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ABSTRACT

Quasi-free p-p and p-d scattering from umm at
intermediate energies have been studied. The ummﬁv~mvvm reaction
has been measured at 300 MeV at the angle pair 70°-33° and at 450
MeV at the angle pairs 70°-30° and 46°-46° for recoil momenta
between 350 and 530 MeV/c. For the ummﬁv~vmvv reaction, energy
sharing 1loci have been measured at 300 MeV at the angle pair
70°-33° and at 450 MeV for the angle pairs 25°-68°, 50°-68°, and
70°-30° yielding a recoil momentum range from 0 to 480 MeV/c.
The spectral function S(E,q) with E equal to the two-body breakup

energy for 3

He has been deduced from the present results in the
framework of the PWIA as a function of the p-d relative momentum
q. The spectral function 1is compared with other spectral
functions obtained from previous ummaw~wmym and wmoﬁm~m\vvm

experiments and with existing theoretical predictions.

Nuclear reactions ummﬁu~mvvm and ummﬁw~wmvv“ measured
mmaimbwmbameu at 300 and 450 MeV; deduced spectral function in

PWIA; comparison with theoretical predictions.
PACS 20.25

_page 2

CERN LIBRARIES, GENEVA

MHIRTOTAMG Mo

CM-PO0O0R7374



y 9bed

*2101310ed (103B3D09ds) paazasqoun
Y3 jo wnjuadwow T[TOO9I dy3z o3 Tenba st yotrym snatonu 3abiey
Y3 UuT uwnjuawow aar3eIa21 p-d ay3z buraq b y3atm suor3zouny saem
uoia3Inap pue 3H. Y3 UdIM3Iaq Teibajur derisso sY3 jJo wIogsueiy
19tanod ay3 st (b)g pue uorjoes ssoido TerjuaIaIIIP p-d IO
d-d 119ys-Abisua-3jo-3jTey ayy ST “nmaduxouv ‘sat13tjuenb orjewaury

umouy Buratoaur Jo03oe3y ooeds aseyd Apog-921y3z ayz ST d 2Iaym

€rnVem €
(v g, Gy = F&m.hm

iSWI193 HUTMOTTOJ dY3 OJUT S103OB3I SUOTIOLII OM3 SAY3 JO IaY3Ta
JO UuOoT3O9sS SSO01D Hmﬂucmuwuwuv.ﬂnzm ay3 ‘A1aat3ezrjuend
*saaem aueld Aq paqridsep ST S23e3S TRUTF pue TeTITUT
2y3 uy sjuedydor3laed uor3zoear Y3 JO SSPW JO 133U3D Y3 JO uoTIOW
2yl VIMd @43 ur 1 *61d jo sweaberp 13p10-351713 ay3 &Aq paqiaosap
d1e SUOT3IOR3l1 3s3ay] ‘103e3dads se s3Ioe  snafonu  Burlroosa ayjz
TTym (uor3oeaxr pd‘d ay3 ur) uoia3nap 10 (uor3oeax dz'd ayz ut)
uojoad pe3oala ay3 yztm ATuo Atbhuoizs mUUMumu:ﬂ uojoad 3Juapiout
ue ‘uorjewrxoaddy osindwl 8Yy3 JO NIomdwely ay3z url
*suotydunsse (yYIMd)
uotjeutxoaddy asindul saeM sueld ay3 103 3sa3 e sapraoiad 3T pue
WsTueydsuw UOT3OEaI 3Y3 3INOQe I0W UILIT O3 SUO SMOTTE SUOTIoEal
om3 3y3z jo uostredwod ay3z ‘arowiaylzang *aoeds uorjeanbrzyuco
ut uot3ounjyaaem  ay3y Jo  saoue3sip 310ys o3 spuodsaiiod
31 9snedaq bHurysazsjur Ariernorized ST UOTINQTIISIP wnjuswow

