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We report a measurement of the spin-dependent total cross section ratios Aot/ oo and Ao /oo Of
the pp — pp = reaction between 325 and 400 MeV. The experiment was carried out with a polarized
internal target in a storage ring. Nonvertical beam polarization was obtained by the use of solenoidal
spin rotators. Near threshold, the knowledge of both spin-dependent total cross sections is sufficient to
deduce the strength of certain participating partial waves, free of any model.

PACS numbers: 24.70.+s, 25.10.+s, 29.20.Dh, 29.25.Pj

We present a measurement of Aot/oo and Ao /oo
forthe pp — pp = reaction. The quantity Ao (or Aoy)
equals the difference between the total cross sections mea-
sured with opposite and parallel, transverse (or longitu-
dinal) beam and target polarizations, while o, is the
(unpolarized) total cross section. At threshold a single
partial wave PPy — 'Sy, I = 0) dominates. As the bom-
barding energy is increased other partia waves become
significant. In the following, we will demonstrate how the
results of the present experiment can be used to gain infor-
mation on these higher partial waves, making it possible
to test theoretical models selectively.

The reaction amplitude for pion production in the
nucleon-nucleon (NN) system may be separated into
contributions with definite angular momentum. These
partial-wave amplitudes are labeled with the quantum
numbers of the fina state (>3*'L,,1);, where S, L, and
J are the spin, angular momentum, and total angular
momentum of the NN pair, [ is the angular momentum of
the pion, and j is the total angular momentum of the final
state. Theinitial-state quantum numbers S, £, and J are
related to those of the final state by angular momentum,
parity, and isospin conservation.

It is useful to define cross sections 25 ! or,,, which parti-
tion the total cross section o according to theinitial NN
spin, S, and its projection, m, onto the direction of thein-
cident momentum. The three possible contributions ! o,
30, and 3o arerelated to the observable quantities by [1]

1
Yoo = oot + Ao + Aoy,

3 _ 1

00 = Oix — Ao + 340, 1
3 _ 1

g1 = Otot — EAO’L
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Because, near threshold, the relative kinetic energies
between the particlesin thefinal state are small, the angular
momenta L and [ are either O or 1, giving rise to the pos-
siblefina statesLLl = Ss, Sp, Ps,or Pp. A list of possible
pp — pp =" amplitudes can easily be constructed, taking
into account the negative parity of the pion, as well as
conservation of angular momentum and isospin. From
this list, one sees that the Sp final state is not allowed,
that only initial-state singlets (' oy) contribute to Ps final
states, that (*o;) contributes only to Pp, and that (°oy)
may contribute to both Ss and Pp. Assuming that there
are no fina states other than Ss, Ps, and Pp, we require
thet ¢ = o5y + ops + op, Where o, isthetotal cross
section to a certain final state, L. We can then summarize
the above in the following way:

1 _
o9 = 4opy,
3

@)

oo = 4oss + opp),

30’1 = 2(0’pp -

Gpp).

Here, op, and & p,, represent two different combinations
of Pp amplitudes. Theterm &p,, isneeded in 3o, because
S =1, m = 0 initia states can lead to Ss and Pp fina
states. Since the term 6p, does not contribute to the to-
tal cross section, it must also appear in *o-;. Combining
Egs. (1) and (2), we arrive at the useful relation

g ps 1

1 A
=—(1+ + — =22,
Ttot 4 2 Ttot

which states that the probability to form a Ps fina state
can be deduced, free of any model, from the observables of

AO’T

©)

