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Measurement of thepd— pd#» cross section in complete kinematics
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The pd— pdy reaction has been studied in a kinematically complete experiment at five beam energies 927,
961, 996, 1032, and 1096 MeV. In contrast to our measurement @icthe®Hez at the same energies, all the
c.m. angular distributions are consistent with isotropy. The energy dependence of the total cross section seems
to follow a three-body phase space as modified by a proton-deuteron final-state interaction, and such an
extrapolation is consistent with other near-threshold data. The distributions péitfued p# invariant mass at
fixed beam energy are both close to those of phase space. However, this is not the cased#fantaeiant
mass, which shows significant structure in the first few MeV above threshold. This behavior is similar to that
observed in the energy variation of tim— d» total cross section and is the sign of a largeleuteron
scattering length that has been predicted in many theoretical models.
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[. INTRODUCTION ied through quasifree production on a deuterium target over a

. . . wide range of c.m. energies by determining ghmomentum

5 The threshold enhancements in reactions leading to thgnq qeyteron directiopi1]. Very close to threshold the recoil
Hen [1,2] and“Hez [3,4] final states clearly show the low  geyteron momentum was measured in a small spectrometer

energy z-nucleus interaction to be strong and attractive. ith a resolution in c.m. excess ener@)=\s-=; m, of the

These enhancements might turn out to be signals fopger of 1 MeV over a narrow range @ [12]. Despite rela-
7-nucleus quasibound statg that were first predicted for tyely |arge statistical errors, these data indicated a signifi-

somewhat heavier nucl¢6]. To investigate this possibility cantds threshold enhancement, though not as big as that of

further, data are required for other nuclei. Thedeuteron the earlier clain10].

system is of particular interest because the three-body system |n an alternative experimental approach, the system

can be studied reliably using the Faddeev equations anchn be produced in a three-body final state, for example,
striking phenomena had been foreseen thiéte through thepd— pdy reaction. The process has been studied

Due to isospin conservation, thtby final state is not di- very close to threshold by detecting the final proton and deu-

rectly accessible in pion-deuteron scattering and the coheretgron, but only total cross sections could be extradts].

vd— d7 reaction is suppressed by the weak coupling of isoFurthermore, at such low energies the phase space is small
scalar photons to thH'(1535 resonancd8], a state that is and the range of accessitide; excitation energieQy,, very
expected to dominate low energy production. Other en- limited. This can be overcome by working at slightly higher

trance channels must therefore be found to producedihe €nergies, as we did when measuring plae- *He 7 reaction
system. [14]. The two-body reaction can be thought of as the kine-

An inclusive measurement of thgn,d)X reaction with a matic limit of pd— pd», where the proton-deuteron fsi has

broad-band neutron beaf®] was subsequently interpreted caused these partlcles to fuse to form the' obser Ued.
: ; , nucleus. Such a picture allows one to make simple estimates
as showing evidence for thgp— d# two-body reactiorj10].

for one cross section in terms of the otlj&b). It also sug-
'I_'hese aut_hors co_nclu_ded that there was a very stebpg gests that the same dynamical mechanism is likely to be the
final-state interactioifsi). The same reaction has been stud-

main driving term for both reactions, perhaps involving the
production of a pion on one of the target nucleons which is
converted into the observegl meson through an interaction
*Email address: jozef.zlomanczuk@tsl.uu.se on the second target nuclefh6-19.
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Il. APPARATUS FIG. 2. AE-E plot showing bands corresponding to protons,

The experiment was carried out at the CELSIUS Storagéieuterons, andHe identified in the forward detector.
ring of The Svedberg Laboratory, Uppsala, using the WASA/

PROMICE experimental apparatus. Since the setup was In orderlto rgmlm(ljze 3the bgam en;rfgy (;mr(]:ertallnty, \:‘ve
identical to that used for thed— 3He reaction, run in par- nave reanalyzed oysd— “He» data and fixed the value o

allel [14], only the principal elements will be discussed here [N Peéam energy by looking at the correlation between the
The 7 meson could be detected directly through itg 2 €N€T9Y and angle of the recdie, as illustrated at theomi-

decay mode, with the photons registered in the central dete@-aI energy of 1037 MeV. in Fig. 3. It S,hOUId be ”Ote‘?' that for
tor (CD), consisting of two arrays of Csl crystals precededSuch @ two-body reaction the maximum production angle

by veto counters, as illustrated in Fig. 1. All protons and 12
deuterons produced in thed— pd» reaction at our beam

