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The reactionpd— 3He 5 has been studied with the SPES2 spectrometer, for proton energies between 0.2
MeV and 11 MeV above threshold. The total cross section rises from 0.25 togh4if this region. The
observed energy dependence can be attributed to the strong final state interaction. The angular distribution is
nearly isotropic, consistent wits wave production. A measurement of thed—3He=" 7~ cross section in
the threshold region is also presented. The setup, which is capable of produtitagd€ds/s with only a few
percent background, is used to investigate mamecays[S0556-281®6)01405-7

PACS numbses): 25.40.Ve, 13.75.Cs, 14.40.Aq, 21.4%.

I. INTRODUCTION As the central part of the new taggesq facility, the
SPES?2 spectrometer was installed at the Saturne Il synchro-
Earlier measurements at the Laboratoire National Saturngron. The pd—3Hez cross section was measured at eight
at Saclay, have revealed a surprisingly large cross section fafifferent proton energies from 0.2 to 11 MeV above thresh-
the pd—3He# reaction, around 0° in the laboratory, near old. Only the 3He particles were detected, with the spec-
threshold[1]. A three-body mechanism has been proposedrometer positioned at Ofsee Fig. 1 Preliminary results
[2, 3] in which the rescattering of an intermediate pion al-have been presented at various conferefidgsThe results
lows the sharing of the high momentum transferred. Theyf the complete analysis, including the angular distributions,
N* (1539 resonance, which strongly couples to ¢ sys-  5re discussed here.
tem, should 3‘?"50 play an important role. In a next step a double-arm pion detection system has
The pd—~Hex reaction is of interest as a source 9f been added and the reactipn— *Her" =~ was studied.

tagged by the recoifHe. Near threshold théHe particles ¢ i was to investigate thecontribution and a possible
are emitted in a narrow forward cone and the tagging can b

done with high efficiency in a magnetic spectrometer. Such §1reshold effect at the opening of thechannel.

source of tagged; is indeed of considerable interest, since

the » decay modes cquld be studied with a precision similar Il. THE EXPERIMENTAL METHOD

to those of the other light pseudoscalar mesersndK. In

most previous experiments the mesons were produced The proton beam, with a momentum dispersion of

through them ™ p— »n reaction with low intensity and high 4x 10 * (FWHM) and an intensity around 1dparticles per

physical background. burst of 400 ms, every 1.2 s, was focused on the liquid deu-
terium target to a spot of X 2 mm?. The beam divergence
was 3 mrad both vertically and horizontally. The beam in-

*On leave from Indiana University Cyclotron Facility and Depart- tensity was monitor@ 1 m upstream of the LPtarget with
ment of Physics, Bloomington, Indiana 47408. two plastic scintillation telescopes viewing a thin polypro-
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make them insensitive to protons and pions.
The A array of 8 plastic scintillatoré8 x 10 X 0.4 cnt
each was separated from the sindBescintillator (120 X 20
X 1 cm®) by 150 cm, corresponding to a flight time of
~10.7 ns for ®He particles and~13.6 ns for deuterons.
Scintillator B was viewed by a photomultiplier at each end to
reduce the position dependence of the light collection. The
discriminator thresholds were set above the signal ampli-
tudes of pions, protons, and most deuterons reaching the
scintillators. The time delay between crossingsAirand B
was measured with a resolution of typically 1.0(R§VHM).
SPES?2 was set to accept forward angles up to 3° horizon-
tally and 6° vertically and momenta/charge of 650 MeV/
+10%. The trigger for data readout was a simple coinci-
dence betweerA and B counters. Still at 2 MeV above
threshold, for example, the trigger rate was only twice the
rate of reconstructegd— 3Hes events.