Ttot
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this experiment. A similar equation f6p, — 6pp)/ oo six-sided Cooler. The verticaJ and longitudinal compo-
follows easily from Egs. (1) and (2). nents of the beam polarizatiah at the target are about
The experiment discussed here was carried out with thequal, with a small sideways component, while its magni-
Indiana Cooler. Protons from the cyclotron were stackyde was typicallyfﬁl ~ 0.6. Since the solenoid fields are
injected into the ring at 197 MeV, reaching an orbiting fixed in strength, the exact polarization direction depends
current of several00 wA within a few minutes. The beam on beam energy after acceleration. Only either the verti-
was then accelerated to the energies listed in Table 1. Aftegal or the longitudinal component contributes to the total
typically 10 min of data taking, the remaining beam wascross section, depending on the orientation of the target
discarded, and the cycle was repeated. polarization. In alternating measurement cycles, the sign
The target and detector used for this experiment are thgf the beam polarization is reversed. More details on the
same as described in Ref. [2], and a detailed account gfreparation of nonvertical beam polarization in a storage
the apparatus can be found in Ref. [3]. The internal polarring can be found in Refs. [3,5].
ized target consisted of an open-ended 25 cm long storage Data are acquired for all twelve possible polarization
cell of 12 mm diam an@5 um wall thickness. The cell combinations of beam+, —) and target £x, *y, *z).
is coated with Teflon to avoid depolarization of atoms col-The known spin correlation coefficients of proton-proton
liding with the wall. During data taking, the target polar- elastic scattering [6] are used to monitor beam and target
ization Q is changed every 2 s pointing in sequence, uppolarization, concurrently with the acquisition pfp —
down (+vy), left, right (=x), and along, opposite to the pp#z° events. To this end, coincidences between two pro-
beam direction£z). The magnitude of the polarization is tons exiting nea®,,;, = 45° are detected by two pairs
the same withint0.005 for all orientations [4,5]. of scintillators placed behind the first wire chamber at
The detector arrangement consists of a stack of scintillaazimuthal anglest45° and £135°. From this measure-
tors and wire chambers, covering a forward cone with‘a 30ment, the product®,Q, and P.Q. of beam and target
opening angle. The scintillators are capable of stoppingolarization are deduced. Evaluating the cross ratio of the
protons frompp — pp=°, thus measuring their energy. four pp — pp = yields with =P and =Q,, dividing by
From the time of flight and the relative energy depositedthe measured, Q,, results inAor/o. Analogously,
in the layers of the detector, the outgoing charged particleA o /o follows from the yields with=P and +Q., us-
are identified as protons. From the direction and energy oing the measure®, Q..
the two protons in the final state, the massof the unde- At 375 and 400 MeV, two data runs, separated by five
tected particle is calculated. For an event of interest, thisnonths, were combined. The detector acceptance is less
mass has to equal the’ mass within the mass resolution than 100% because of a hole in the center of the detec-
of the experiment [2]. Background arises from reactions irtor stack which accommodates the circulating beam, and
the walls of the target cell [3] and, to a lesser degree, fronexcludes particles witl®,, < 5°. The resulting loss of
a =1% impurity in the target gas. Background is rejectedevents (about 30% at the lowest energy) is taken into ac-
by a condition on the relative angles of the detected protonsount by applying a correction. This correction is small
and by a cut on the transverse distribution of the reactiosince it arises only from the difference in detector accep-
vertices. A measurement with a nitrogen target matchetance for theSs, Ps, andPp final states. It is straightfor-
the shape of the:, distribution seen with the H target, ex- ward to calculate the correction as a function of the size of
cept for them? peak, and is used to subtract backgroundhe hole and to test this prediction against the data by artifi-
which remains under the® mass peak (between 5% and cially increasing the size of the hole in replay. The applied
10%). Within statistics, the background shows no spin deeorrections were between 0.009 and 0.0584arr/ o,
pendence. The validity of the background subtraction waand between 0.007 and 0.030 #tr; /o (.
tested by varying the range of accepted masses The final results are listed in Table I. The errors include
Nonvertical beam polarization is achieved by two spin-counting statistics and an uncertainty for background sub-
rotating solenoids located in nonadjacent sections of th&gaction and hole correction. The latter two were estimated

TABLE |. Bombarding energy’, maximum pion center-of-mass momentujmin units of the pion mass, integrated luminosity, the
productsP, Q, andP,Q, of beam and target polarization, and the measured /o andAo /o are listed. Column 7 lists the
values forAor/o from this experiment (column 6) combined with the results from an earlier measurement with purely vertical
beam polarization [2].

T n det PyQ_\' PzQZ AO-T/O-tol AU-T/O-tm AU-L/o-tot
MeV (nb)~! This expt. Incl. [2] This expt.
325.6 0.560 3.0 0.333(2) 0.296(3) —1.155 + 0.106 —~1.078 + 0.063 1.623 = 0.116
350.5 0.707 14 0.316(3) 0.267(5) —0.524 = 0.099 —0.484 + 0.067 1.277 = 0.119
375.0 0.832 4.1 0.333(2) 0.266(4) —0.239 = 0.039 —0.274 = 0.021 0.676 = 0.049
400.0 0.948 1.1 0.289(4) 0.203(8) —0.088 = 0.065 —0.076 = 0.038 0.590 = 0.093
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FIG. 1. Thepp — ppw° spin-dependent total cross sections surerr1nents Obrio, b(_etween 0.3 and 1 va are certainly a
Aot/ (column 7 in Table I) and\ oy /o (column 8) asa  MUC -needed addition to thep — pp#"° database. For

function of , the maximum pion center-of-mass momentum inthe present purpose we use a smooth approximation to
units of the pion mass. The curves represent the predictions bijhe world’s data, obtaining,, = 17, 40, and86 wb, for

the Jilich meson-exchange model [7]. T = 350, 375, and 400 MeV, respectively. The resulting
values forop; are shown in Fig. 3. The dashed line in

.. . i 1 1 — 0
by a reasonable variation=@5%) in the amount of Fig- 3 represents the fit witrp, = 7 (33.8 * 1.3) ub.
background and in the size of the hole correction. Thel he error of the scaling factor takes into account the errors