energies, except for those lost down the beam pipe

(A< 4.5°), fall within the angular acceptance of the forward 1
detector(FD). In the FD, in addition to the tracker, there are

four sets of scintillators. Of particular importance here are

the forward trigger hodoscopésTH) and forward range ho- 10
doscopegFRH) consisting of three 5 mm thick layers and

four 11 cm layers, respectively, which are vital for particle
identification and energy determination. 9

| @

Ill. PARTICLE IDENTIFICATION AND BEAM
ENERGY DETERMINATION

The signal for the reaction is two charged particles in the
forward detector in association with two neutral hits in the
central detector. It is first necessary to make sure that the
charged particles correspond to a proton-deuteron pair. Par-
ticle identification is established through the correlation be-
tween energy losses in the adjacent layers of the FD. As an
example, the energy loss in the last layer of the FTH vs the
energy deposited by the particle stopped in the first layer of
the FRH is shown in Fig. 2. The bands corresponding to
protons and deuterons are clearly identified and these are
well separated from that associated withe. < S :

Our measurement of thpd— 3He reaction[14] was 230 260 290 320 350 380 410 440
carried out well above threshold and, for this purpose, the Esy, (MeV)
determination of the beam momentum from the radio fre-
quency and the nominal circumference of the accelerator was FIG. 3. Two-dimensional scatter-plot 3He angle vs kinetic
quite sufficient. This is no longer the case with the presengnergy for thenominalbeam energy of 1037 MeV, compared to the
experiment since any uncertainty here also contributes to thgvo-body kinematical curves calculated for the beam energies of
errors in the missing mass, which are of particular signifi-1037 MeV (a) and 1032 MeV(b). The valuem,=547.3 MeVt?
cance in thedn threshold region. [21] is assumed.

03y, (deg)
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depends only upon the beam energy. The curve, correspond-
ing to the nominal energy of 1037 MeV and a meson mass 5000 [
m,=547.3 MeV£t? [21], does not reproduce well the maxi-
mum angle; the 1032 MeV curve gives a much better fit to
the experimental distribution. Theue beam energies can be
determined in this way to +1 MeV, and this is consistent
with the best fits at all energies giving reductions of between
3 and 5 MeV in the nominal figures. Such changes are com-
patible with the uncertainty in the true circumference of the
beam circulating within the machine ring. We have therefore 2000
used the adjusted values of 927, 961, 1032, and 1096 MeV,

in both the analysis of the experimental data and in the

4000

3000

Events

Monte Carlo simulation, rather than the nominal ones quoted 1000
in Ref. [14].
IV. DATA ANALYSIS 0

Having identified the proton-deuteron pair using the 700
AE-E plot of Fig. 2, the major difficulty in measuring the
pd— pdyn reaction is the huge background coming from 600
other pd X channels. Then peak is clearly seen in the
proton-deuteron missing mass distributidhM 4, at all en- ~ 500
ergies; the 1032 MeV results are shown in Fig. 4. However, §
the peak represents only a tiny fraction of the total events 2 400
and differential cross sections extracted from such data <~
would suffer from prohibitively large errors arising from the é: 300
background subtraction.

The background is greatly reduced if photons frefrand 200
n decays are measured in coincidence. The lower part of Fig. -
4 presents the correlation betweliM 4 and the two-photon
invariant massM.,,, obtained at 1032 MeV. The; island, 0
where thepd— pdy reaction is identified through both thg 0 100 200 300 400 500 600
invariant and missing mass peaks, is well separated from the MM,,, (MeV/c?)

single and multipion production regions. There is also strong

evidence fory decay into the three-pion channels, but the G, 4. Upper frame: Missing mass distribution for detected
major background comes f_rom the 90mb|nat0r|a| backgrounghroton-deuteron pairs. Lower frame: Correlation between the miss-
where two photons from d|ff_erem-°, in say 7— 7°7%7° or  ing massMM 4 and the two-photon invariant mabs,, obtained at
pd— pdn®7°, are observed in the CD. 1032 MeV showing the island of well-identifiguti; events.

By imposing the cuM ., > 450 MeV£E?, we only use data o ,
from the 7-island region in our extraction of thed— pdy angular distributions measured for the three final-state par-

channel. This is at the expense of a large reduction in statidicles: The Monte Carlo may therefore be used to evaluate

tics caused by the limited solid angle of our photon detectorsg?et qbet?ctor efl%ceptance and Ithuzl cto_rt:etqt the %>t<p.erirgen:al
The MM, distributions obtained at different energies are 1§3r2| I\L/Illec\)?zln d cgrrgér:; d ?gggcacre tlefngeualrc()an:hgwnailgeFi a7
compared in Fig. 5 to the phase-space Monte Carlo simulaz P 9. 7.

