
counts per pulse, the fraction of T that the counter can-

not record pulses is S7/T. For example, if S=10° counts
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per pulse, T=10 nsec and T=100 msec, ST/T=1%. However,

since the beam has structure (i.e. the time distribution of
beam particles is not a square wave) more than 1% of the de-
sired events could be lost since they are more likely to

occur during the period when the counter has its highest
counting rate. Another difficulty in making this correction
is that during the experiment the counting rates in the count-
ers were‘not continuously monitered and are known only approx-
mately. The counter dead time data correction was made using
the above technique and the uncertainties involved are re-~

flected in the systematic error (see Chapter VI),

H. BEAM ENERGY

As mentioned previously, the energy of the beam could be
determined with an accuracy of about £ 0.05 BeV, In addition
td the fact that the energy at which the cross section is
measured 1s unknown by this amount, there is an error intro-
duced of approXimately # 2% in transforming the measured
laboratory cross sections to the barycentric cross sections,
since the Jacoblan for a given laboratory angle is a function
of the beam energy. This effect of course cannot be corrected

for,

I. COUNTER EFFICIENCY
Because of the small size and relatively large thick-
ness of the m counters and the D1 counters (see Table I),

1t is assumed that they were essentially 100% efficient. The
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efficiencies of the D2 and D3 counters were not measured, but
were estimated to be 99% + 1% because of the moderate size

of the D2's and the fact that each D3 counter had two photo-

tubes.



VI. RESULTS

The following formula was used to calculate the dif-

ferential cross sections:

where ™D

Dl

=

A€

aByde(

il

do___ﬂD‘ﬁ @B'Yéélg,

A ok MLy (10)

total number of events at a gilven angle

total number of accidental events at a given
angle

density of 1liquid hydrogen = 4.23 102% protons/cc
normalization factor for M moniter telescope,
typically 3.100

number of coincidences in M telescope

length of hydrogsn target when filled with
liquid hydrogen and surrounded by vacuum=3,03 1in.
solid angle subtended by Tl counter in the lab-
oratory

Jacobian which transforms solid angle (4Q)

from laboratory to c.m.

correction for nuclear interaction = 1.13 = .03
correction for multiple Coulomb scattering loss=
1,01 = .01

correction for background events = .974 + ,01
beam attenuation correction = 1,01

correction for counter dead time= 1.03 £ .03
correction for counter efficilency = 1.02 = ,02

total correction = 1.18 + ,05,
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The errors stated in the corrections applied above are
estimated., When combined orthogonally with the Jacobian
error of + 2% due to the uncertainty of the beam energy and
the normalization error of # 8%, the net non-statistical er-
ror is # 10%. The statistical error, which is determined
by the expression fﬁﬁiﬁﬁy(ﬂD—ﬂﬂj, ranged from about * 5%
to + 15% but was usually about * 7%.

The results are shown in Table II and Figs. 15-21, where
the error bars indicate the standard deviation from counting
statistics. The total cross sections are given in Table IT
and in Fig. 22; they were obtained by fitting the differen-
tial cross sections with a series of even powers of coséf,
using a weighted least squares method, and integrating the
resulting expression analytically. fThe vertical error bars
represent statistical errors, while the horizontal error
bars indicate the uncertainty of the beam energy. Figs. 15-22
also show the other existing experimental data.

Preliminary results of this experiment were reported
at the International Conference on High Energy Physics at
Dubna, U.S.S.R. (1964) and published in Physical Review

2
Letters°5



52
Table IT

+
DIFFERENTIAL AND TOTAL CROSS-SECTIONS FOR THE REACTION p + p +d + x

(Tp is the kinetic energy of the incident proton. E* 1s the total energy of the
c.m. system. © is the c.m. angle of the deuteron relative to the direction of

the incident proton.)

do/dq, wb/sr (c.m.)