Aor/ow results from this experiment were consistent©f the data, and the uncertainty of,, at 325 MeV. One
with those obtained in an earlier experiment [2]. TheCaN also combine the expressions fer; in Egs. (1) and
weighted averages of the two data sets are shown iff) 0 obtain an equation fdip, — &p,)/ e in terms
column 7 of Table I. The data in the last two columns©f A9/ Multiplying the result byo . yields the
of Table | represent all experimental information on PP partial cross sectiongp, — &p,, shown in Fig. 4.

pp — ppm° spin-dependent total cross sections and ard he dashed line in Fig. 4 represents a fit With the ex-
shown in Fig. 1. pected energy dependence Ry waves,(op, — 6p,) =

Most of the recent theoretical work grp — ppa® so n8(5_3.9 + 3.4) ub. "T_he solid lines in Figs. 3 and 4 are
far deals with the lowest partial wavss). An exceptionis OPtained with the Julich meson-exchange model [7]. One
the meson-exchange model of thigich group [7] which ~ S€€S that thes strength which, in this mo_del, is dom_|-
contains the higher partial waves needed to address pdated by the role of thé (a nucleon excited state) is
larization observables. This calculation includes off-shellinderestimated by about a factor of 3 (Fig. 3), while for
pion rescattering and the exchange of heavy mesons, akdrp — 9»p) the discrepancy is less but the energy depen-
provides a good fit to thés part of the total cross section dence is not correctly reproduced by the model (Fig. 4).
close to threshold, or fo < 0.5, wheren is the maxi- In the absence of polarization observables, some in-
mum center-of-mass pion momentum divided by & formation on individual partial-wave contributions can be
mass. The agreement is not as good for the polarization
observables measured here (Fig. 1) which are sensitive to

2
contributions fromPs and Pp partial waves. 10 T T T 3
As pointed out in the first part of this paper, the present Ops C o ]
measurement allows a model-free statement abouPthe (ub) 10 i . o

and Pp contributions topp — pp#°. Equation (3) di-
rectly yields the relative’s strength,op;/oo. The result
is shown in Fig. 2. Thes strength is larger than that pro-

LRELLY |
sl

posed by Ztomaczuket al. [8] (see below). 1 E

Phase space arguments together with the properties of - .
spherical Bessel functions for small arguments lead to the 10 1 . . L
expectation thawrp, is proportional ton®. In order to 05 06 07 08 09 1
test this prediction, we have to multiply our experimen- n

tal ops/ oo by the total cross section. At = 325 MeV . 0
te value for the total cross section exists = FIG. 3. The total cross sectiany, for pp — pp ’as afunc-
an accura tion of . The dashed line represents the best fit withy pro-

770 = 0.26 ub [9]). However, at higher energies data portional to n°. The solid line is thePs total cross section
are few and often of poor quality, so new, accurate meaealculated from the Jilich meson-exchange model [7].

5441



VOLUME 83, NUMBER 26

PHYSICAL REVIEW LETTERS

27 DECEMBER 1999

2

107 '
= - e ]
3 i A
o 10 F E
s 3 3
S 5
& 1 F E
o) : 3
-1 y

10 —

0.5 06 0.7 08 09 1
n

FIG. 4. The tota cross section op, — 65, for pp — ppm®
as a function of 7. The dashed line represents the best fit with
aps — 6p, proportiona to 8. The solid line is the prediction
of the Julich meson-exchange model [7].

extracted from a measurement of the (unpolarized) cross
section as a function of the relative energy of the two nu-
cleons in the final state, assuming that the corresponding
energy distributions of single partial waves are known.
As our data indicate, the Ps and Pp partia waves, up
to 400 MeV, vary with energy like % and 7%, respec-
tively, but the energy dependence of the Ss partial waveis
dominated by the final-state interaction, and thus requires
model-dependent input. Such an analysis has been carried
outfor pp — ppm® at 310 MeV ( = 0.451) [8]. Inthat
work a significant contribution was found from an Sd-Ss
interference term. This conclusion was reached, however,
setting ops = 0, while from the present data, using an
1% energy dependence, we estimate that, at 310 MeV, o p,
contributes about 6% to o .

In summary, we have measured both spin-dependent
total cross sections in pp — pp7®. These polarization
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observables allow a model-free determination of individ-
ual partial-wave contributions. The only assumption is that
higher partial waves (Ds, Dp, €etc.) are negligible (calcu-
lations [10] indicate that these contributions are below the
level of 1% of oy, upto n = 1.5). We show in an ex-
amplethat this can provide atest of individual components
of amodel (Figs. 3 and 4). The availability of polariza-
tion observablesis crucial when carrying out apartial-wave
study, since an analysis based only on the unpolarized dif-
ferential cross section is subject to model dependence.
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