. . . At this, and all the other energies, thec.m. angular distri-
tion of the pd— pdy reaction. The tails of the; peaks are B{L}Jtions are consistent with isotropy and this is in marked

reasonably well reproduced, suggesting that we have a near ntrast to the angular variation seen in fite— 3He 7 case,
background-free sample pid— pdz events. where the cross sections are all maximal around &ps

The momenta of the photons from thedecay are mea- _ 5[14]. Slight deviations from isotropy might be present
sured with much poorer resolution than those of the protong, the proton distribution but any such effect is marginal.
and deuterons. The resolution in the directly measuregl The distributions have been normalized by comparing the
invariant masdvy,, is therefore much worse than that in the total number of pd— pdy events to those of thepd
missing mass calculated using the four-momentum of the-, 3He 5 reaction measured in parallel under the same con-
detected protorMM,, to which it should be kinematically ditions, i.e., with the requirement that both photons from the
identical. Though the uncertainty in the beam energy alsq, decay were detected in the CD. These numbers were ob-
contributes to errors in th&1M, determination, it is used tained by taking they-peak areas in th®M,g and MMy,
here as the best estimate Mf;,,. distributions and correcting them for acceptance. Pk
—3He 7 cross sections were taken from REF4], with the
value at 996 MeV, where the luminosity was uncertain, be-

As can be seen from the 1032 MeV data shown in Fig. 6ing found by interpolating between the 966 and 1032 MeV
the phase-space Monte Carlo reproduces reasonably well tipints.

V. RESULTS
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FIG. 5. Comparison between the experimental missing mass dis:
tributions (pointy obtained at our four energies for 0
M., >450 MeV/? to the distributions obtained in the phase-space 150
Monte Carlo simulation of th@d— pd» reaction(curves.

Simulations of the detector response were carried out with 100
the GEANT 3.21 andGHEISHA programs[20]. Though these
are tuned for higher energy particles, we have checked tha
nuclear interactions of deuterons in plastic scintillator are
reproduced to within 20% in our energy range. Such uncer-
tainties in the rate of nuclear interactions introduce system- , , ,
atic errors in the final cross sections varying from 10% at (_)1'0 05 0.0 0.5 1.0
927 MeV to 17% at 1096 MeV. To these must be added the cos
overall normalization error of 20% quoted for thed
— 3He 7 reaction[14]. FIG. 6. Raw distributions in the cosine of the c.m. angle of

The total cross sections, obtained by integrating the difdeuteronsuppey, protons(middle), and » mesons(lower framg
ferential cross sections, are listed in Table | and shown as f@r the 1032 MeV data compared to the results of phase-space
function of the overall excess ener§y in Fig. 8, together Monte Carlo simulations assuming isotropic distributions.
with the very low energy Saclay dafa3].

50

If one neglects the final rescattering of tlaethe_n, at low As well as displaying flat angular distributions, thé and
energies, one would expect the total cross section to vary gsy; invariant mass distributions are also consistent with the
[19] phase-space predictions that are shown in Fig. 10. Phase

space does not reproduce tHe effective mass spectrum,
/)2 where there is an excess of events at Myy,. The ratio of
(Qle) . > Oy o
o 5 (1) this to phase space, arbitrarily normalized, is shown in Fig.
(1+V1+Qle) 11 as a function of thely excitation energyQq,=Mg,~My

—-m, for the 1032 MeV data. There is in fact an enhancement
Heree is the energy of th&wavepd bound state in the spin for Qg,<10 MeV at all beam energies, but it is seen most
doublet, or virtual state in the quartet, a@lis approxi- clearly at 1032 MeV, where the Dalitz plot has opened out
mately constant. Taking=5.5 MeV andC=350 nb leads to  but where the resolution iQy,, is still very good. It is im-
the curve, shown in the figure, which links our points to portant in this context to note that an uncertainty of +1 MeV
those of Saclayf13]. If there is apdy enhancement to in beam energy translates to just over half this valu@p.

parallel that ofpd—3He# at low Q [2] then it would If the enhancement seen in Fig. 11 is a property of the
require a much more detailed scan of the near-threshol@inal d» system then it should be seen for other entrance
region to establish it. channels. The only one for which there are reasonable data is