FIG. 1. Top view of the experimental setup. LDs the liquid
deuterium target, MT is a thin polypropylene monitor tardét,
and MR are two telescopes of scintillator§, is a retractable’C
target used for absolute normalizatidp,is a quadrupole magnet, Il ANALYSIS AND RESULTS
D1 andD2 are dipole magnets; represents the focal surface of
the spectrometer, MWPC are two multiwire proportional chambers,
hodoscopé and counteB are plastic scintillators. ATpETp_TF;hresh’ 1)

The proton energy above thresholdT,, is given by

pylene target at- 40°. Two monitor target$8 um and 20 _ o thresh._
um thick) were selected depending on the beam intensityVith Tp the proton kinetic energy ant, ™=891.37 MeV

The monitors were calibrated with an accuracy“d5% by its value at threshold. For the small valuesAdf,,, studied
irradiating a'2C target for a known period of time, and mea- I" the present work, the following approximations may be

suring the!'C activity formed via the p,pn) reaction[5]. used QT in MeV, 6 in degrees

The liquid deuterium target assembly consisted of two max  .min
identical rectangular cell&f0O mm X 25 mm), 7 mm thick, PHe — Phe =0 OBSJF )
one filled and the other one empty. The cells were mounted Pre ' '
one above the other and could be moved up and down. They
were wrapped in 10 layers of @m thick aluminized mylar ON=0.99AT,, (3
for thermal insulation. The windows were made of aéh
thick Mylar and the energy loss in the target was 0.37 "¥=5 05/AT,, (4)
MeV/cm for the incident protons and 5.0 MeV/cm for the K
outgoing *He. where P, PM", and pT3 are the mean, minimum, and

The recoiling ®He, emitted in forward direction, were maximum values of the3He momentum, respectively,
analyzed in the SPES2 spectromd®& which consists of & \hereasg’™ and ¢m> are the maximum values for the
vertically focusing quadrupole and two dipoles. The distancesHe andy Iaboratorgl angles. A systematic expansion of ki-
between the target agnd thf quadrupole was 6@k cmin  hematical variables near threshold can be foung7in
the case of thpd—~"Hen" " reaction study The spec- At each beam energy the analysis involved the following
trometer vacuum was separated from the vacuum regiogieps: 3He selection and momentum determination, extrac-
around the target by a 1Am thick Mylar foil and main- g of AT, from the *He momentum distribution, and de-
tained up to the exit window of the second dipole. When the mination of the total cross section and the forward-
spectrometer was adjusted to direct ttée particles to th_e backward asymmetry.
focal plane, the proton beam passed between the two dipoles
and left the spectrometer through a special window until it
reached the beam dump.

The detection system consisted of two multiwire propor- The 3He particles were selected by cuts on energy loss
tional chambers with two wire planes each, followed by twoand time of flight as shown in Fig. 2. The cuts are large
layers of plastic scintillation countersA" and “ B” in Fig. enough not to los€He particles. Small contaminations by
1. The wire chambers are square, each plane having 25&her particles are properly taken into account in the back-
wires with 2 mm spacing. Since the spatial distribution of theground subtraction discussed below. Since the geometric ac-
particles reaching the chambers is much wider horizontallyceptance of the chambers is larger than that of tiAe *
than vertically, the wires were oriented at45° in order to  hodoscope, the reconstruction efficiency is given by the
distribute the flux over a larger number of wires. The wirenumber of reconstructed tracks divided by the number of
chambers were filled with a gas mixture of 75% argon ancevents that satisfy théHe selection. The efficiency for the
25% isobutangno freon was usedand read out with PCOS  reconstruction of théHe trajectories was 74—78 %. The in-

Il electronics. Thanks to the large energy loss of thée  efficiency was mostly due to nonadjacent, but nearby, hit
particles, the chambers could be operated at low gain twires that resulted in ambiguous tracks.

A. 3He selection and momentum determination
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FIG. 2. Distribution of the energy loss i counters vs time of 3 _ ) .
flight from A to B. The box shown was used to select tfide FIG. 3. “He spectre_l, aﬁTp—Z_ MeV, for (@) dise, defmeq n
particles Eq. (5), (b) 6, the horizontal emission angl&) 6, , the vertical

emission angle, and spectra with cit§ &y with |6, <40 mrad
The 3He emission angles, and 6, at the target and the and|6,|<40 mrad,(e) 6, with [ 5,<3.8, (f) 6, with |5y <3.8.