e I - -
-.97 12.3t1.2  12.82.3
-.965 9.9t .8 10.6% .9 9.5 .7
-.9% 50.1#2.5
-.95 17.5t1.3 2.1k .7 12.5t .9 10.6 £ .8 8.3t .5
-9k 8.3t .6
-.9 hg.ox2.7
-.925 22.7¢1.6 14.6%1.0 1.6t .7 6.41.0
-.92 10.2t .7
-.90 52.1+2.0 2..0+ .8 15.9¢ .6 6.1+ .8 10.0t .5 5.7t .4 5.1+ .k
-.85 2h.2t1.1  16.4 .6 12.9¢ .9 8.1 .5 3.7 .3
-.80 51.2t2. 4 25.0t .9 13.3+ .8 11.9+ .8 T.3% .4 3.5% .2 3.3t .3
-.70 L5.9+2.2 25,68+ .8 13.1% .7 9.k .5 6.2t .3 2.7 .3 2.2 .2
-.60 42.1%1.5 20.1t .7 10.2t .5 6.0+ .4 hot 3 1.9 .2 1.7 .2
-.50 %3 .41, 7 17.8+ .9 9.7 .5 5.0 .3 2.9t .2 1. 1 1.2+ .1
- 40 31.9t1.6 Lh.5t .7 7.6 .3 L.t 2 2.4 L1 1.0¢ .1
-.30 oh.hx1.2 13.6% .7 8.6 .5 3.8+ .2 JTE L
-.20 23.5£1.1  12.4 6 6.9 .5 3.1 .2 1.3% .1
-5 21.0+ .9 13.0+ .7 6.2t .4 3.0£ .2 l.2t .1 B 1

0 20.3% .9 12.2+ .6 6.3 .4 2.9 .2 1.1+ .1

Orotal (ub)
452427 217411 12347 8l 15 5343 3343 3043
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0 T Tp - 1.0 BeV ~
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60 - B 4 Chapman, et al. -

do/ d§) (b sr)
|
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20 | -2
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0 L l | I I | | I |
-1.0 -8 -.6 -4 -2 0

cos9(c.m. )

Fig. 15. Center of mass differential cross sections for the
reaction p+p-—> d+1t versus the cosine of the barycentric
scattering angle at an incident proton kinetic energy of

1.0 BeV. The data shown are from this experiment and from
Chapman et al.
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25 A Dekkers et al. -
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= 10 ~
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-1,0 -8 -6 -4 -2 0

cos8(c.m. )

Fig. 16. Center of mass differential cross sections for the
reaction p+p+ d+Tt versus the cosine of the barycentric
scattering angle at an incident proton kinetic energy of

1.3 BeV. The data shown are obtalned from this experiment
and deduced from the +d+-p+p experiment of Dekkers et al.
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% : o This Experiment B
- & Dekkers et al. .
B O Turkot et al. i

15 — —

ol ' b

do/ d (b / sr)
O+
|

cosf8(cm. )

Fig. 17. Center of mass differential cross sections for the
reaction p+p->-d+ﬂ+ versus the cosine of the barycentric
scattering angle at an incident proton kinetic energy of

1.5 BeV. The data shogn are obtained from this experiment
and from Turkot et al.® and deduced from the THid> p+p
experiment of Dekkers et al.
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Fig. 18. Center of mass differential cross sections for the
reaction p+4p+ d+Tt+ versus the cosine of the barycentric
scattering angle at an incident proton kinetic energy of
1.7 BeV, The data shown are obtained from this experiment
and deduced from the m++d-> p4p experiment of Dekkers et g_l.l
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Fig. 19. Center of mass differential cross sections for the
reaction p+p+ d+71t versus the cosine of the barycentric
scattering angle at an incident proton kinetic energy of
2.0 BeV. The data shoxgn are obtained from this experiment
and from Turkot et al.® and deduced from the mH+d> p+p
experiment of Dekkers et al.
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25 T T l T T T x T T
- Tp = 2.5 BeV n
- O This Experiment N
2T & Dekkers et al. |
i @ Turkot et al. 7
15 [~ —
= _
ES ¥ 1
d 10 | ]
-/ —
2 -% ]
— § —
5 } n
I B .t g )
0 | | | | | I 2 | ? —é
-1.0 -. 8 - 6 -4 -2 0

cos g (c.m.)