The two-dimensional plot 1,4 vs Mg ,, is shown in Fig.  the pn— d# reaction[11]. The values of the total cross sec-
9 for the 1032 MeV data set. There is evidence for an excesgon divided by the phase-space factor\@y,, also show a
of points at lowMy ,, but nothing significant in the other two consistent threshold enhancement with a width of a few
invariant masses. This behavior is confirmed in the oneMeV, as illustrated in Fig. 11. Although the relative normal-
dimensional projections of the plots shown in Fig. 10 at theization is arbitrary, the shapes of the two distributions cer-
same energy. tainly give consistent hints of a strongd final-state inter-
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< FIG. 8. Total cross section of thed— pd# reaction as a func-

0 , , ) tion of the excess energ. The empty circles represent results of

1.0 0.5 0.0 05 1.0 this work and the full circles are taken from R¢L3]. The solid

curve has been calculated using Ed) with C being taken as

constant. The dashed curve is the single scattering approximation
FIG. 7. Acceptance-corrected distributions in the cosine of theobtained by smearing the measuget— d7 cross sectiof11] over

c.m. angle of deuteron@ippep, protons(middle), and » mesons the neutron Fermi momentum.

(lower framg for the 1032 MeV data.

cos6

e\ 12
Cy= _<_> or(pd— *Her). (2

Q

action. Our results at other energies are consistent with this
shape, though with larger error bars, especially in the crucial

small region. .
Quy e Since thepd— 3He results show a strong threshold en-

hancemen{2], whereas the combination of data in Fig. 8
does not, this formula would demand th@j varies fast
with Q. Nevertheless, if we use the threshgd— 3He

] ) o ) data, we obtain a valu€,~=450 nb, which is in very sat-
The finalpd spin-doublet contribution to the value Gfin isfactory agreement with the 350 nb used to produce the

Eg. (1) can be estimated from final-state interaction theory in.,rve of Fig. 8. The contradiction in th® dependence
terms of pd— 3He# data[15]. At low energies one then

expects that 500

VI. COMPARISON WITH THEORY

TABLE |. Total cross section for thpd— pd reaction. In ad-
dition to the statistical errors quoted, there is an overall normaliza-
tion uncertainty of about 20%, arising from that in thed
—23He 7, and an effect due to interactions of particles in the detec- < 286 I

2.88

2)

tors, which increases over our energy range from 10% to 17%. The%
+1 MeV uncertainty in the beam energy corresponds to one of ©
~+0.55 MeV inQ. R 2.84
=
To(MeV) Q(MeV) or(ub) 282 |
927 14.5 0.26+0.02
961 33.3 0.80+0.04 2.80 : : ‘ : :
996 525 2.0+0.1 2.40 2.42 2.44 2.46 2.48 2.50 2.52
1032 723 3.0£0.2 My, (GeV/c?)
1096 107.1 5.2+0.6

FIG. 9. Two-dimensional plot oM,y vs Mg, at 1032 MeV.
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FIG. 11. Ratio of the cross section for the production of dhe
system to arbitrarily normalized phase space, as a function of the

0
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M.m(MeV/cz) kinetic energy in thed» rest frame, for thepn—d# total cross
2 30 section (open circley [11] and for the pd— pd»n reaction at
Ng 1032 MeV/(closed circlep[this worK]. The broken, solid, and chain
% ol curves are the predictions of the scattering length formula of&q.
5 using as inputa(dzy)=(0.73+0.56) fm, (1.64+2.99) fm, and
'g (-4.69+1.59) fm, respectively[23]. In all cases the overall nor-
24T malization is arbitrary.
%
S 20
=
0
2810 2820 2830 2840 2850 2860 2870 2880 2890 = (k)|2 _ N _ N
My (MeV/c?) |1 -ika(dn)? ~ [1+ Im{a(dn)}? + [k Refa(dn)} P’
3

FIG. 10. One-dimensional distributions in the three final-state

effective masses compared to phase-space predictions at a bearrp1 . le f hat d d h icul
energy of 1032 MeV. Note the excess of events at My, whereN is a scale factor that depends upon the particular

reaction studied.