normalized momentund,,., defined as The background irtd) is 10%.
_ Pre~ Pre (NMC_ N&PY2
5He=Ta 5 =2 ——, (6)
e i ag;

were calculated from the measured trajectories, using the o ) Me expt
SPES? transfer matrix elements 0.315%/cm for the invers@herei is theith momentum binNi™ and Ni™*" are the
momentum dispersion-2.35 and—0.181 for the inverse contents of theith momentum bin, for the Monte Carlo
horizontal and vertical magnifications, respectively, angSimulation and for the experiment, respectively. The GEANT
d6, /dy o= 13.0 mrad/cm, wherg ... is the vertical coor- based simulation took into account the beam_ dlgper5|on in
dinate at the focal plane. The resolution fr(1.5° FWHM) momentum, the loss of energy and the straggling in momen-
is poorer than the one fa, (0.5° FWHM) as a consequence
of the smaller magnification. The momentum resolution of
0.5% FWHM is dominated by the spread in energy loss in 500 ]
the target.

Typical spectra oby., 6, and 8, are shown in Fig. 3. As 0 -
mentioned above, the widths of these distributions varies in
proportion toyAT,. At AT,=2 MeV and for the software
cuts indicated in Fig. @), the background amounts to 10%.
Half of it originates in beam interactions in the target win- '81000
dows, as studied with the empty target cell. At larger values &
of AT, the larger phase space results in increased back-
ground.

The background distribution fof,, was measured at 1
MeV below threshold, and subtracted from the 6l spec-
tra after normalization in the region outside thd— 3Hey
peak (Fig. 4). This procedure, in which the background
shape is assumed not to change near threshold, is believed to

TaT, = 1 Mev ..
] s (d)

L)
S o
>
[}

; 0 s —
be valid since the below threshold spectrum perfectly T s o 5 10 10 -5 |
matches the above threshold ones outside the central bump. 8. (%) 8. (%

He \7© He \70

The resulting 6 distributions were used to determine

AT,, the total cross section and forward-backward asymme- ) )
try. FIG. 4. &4, spectra at three different beam energi¢a)

AT,=1 MeV, with |6,|<36 mrad, (b) AT,=2 MeV, with

| 6n|<40 mrad and (c) AT,=11 MeV, with|6,|<84 mrad; in grey

is the below threshold spectrum normalized to match the region
AT, was obtained by fitting théHe momentum spectra outside the*He peak for the above threshold spectri@)—(f) show

with a Monte Carlo simulation, minimizing the corresponding spectra after background subtraction.

B. Determination of AT,
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TABLE |. Total cross section fopd—3He# as a function of

-
"Z; 14 AT, . Errors are discussed in the text. They do not include the 7%
2 overall normalization error.
£ 0.8
.% 06 AT, (MeV) T (ub)
® 04 0.22 +0.07 0.225 +0.04
] —0.02
0.2 0.93 +0.03 0.351 +0.012
0 ] J 1.99 +0.04 0.409 +0.011
24 0 1 5 3 3.32 +0.07 0.424 +0.012
ATp (MeV) 4.90 +0.11 0.429 *+0.015
6.90 +0.15 0.431 *+0.015
FIG. 5. AT, distributions for incident protongunshadegiand ~ 8.80 *0.20 0.404 +0.018
for protons producingy (in grey), for the lowest energy run. 11.02 +0.26 0.404 +0.018

tum and angle for both incident protons and emitfitde.

; i - i i 3 i
The spectrometer response was described by a first-org&Hensity and the target thickness. Losses"bfe particles,
transfer matrix. due to nuclear reactions along their path, were neglected.