uorjow 3AI3ET31 uoi133nap-uocjord Byl Jo uoTHaI wnjuswWoW T1OO8I

¢ abed

ybty ay3z jo uorjebr3IsaAuT Byl -paroldxaun A1snotasid ‘ (o/psuw Qgg
03 dn) wuworbax Troda1 sbieT e burpnioutr ejUBWOU 110081 jo abuea
abiel e 19A0 painsesw 213M SUOTIOVS SSOID Terua1azsIa *wa3sis
uosTonu-s31y3  dyj jo Burpuelsispun BY3 O3 INISSN UOTIRWIOIUT MAU
pue Teuot3ippe aptAcid o3 ST suoT3oeax mﬁmm.mvwmm pue uﬁmw.mvmmm
®UY3 3o sjuswainseaw Jussaid ay3z 3o aaTIoalqo Azewrad ayg
*3jerpawmy aq 3jo0u
TTI#M S3TNS8I pue 3ITNOTIJTP ATdowaI3xd ST wayy buipnioutr Jo yse3y
ay3 ‘wopsa13 3Jo s93163p yienb OTuosTONU TRUISIUT pue o1uosauw
103 3unodde 3Jou sdop wWI3ISAS UOITONU-33IY3 BY3 JoO uot3ydriosap
1eOo1SSeTd ayL ‘UOTIOUNIIABM UOITONU-IBIY} OTISTATIRTII-UOU
wwmmmao 3yl 3JO SUOTIEITWIT 3y3l mcﬂucmuwuwvcs utr 1003 3uejaodut
ue sT suor3orpaid TeodT3ILI0AY} pue ejep Tejuawyiadxs uaamjaq
uostiedwod 3y3 pue poo3sispun 33X jou 91e  TaTONU Uo3TONU-331Y3
®y3 Jo sar3jaadoid Auew ‘juasaid 3y -waysis uoaTonu-331y3y ayz jo
cOMuocwum>m3 U3 o3jur 3ybrsur jJueorzyTubts apraoiad pynoys m:m uo
suotjoeax (p,3‘s3) pue (d,3’3) ‘(pd‘d) ‘(dz‘d) ay3 Jeindr3yyed ug
‘POZTWIUTW 3I° S3023J° 3S3Y3z JO SWOS °H, pue .mm .mmm .mm se yons
TeTonu 3ybrT K194 BY3 jo @sED BY3 UT 3ey3 s309dx’ BuO 3ng s309338
Apoq ®21y3 pue ‘sassacoiad ds3jsTyTnu ‘suor3oeIdjur 33e3s Teury
103 SUOT3ID31I0D Bjew pue ‘XTIjRW 3 DATIOIIS TTays-Abi1aus-3jo
943 83eINOTEd 03 STqe 9q PINOYS SUO UOTIBWIOIUT UOTIOUNI SABM
JeaTdnu  3deIIXd 03 3Byl UMOUY TTSM ST 3II ‘WSTURYOAW UOTIOEDI
3yl pue 21In3ONI3S I1eITONU Y30q O3 3JURASTSI UOTIBWIOFUT aprtaciad

SuUOT3OEaI  3no-ydouy ABisus o3eTpaWIIIUT JO SIIPNIS

NOILONAOYWINI



-

|| H wm.m n
#(q) = —=—=]e <#.l#., >dr (2)
(2m)3/2 CHE

N is a spectroscopic factor determined from spin algebra (N = 3/2
for the reaction considered here). The quantity _uﬁmv_m
describes the p-d relative motion momentum density distribution
; 3

in °“He. The product z_&aav_m is equivalent to the spectral

function S(q,E), i.e. the joint probability of finding a proton
in the target nucleus with momentum g and separation energy E
leading to the p-d final state. Commonly, the half-off-energy-
shell differential cross section is replaced by the on-energy-
shell differential cross section for free p-p or p-d scattering.
It is noted that, since the lower vertex in the two diagrams of
Fig. 1 is the same, the momentum distribution extracted from the
(p,2p) and (p,pd) reactions should be the same. Also _uﬁnv_u can
be unambigously determined in the PWIA only when the energy of
the scattered and ejected particles is much larger than the
energy of the recoil system.

This simple description of the two knockout processes
neglects many effects such as multiple scattering, final state
interactions, and isobar configurations but still accounts for
the dominant part of the reaction and at least at low q is
particularly meaningful as a first step of the investigation. 1In
addition, only in the framework of the PWIA it is possible to
compare directly the theoretical spectral function with the
experimental momentum distributions as extracted from the
ummﬁn-nva~ umm~v~vmuv, ummﬁm.m\vva, and wmmﬁm~m\mvm reactions.,

The JHe (p,2p)d and ummﬁm.mavv reactions were previously
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measured at 35, 45, 65, 85 and 100 MeV (Ref. 1) sampling recoil
momenta less than 130 MeV/c. At higher energies the two
reactions were measured at 155 MeV (Ref. 2) and 590 MeV (Ref. 3).
The momentum distributions extracted from the wmmﬁm~wvum and
ummaw.mmvv reactions at 155 MeV cover a range between 0 and 120
MeV/c and are in good agreement with each other indicating the
validity of the factorization for the five-fold differential
cross section in the PWIA. The ummﬁc.muvm data obtained at 590
MeV could not be directly compared with the ummﬁu~wmvu data at
the same incident energy because the data lacked adequate
resolution so that a separation between ummam.mvvm and
ummﬁw.nnva‘ was not possible. For the wmmﬁu.umvv reaction at 590
MeV, recoil momenta up to 230 MeV/c were obtained. The present
study of the ummﬁw.wwvm and ummﬁv.vmvw reactions has been
reported in part, in a previous letter (Ref. 4). Here a more
complete m:m detailed description of the experiment is given. The
experimentally derived spectral function will be compared to
n:mOnanomH predictions calculated for different nucleon-nucleon

potentials based on Faddeev or variational techniques.