Purely for the sake of definiteness we take the evaluations
of Shevchenko et al. [23] where, for a(N#z)=(0.25
+0.16) fm, (0.55+0.30) fm, and(0.98+0.37) fm, they ob-
may arise from the assumption made in Ha5] that only  tain a(dn)=(0.73+0.56) fm, (1.64+2.99) fm, and (-4.69
the pd interaction is significant in the final state. +1.59) fm, respectively. In the last case the interaction is so

The theory of the low energgn system has been studied strong that Rga(d#)} has changed sign and the system is in
by many authors using a variety of approximations in thethe quasibound-state reginié]. The shapes then predicted
three-body scattering equatiofis,22—27. Though some of by Eg.(3) for these three values of thiy scattering length
the results are different, even for the same basic input, thare shown in Fig. 11. It is clear that our results do not favor
major uncertainty in the predictions arises from the poorthe weak scattering length predictiof®.73+0.56) fm but,
knowledge of then-nucleon low energy parameters which by themselves, the data are completely insensitive to the sign
are the essential ingredients of any of the calculationsof Re{a(d7)} and so cannot distinguish between the other
Whereas the imaginary part of thg-nucleon scattering two solutions shown, i.e., whether there is a quasibodmd
length a(N7) is thought to be in the 0.25—-0.35 fm range, state or not.
estimates of the real part between 0.25 and 0.98 fm follow The only microscopic estimate of the near-threshott
from multiresonance fit$28] and values even outside this — pdy reaction was made by Tengbld@0] in a model
range are to be found in the literat|i29,30. Provided that where a pion is first produced through thp— d=* reaction
Refa(N7)}=0.5 fm, the models generally predict very on the proton in the deuteron target and the obsery@do-
strong n-deuteron scattering lengtlagd ). duced through ther*n— p# reaction on the neutron in the

If only the scattering length contribution is kept, the am-deuteron target. Such a model describes well the near-
plitude squared for the production of dwy system at low thresholdpd— *He# reaction once they rescattering has
relative momentunk should be proportional to been incorporated17]. Although the Tengblad predictions
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fall only a little below the results of the near-threshold datal096 MeV the quasifree contribution should still represent
[13], the final-state interactions in neither thd nordz sys-  about a third of the total cross section. The fraction drops to
tems were taken into account. On the other hand, she argudie order of one percent at the lowest energy indicating that
that for higher beam energies, as one approaches the fre¢her mechanisms, where there is no spectator proton, are
pn—dy threshold at 1250 MeMQ=190 MeV), the pole also necessary. The most credible of these involves the pro-
term involving quasifree; production on the neutron should duction of an intermediate virtual pion.
be dominant. As can be seen from the estimate shown by the We also find a strong final-state interaction peak indhe
dashed curve in Fig. 8, obtained using the Paris deuterosystem, which is the sign of a largey scattering length.
wave function[31], such a contribution already provides Though this is in agreement with the existipg— d» total
about one third of the total cross section for our 1096 MeVcross section data, the 1032 MeV results allow us to quantify
data. It is therefore likely that our data span a region wheréhe effect more precisely.
both quasifree and two-step production are important. The results are very germane to the ongoing discussion of
the possible existence of nuclei. The strongly scattering
length indicated by our experiment implies a large real part
in the »-nucleon scattering length. This means that it is then
In summary, we have made a kinematically completehigmy likely that then would form a quasibound state with
measurement of thed— pdz reaction away from threshold. ©ne qf the helium isotopes,_ where the numbers of nucleons
The angular distributions are consistent witwave domi- are higher and the system is more compact.
nance in the final state and the energy variation of the total
cross section follows closely that predicted by final-state-
interaction theory where thg rescattering is neglected. The  The support of the TSL/ISV personnel during the course
cross section normalization is close to that determined fronof this work was invaluable. Financial backing for this ex-
the thresholdpd— *He# data. More theoretical work is, periment and its analysis was provided by the Swedish Natu-
however, needed here in view of the lack of an evidental Science Research Council, the Swedish Royal Academy
threshold enhancement in the low enemgg— pd»n data, of Science, the Swedish Institute, Deutsche Forschung Ge-
though these are of limited quality. sellschaft(Mu 705/3 Graduiertenkolleg the Polish Scien-
For excess energies above 200 MeV we would expect théfic Research Committee, the Russian Academy of Science,
pd— pdz reaction to be completely dominated by quasifreethe German Bundesministerium fur Bildung und Forschung

pn—d7 production on a neutron in the deuteron, leaving aJ06TU886 and DAAD, and the European Science Exchange
proton spectator. Our estimates suggest that at the energy Bfogram.

VII. SUMMARY
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