The 1% uncertainty in the momentum dispersion of Figure 4 shows that thé,. spectra are flat at all measured
SPES2 gave a systematic errori¥, of 0.02<AT,, which beam energies, which reflects an isotropic angular distribu-

was added in quadrature to the statistical error. tion i'n thg c.m. system. A forward-backward asymmetry
For the lowest energy point, the cross section cannot b&cm. iS defined as:

a_ssumec! tc_) be .clor?stant within the smalllbeam energy disper- do o

sion, as is implicit in Eq(6); a cross section proportional to —— = 14+ AL cOF ] 9)

the » momentum in the c.m. was then assumed to determine dQcm 4w

AT,. Moreover, for the lowest energy point, most of the . S 2
p
beam slowed down to below threshold energy and could no-[he asymmetnA., was determined by minimizing the

undergo thepd— Hey reaction:AT, was —0.1 MeV in in Eq. (6), with respect toA.,,. As a consistency check

the middle of the target. Therefore corrections for e1‘fective’°‘°-m-\’.\'aS also determined for.rest.rlcted reglonségg. The .
esultingA. ,,, values, shown in Fig. 7, are consistent with

energy and target thickness were applied. The effective er! L .
ergy distribution of protons producing is given by zero to within 5% at all energies.
(7)  tion pd—3Hen differs strongly from the one for

|
D”(ATp)=f exp[ -
0
pd—3HexC. In the latter, large asymmetries were observed
with close to threshold, which have been attributed toRh&ave
component interfering with th8 wave[8]. An isotropic dis-
8 tribution, as observed for thed— 3He» reaction, is charac-
(8) teristic for pureS wave production.
Also the energy dependence of the total cross section near
andTg the mean value of, ando1=0.23+0.08 MeV. threshold differs strongly in these two reactions. The total
Figure 5 shows the resultirg, (AT,) distribution, which

2 IV. DISCUSSION OF THE REACTION pd—3Heyn
/20'%] dx,

dT
T,— T°—x—> :
P ( P "dx The angular dependence of the cross section for the reac-

] AT,
I=min| Lget dT/dx)’

corresponds to an effective value &T,=(0.22+0.07) = 057
MeV. The error is mainly given by the uncertaintydry and = ]
not so much by details of the beam shape; for a parabolic B 04 o ¢ ¢ ¢ ¢ +
shape with the same value,AT, changes by less than 3%. © { o
0.3

C. Total cross section and forward-backward asymmetry J 4

The measured total cross sections are presented in Table | 0.2
and Fig. 6. The errors include statistical errors and a system- ]
atic error of 2% which reflects the uncertainty in background 0.1
subtraction and beam monitoring. The reconstructed vertical ]
position spectra at planés andB showed that there was no 0 +————
loss of acceptance. For the lowest energy run, an effective 0 2 4 6 8 10 12
target thickness was calculated as mentioned above. Also AT, (MeV)

here the main error source is the uncertaintyip, which
leads to asymmetric error bars. A global normalization error FIG. 6. Total cross section fopd—3Hez as a function of
of =7% arises from+=5% uncertainties in both the beam AT,. The error bars do not include the global normalization error.
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O ———————— FIG. 8. The square of thpd—*Hen amplitude defined by Eqg.
0 2 4 6 8 10 12 (10), as a function of the momentum in the c.m. Both curves were

AT_ (MeV) calculated with Eq(11). The solid curve is a fit obtained with the
P scattering length of Eq912) and (13); the dashed curve is the

icti f Ref, ith th ing | h of Eq14).
FIG. 7. Forward-backward asymmet#y ., for the pd—3Hey prediction of Ref[9] with the scattering length of Eq14)

cross section. The solid square data points were obtained from the
full 6y spectra, the solid circle data points from thg, spectra compared to
after removing the edges. A 2% systematic error, introduced for

possible variation of detection efficiency along the focal surface,

has been added to the statistical error in quadrature.

a=(—2.3+i 2.6) fm, (14)

obtained through a rough calculation using gitHe optical
cross section for thed— 3Hen® reaction increases rapidly Potential[9]. The agreement of this simple model with the
from threshold to at least 30 MeV above thresh¢8] data is quite remarkable. As mentioned in Réi, the values
whereas fopd— 3Hez, the total cross section rises sharply, ©f Re(@) and Im@) found by fitting the data are largely
within 2 MeV, and then remains almost constant, at least ug°related, but this does not affect the conclusion regarding a
to 11 MeV. To explain this behavior Wilkife] suggested a 12rge 7°He scattering length. In recent calculatiofi2] a
mechanism in which the energy dependence of the cross seV0-step model was applied, where a pion emitted in the
tion for pd— 3Hey results from the strong final state inter- NN—d reaction, produces an via the 7N— N reaction
action. Thez®He interaction originates from the strongN on the second nucleon. Again the conclusion is that the en-
S wave interaction dominated by tHé¢* (1535 resonance. €9y depepdence.of the cross section is dominated by the
For the pp—pp reaction also, the cross section, nearfinal state interaction.
threshold, seems to be accounted for by the final state inter-