Fig. 20. Center of mass differential cross sections for the
reaction p4p- d+7T+ versus the cosine of the barycentric
scattering angle at an incildent proton kinetic energy of

2.5 BeV. The data shown are obtained from this experiment
and from Turkot et al.® and deduced from the mHid> p+p
experiment of DEékkers et al.lb
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Fig. 21. Center of mass differential cross sections for the
reaction p+p+» d+nt versus the cosine of the barycentric
scattering angle at an incident proton kinetic energy of
2.8 BeV. The data_shown are obtained from this experiment
and Cocconi et al.! and deduced from the Tt4d> p+p experi-
ment of Dekkers et al.lb



60

E* (BeV)
23 24 25 26 217 2.8 29 3.0

700 T T T T T T T T

600 X o This Experiment i

200 - };}‘ o Dekkersetal. i

400 + a Chapman et al. -
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Fig. 22. Total cross sections for the reaction p+p-+ d+mt
versus the incident proton kinetic energy (lower abscissa)
and the total barycentric energy (upper abscissa). The
results of the experiment are shown by circles and are
compared with the data of_ Dekkers et al.lb Chapman et al.1%
Sechi—%ornlB, Bugg et gl.lo, Batsdﬁfgifgl.il, and Smith

et al.



VII. DISCUSSION AND CONCLUSION

From Figs. 15-21, 1t 1s seen that the recent data of
Chapman 33_2;012 and Dekkers §§,§;f15 agree reasonably well
with the results of this experiment. At 1.0 BeV (Fig. 15),
the differential cross sections from Chapman et al. are gen-
erally higher than ours, but this can be attributed to a
slight difference in beam energies in the two experiments,
since the cross sections decrease rapidly with an increase
in the beam energy and there is an uncertainty of the beam
energy in this experiment. Neither Chapman et al. nor we
find a dip in the forward direction, as reported by Homer

9

et al.” at .991 BeV. However, Homer et al. find this dip

by measuring the deuteron momentum spectrum at a fixed
laboratory angle (8.2°); the peak at the high-momentum end
of this spectrum, corresponding to the m'td final state, is
only .11 BeV away from the large proton momentum spectrum
peak (at 8020) from elastic scattering. Proton contamina-
tion in the deuteron spectrum would explain the observed
dip.

The results from Dekkers et al. confirm the striking
feature of the angular distribution from 1.3 to 2.8 BeV
which we find; as cosd varies from -0.5 to -1.0, the differ-
ential cross section rises, passes through a pronounced max-
imum, and then decreases rapidly. Moreover, this maximum

in do/dQ appears to migrate from cosb = -0.8 at 1.3 BeV to

cogb = -1.0 at 2.5 BeV; i.e., at energies above 2.0 BeV the

61
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turnover evolves into a peak at cosb = ~-1.0. The cos6 = -1.0
measurements of Turkot et §£.6 at 1.5,2.1, and 2.5 BeV help
to firmly establish this behavior.

The total cross section measurements (Figu 22) show that
the total cross section decreases rapidly and monotonically
with energy from about 450 ub at 1.0 BeV to about 30 ub at

11

2.8 BeV. Except for the results from Batson et al. and

Smith gg_gi.lq, both of which were based on less than ten
events, the agreement among the various experiments 1s very
good.

The data also show that the maximum in the forward differ-
ential cross section seen from combining the data of Turkot

6

et al.” and Cocconi 33.3;07 is caused by the energy dependence
of the angular distribution and is not a manifestation of
reponance behavior,

The energy dependence of do/dQ near 90°, coupled with
the smoothly varying angular distribution near 900, is sug-
gestive of a statistical in’cérpretation,LL However, the 90°
cross section obtained in this experiment falls as exp(-8.15E),
where E is the total c.m. energy, as opposed to the statis-
tical model prediction of exp(-3.29E) (see p.24). Perhaps
the energies of this experiment were too low for the statis-
tical model to be applicable.