EXPERIMENTAL PROCEDURE

The experiment was performed using the proton beam from
the variable energy TRIUMF accelerator incident on a liquid 3He
target (Ref. 5). Beam intensities ranged between 0.5 nA and 5
nA. The beam position and direction were measured using wire

profile monitors and by viewing a fluorescent screen which could
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present in the veto counter. Through software, a triple
coincidence could be imposed off-line to account for the
mwarwnm:mocm detection of the recoil deuteron in the second
counter telescope.

The region of lower recoil momenta (5-450 MeV/c) was
explored through the ummnm~vmvv reaction. This reaction was
measured at an incident energy of 450 MeV at the angle pairs 25°-
68° and 50°-68°. At the first angle pair a complete energy
spectrum was measured corresponding to recoil momenta from 0 to
450 MeV/c, while at the second pair only part of the energy
spectrum was measured. The kinematical conditions chosen
correspond to large relative energies between the three final
state particles and a small momentum transfer _mwnmw_ HWH and ww
are the momenta of the particles as shown in Fig 1). The first
requirement reduces the final state interactions between the
reaction products, the second assures a larger p-d differential
cross section which is necessary to maintain an adequate counting
rate at large recoil momenta. The momentum of the ejected
deuteron was measured with the MRS placed on the large-angle side
of the incident Umma..z:wwm the energy of the scattered proton
was measured by either one of the two right-hand-side counter
telescopes. Due to the 1limited deuteron momentum bite in the
w@monnoamnmn. the energy sharing spectra were measured in a
series of overlapping energy bites achieved by changing the
amm:mnwn field values of the gquadrupole and dipole magnets. A
limited amount of wmmav.nmvu data was also obtained

simultaneously with the ummﬁv.mvvm data at 300 Mev (70°-33°) and
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at 450 Zm<nqoo|uoov where the scattered proton was detected by
the MRS and the deuteron was detected by the counter telescope
used for the ejected proton of the (p,2p) events. These data
cover the recoil momentum range between 80-290 MeV/c.

The energy calibration of the counter telescopes was
obtained by observing proton-proton scattering from a nmw target
at a series of angles covering the range of energies of interest.
For each ummﬁb.umvm and wmmﬂv~umvv measurement, a separate
determination was made of the background by replacing the humm

target cell with the dummy cell.

DATA REDUCTION AND EXPERIMENTAL RESULTS

From all events recorded on tape, only events which satisfied a
number of conditions were selected for the computation of the
reaction yields. For example, events were rejected when any one
of the MWPC planes vmm a missing wire coordinate or when non-
adjacent wires were firing in a single plane with a gap greater
than one wire. Events which showed pile-up within an interval of
300 ns in the NaI (Tl) detector signal were also rejected. Solid
angles were chosen to correspond to the flat efficiency region of
the zmaﬁawv detectors (Ref.6) while insuring that the
corresponding kinematically allowed MRS region was within the
flat response region of the MRS angular acceptance. Real
concidences were subtracted from accidentals using standard
techniques. Finally, events were restricted to those belonging

to the kinematic locus of n:m wmmhc~umvm or ummAv.vmvv reaction
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DISCUSSION

The experimental spectral function extracted from these
measurements is shown in Fig. 3 plotted as a function of the
relative proton-deuteron momentum gq. This figure includes all
(P,2p) and (p,pd) results obtained in this experiment. All these
data yield self-consistent values for the spectral function
except, perhaps, for the "simultaneous" (p,pd) data described
previously. This is in spite of the fact that the data have been
obtained using two different reactions, different incident
energies and under varying kinematic conditions. In view of
this, the rather smooth distribution of the resulting spectral
function values suggests that the PWIA represents the dominant
reaction mechanism operating here. It is perhaps particularly
interesting to consider the range of kinematic conditions sampled
by the high recoil momentum data, since in this region one would
expect other reaction answswm?m to be at 1least comparable - in
strength to the PWIA quasifree scattering. The data in this
region cover, in addition to the two different incident energies,
a fairly wide range of relative energies, ewM~ between pairs of
particles in the final state. For example for g around 400 MeV/c

the four data points shown cover a range of p-d relative energies

a»m between 11 and 175 MeV and for Tyg between 163 and 271 MevV.