action involving theN* (1535 resonancg10]. V. THE REACTION pd—°3Hem* s~
Taking out kinematic factors, an amplitudeis defined i 3 . ) )
with The reactionpd— " Hen™ 7w~ was studied with the setup
built for the measurement of the— u* .~ branching ratio
p, do [13]. The aim was to search for a threshold effect at the
|f|2:p— IO (100 opening of they channel, as has been observed in other
7 c.m.

reactions[14], and to estimate thp background below the

. . . 2 .
wherep,, andp,, are the proton andy momenta in the c.m. 7. signal (see F'9-23 The p mass is 770 Me\¢” and its
system. Wherealf|? drops rapidly for increasing, in the width is 150 MeVL*, so there could be a contribution in the

case ofpd—3Hex (Fig. 8), it remains almost constant for "€gion around thep mass. In some decay channels ihe
pd— 3Her® [8]. contribution is strongly enhanced relative to thecontribu-

In the case of a strong final state interaction, irGamave,  tion. A search for theCP violating »— "7~ decay, for
f can be approximated in our limited energy range neafhstance, would suffer considerably frggnbackground.

threshold by[11] The experimental setup is described in detail in iREg).
The pions were detected with two plastic scintillation detec-
fg tors, positioned at angles 63° corresponding te=90° in
f= 1-ip.a’ (11 the center of mass. Each detector consisted of a horizontal
7

and vertical hodoscope which gave the emission angles. The
wherefg is a normalization factor and is the 7°He scat- ~absorbers mentioned in Ref13] had been removed. The

tering length. A fit to our data gives measurements were done at eight incident energies from
AT,=—-5.26 toAT,=4.65 MeV. Events were recorded in
|Re(a)|=3.8+0.6 fm, (120  which a3He particle in SPES2 was detected in coincidence

with signals in both pion detectors. Above thethreshold,
Im(a)=1.6+1.1 fm, (13)  the beam energy was deduced from thide momentum
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AT =-1.7 MeV AT, = +1.6 MeV M, (MeV/c’)
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My (MeV/c?) My (MeV/c?) FIG. 10. Cross section forpd—3Her* 7~ near the
o 1 ] pd— 3Hey threshold, as a function of both the incident energy and
05), 4o~; (©) 40 (f) the missing masM ¢ (invariant mass of the two piohs
B 304 ]
% 204 20 and the angular correlation between the two pions. After ap-
S 1 plying these constraint@Fig. 9) and subtracting the back-
® 109 v ] ground, the cross section fqrd—3Her* 7~ was deter-
G;O- : '2'8 ‘"-“6- -"‘210- s 046 - -g“;-”[ .*:,) A P mined for the chosen values bfy, taking into account the
T i T ) limited acceptance of the hodoscope detect®r8%, almost
angle correlation (degrees) angle correlation (degrees)

constant over the whole energy rangend assuming that the
pions have an isotropic distribution in their center of mass.
FIG. 9. (a) Coplanarity[angle between theX,#*) and the The results shown in Fig. 10 indicate a smooth variation
(X,m7) plane§ spectrum, at AT,=-1.7 MeV; the of the cross section with energy and/or missing milss.
pd—3Her" m~ events were selected by cutting events outside theNo threshold effect is seen at the opening of fhehannel.
region defined by the two arrows(b) missing mass spectrum for For ATp: 1.5 MeV, the standard energy for the use of
the pd—3HeX reaction, with the coplanarity cut if®); the arrows  SPES2 as a taggeg facility, the Hew* 7~ production rate
show the missing mass band selected) opening anglémeasured  (yith AMy=2.2 MeVk?) would be 1.3% of they produc-
minus calculateddistribution with both coplanarity anily cuts; tion, if the reaction were isotropic. If the two pions originate
the arrows define the selt_ected band for cross section calculatiog.qy, 5 p, then the nonisotropic c.m. angular dependence
(d)~(f) are the corresponding spectra/éll,=1.6 MeV. could result in a two-pion contribution that is larger than