In Figs. 6-9, the one-pion exchange model theoretical

2

curves (labeled P), as given by Yao~, are compared with the

data from this experiment. As pointed out by Yao and dis-
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cussed in Chapter II, it is necegssary to make several approx-
imations to carry out the calculation; however, Yao has also
falled to consider the effects of absorption in the initial
and final states, making the calculation somewhat dubious.
These uncertainties make a critical analysis of the model
quite difficult. It is not inconsistent with the turnover,
mentioned above, however,

The one-nucleon exchange model, developed in Chapter II,
is successful 1n qualitatively explaining the two main features
of the data. Figs. 3 and 4 illustrate the mechanism which
creates the turnover and governs 1ts propagation to cosf =
~-1.0 as the beam energy is increased; this meéhanism is based
on the strong repulsive core which exlists in the nucleon-nu-
cleon central interaction potential. The other main feature
of the data, the rapid decrease of the total cross section
with energy, 1s explained by the decreasing probability for
ﬁhe ocmntence_of high momentum components iIn the momentum
space deuteron wave function. The comparison of the model
with the experimental data (Figs. 6-9, curves N) is not too
favorable quantitatively; however; a more accurate
deuteron wave function and a better treatment of the absorp-
tion phenocmenon could make the agreement better. For exam-
ple, at 2.8 BeV (Fig. 9) the turnover is still present in the
theoretical curve; using a slightly larger hard core in the
interaction potential could correct this, though, since in-

creasing the core radius shifts the minimum in F(x) (see Fig.
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3) to the left. (Using the Yukawa theory, Gartenha_us34 has
calculated the nucleon-nucleon potential through the fourth
order in the coupling constant and finds a repulsive core
of radius r, = .71 F, as opposed to r, = .65 F used in Fig. 9.)
A complete theoretical treatment of the reaction p+p- d+mt
should consider other production mechanisms, such as isotopilc
spin 1/2 isobar exchange, as well as removing uncertainties
which exist in the one-pion exchange and one-nucleon exchange
calculations. However, the qualitative success of the one-
nucleon exchange model indicates that the one-nucleon exchange
process could conceivably be the dominant mechanism in the
reaction p+p- d+nt from 1 to 2.8 BeV, and with suitable
refinements of the calculation presented in this paper,
the model could agree quantitatively with the data of this

experiment.



APPENDIX

In the Appendix, we will evaluate the square of the
matrix element M, doing the sum over initial proton and final
deuteron spins. We have M=Mj-Mo

where

a1 Tr
=12 G| r »
. G]'_irfl+M+ie Y5u(p2)] u(py)

and My is My with py<—>pp and n;<—ns.

Let
Lyt

J=IMy M,
and K:%ZMETMlﬂ
Then

2 - . _
Ty PNy (18,49 Y5 (0, )T ()
T
1% (- 4 | Ty ) (o)
and
K= i

TRy PR () | (- vou ()5 (o)

%5 (- ) | "0 (e )

Using the expressions for I' from Chapter II and doing the

proton spin sums, we obtain

J=-A,L Tr'EMd—id)(Yoe)(+iﬂ1+M)(—iﬁ2+M)
deut _
spin

(17t #0) (- o) (ig-10) (- 18 90
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and
K=-CoZ Tr[}Y'e)(Md-iﬂ)(-iﬁl+M)(iﬂ2+M)
deut -
spin
(v+ %) (tg-14) (-1 +) (1 a0}

where

Ao aGeTFe (7 )

O BMM4= (1- ap) (N 2A=)2

and

Co= aGeTF (n] F(;g

8M4Md (1-ap)( +M= ) (n2¢+MZ7

Using A¥=-Yd+2a b
and 5 (A-e)(B-e*)=A.B{A-d)(B.d)

deut Mg= :

spin

where d is the four-momentum of the deuteron and A, B, a, and
b are arbitrary four-vectors, we find
J=24 (MMg-pq -d) (2D, . d+2k . Dok - A-MulMg )iy

and K=8[ﬁ2Md2u2-MMdp2(pg.d+pl.d).- (x.d) (M2+pq . pp)

~MMgk.d(p1.k+ps.k) + k2 (py.d) (py.d)

+(p1.%) {pp.d) (k.4) + (pl.d)(pg.k)(l{.dﬂc
Since M2 = M{M1 + MIMp - MMz - MAM1, the terms MiMp and
—MﬂMg can be obtained by making trivial changes in J and
K, and the final expression obtained for £3M?2 is that

given in Chapter II.
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