The corresponding relati - i

po g Ve Pp-p energles ews range from 63 to 246
MeV. Moreover, since this region includes (p,pd) as well as
(P,2p) data both free p-d and p-p differential cross sections had

to be used to extract the spectral function. Since final state
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interactions and intermediate virtual delta excitation depend

strongly on T it may be reasonable to take the scatter in

ij’
these data mcown a given recoil momentum as a combined measure of
these effects, as well as reflecting the uncertainties in the p-d
differential cross sections used in the PWIA. The higher values
of some of the "simultaneous" (p,pd) data, especially at the
larger recoil momenta g, may indicate the presence of final state
interaction effects, as the data were taken under kinematic
conditions involving rather low values of Apm.

Also shown in the figure are the (p,pd) data obtained at
SREL at 590 MeV. These data tend to produce somewhat smaller
values than the present data, on the other hand it is not clear
that the SREL spectral function values were derived from the
measured differential cross sections using quite an equivalent
procedure.

The curves shown in Fig. 3 are some of the most recent
PWIA predictions for the umm spectral function calculated using
various nmnrzmnmmm and different nucleon-nucleon potentials to
obtain wave function information from the mosnomwijn equation.
Curve 1 is the spectral function calculated by Ciofi degli Atti
et al. (Ref. 9) using the variational wave function of Nunberg et
al. (Ref. 10) with correct asymptotic behavior of the harmonic
oscillator basis expansion wave function. Curve 3 1is the
spectral function calculated by Dieperink et al. (Ref. 11) from
the 3He ground state wave function obtained by Brandenburg et al.
(Ref. 12) using Faddeev techniques and the Reid soft-core (RSC)

potential 1limited to wmo and wmw - uUH states. Curves 2 and 4
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range parameters were determined by fitting the low energy
properties of the nucleon-nucleon system such as scattering
length, effective range, deuteron binding energy and quadrupole
moment. Two different contributions of the D-state to the
deuteron wave function were taken into account, 7% and 4% for
curves 2 and 3, respectively. It is seen that none of these
calculations fit the data in the high recoil momentum region.
When compared to the spectral functions of Fig. 3, represented in
Fig. 6 by the spectral function of Ciofi degli Atti et al. (curve
4) the Irving-Gunn and Gibson and Lehman spectral functions
produce less strength at large q.

In an attempt to further understand the problems at large
q a Distorted Wave Impulse Approximation DWIA calculation was
performed using the code THREEDEE (Ref. 19). The optical model
parameters used for this calculation were obtained from fits to
p-d and w|umm elastic scattering data. One should note that this
type of calculation becomes increasingly less accurate and less
appropriate as one considers very light nuclear systems. The
results of this calculation are unclear since they tend to be
similar to but not identical to the PWIA calculations described
above. One might conclude from this that distortions may not
play a large role in the nmmnnwoan considered here. This 1is
consistent with the fact that most of our experimental results

agree well with the PWIA predictions in the low q region.
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CONCLUSIONS

The results for the experimentally determined spectral
function for umm obtained from m:m present (p,2p) and (p,pd)
reaction studies can be summarized as follows. For 50<g<200
MeV/c the data agree well with PWIA predictions using realistic
three-nucleon wave functions. They also agree modestly well with
the spectral function extracted from the ummﬁm~m\nvm data. Above
q=200 MeV/c the (e,e”p) and theoretically determined spectral
functions fall substantially below the (p,2p) and (p,pd) results
with the discrepancy increasing with increasing gq. A somewhat
similar situation has been observed in the case of deuterium.
However, one should note some important differences between w:m

deuterium and 3

He cases. The momentum distribution of the
deuteron was extracted from mmﬁv.mm.: data taken under various
kinematic conditions. These momentum distributions do not agree
well with each other in contrast to the situation for umm (Ref.
20) . Moreover, some of the Nmﬁn.mmvs data are kinematically in a
region where intemmediate delta production should play a large
role and recent calculations by Yano (Ref. 21) confirm the
importance of virtual delta production for these data. Most of
the 3He data shown here are kinematically well removed from the
influence of intermediate delta production effects.

The 4

mmAv.mmvwm reaction has also been studied previously
at intermediate energies (Ref. 21). The latter data were
analyzed using the DWIA. Here, distortion effects are evident

even at g=0. The DWIA provided a reasonably good fit to most of
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calculated by Gibson and Lehman (2 and 3)

in the deuteron, respectively.

of Ciofi degli Atti et al.

Curve 4 is the spectral

using 7% and 4% D-state

function
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TABLES

1. The ummﬁv.uvva five-fold differential cross section results
tabulated together with the quantities needed to deduce the
spectral function in the framework of the PWIA. mna is the p-p
scattering angle in the center of mass system of the scattered

and ejected protons and anU is the corresponding laboratory

energy.

2. The wmmﬁw.vmvu five~-fold differential cross section
results tabulated together with the quantities needed to deduce
the spectral function in the framework 0m the PWIA. ons is the
p-d scattering angle in the center of mass system of the

scattered proton and ejected deuteron and Ty ab is the

corresponding laboratory energy.
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