spectrum[Eq. (2)]. At lower energies the beam momentum 1'910/3; Th? amplitudes_ for pr_oducing p in m=0 and
was scaled to the main magnetic field of the accelerator. FP— =1 SPin states are indeed independent at threstii
each event the missing malss, for the pd— 3HeX reaction The p decay contribution is therefore not necessarily isotro-

was calculated from th@He kinematic variables andT,.  Pic in the center of mass of the pion pair but is of the form
Then a 2.2 MeW wide band of missing mass, 0.4 Mey, asié+bcos’s, wherea andb are positive. Since the mea-

c? below the maximum missing ma¢ig. 9) was selected surement was done at 90° in the center of mass, the result is

(M y— 2.6<My<M,,—0.4). This choice of missing Sensitive to thea factor only.
mass band was such that the reactjmh—HeX occurred
close to threshold. This ensured that there was no cut in
phase space since thi#de were then emitted in a narrow
cone. The 2.2 Me\&? width of the strip was chosen because  The present measurement of thd— 3Hez reaction for
it is roughly the width of they missing mass peak at its base. proton energies up to 11 MeV above threshold, shows that,
The central value oMy varies from 542.9 Me\&? to 548.4 in this kinematic region, the angular distributions are consis-
MeV/c? in the above-mentioned energy range. tent with S wave production. The reaction differs strongly
The next step in the analysis was the reduction of thérom thepd— 3Hen? reaction where th® wave component
background coming from pd—3Her* 7~ 7% pd— contributes significantly close to threshold. The energy de-
SHewr* 7~ 7y, and from the target cell windows. Since one pendence can be explained by the strong final state interac-
considers a small band of missing maég, one can use the tion. The largen®He scattering length, assuming a negative
kinematical properties opd—3HeX followed by the “de-  value for its real part as indicated by a calculation using an
cay” of the objectX into =7 . As discussed in more optical potential, suggests the possibility of afHe quasi-
detail in Ref.[13], there are two constraints on the" =~ bound statd9]. This conclusion is however challenged by
decay angles: coplanarity of the = and 7~ trajectories, recent calculations of the*He scattering lengthl6], using

VI. CONCLUSION
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multiple scattering theory, the validity of E¢L1) being also  decay modes of the meson with a sensitivity several orders
guestioned. of magnitude higher than achieved previously. So far the
The pd—23He reaction near threshold is well suited to branching ratios forp— "~ [13] and 7— yy [17] have
producen mesons. Wi a 7 mmthick LD, target, the opti- been measured. In these measurements the capabilities of the
mum energy region for high intensity and low background isy facility have not been fully exploited yet, due to rate limi-

AT,~1-2 MeV. The 5 yield in that case is 10°7 per  tations in the detection systems for thedecay products.
incident proton, so that /s could be produced with the

maximum beam intensity of 0 p/s which can be obtained

at the Saturne Il synchrotron. For a thicker target the beam
energy has to be increased to compensate for the larger en-
ergy loss. For a 70 mm target, for example, the optimal en- The authors have profited from many discussions with C.
ergy would beAT,=4 MeV. The increase in background in Wilkin. The Saturne staff is gratefully acknowledged for the
the larger region of phase space is roughly compensated Wyigh quality beam. We thank J. P. Robert, J. LeMeur, and B.
the smaller contamination by beam interactions in the targeGonel for the technical support received during the experi-
windows. A rate of 187/s would be obtained, with no sub- ment. For this research W.B., A.P., and W.W.J. in part, were
stantial change in background level. supported by the U.S. National Science Foundation and R.A.

The Saturne tagged facility allows the study of rare and W.T.H.v.O by the North Atlantic Treaty Organization.
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