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Cross-section measurements for théH(p,n)2p reaction at 135 MeV

B. D. Anderson® A. R. Baldwin,' W. Bertozzi? T. N. Buti,>* A. Fazely}®J. M. Finn/* C. C. Foster> W. Glockle,®
J. Golak! M. A. Kovash?® R. Kurmanov}® R. Madey° B. Murdoch?' P. C. Tandy* J. W. Watson
and H. Witatd
!Department of Physics and Center for Nuclear Research, Kent State University, Kent, Ohio 44242
’Department of Physics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139
3Department of Physics, Southern University, Baton Rouge, Louisiana 70808
“Department of Physics, College of William and Mary, Williamsburg, Virginia 23185
SIndiana University Cyclotron Facility, Bloomington, Indiana 47405
SInstitut fur Theoretische Physik Il, Ruhr-UniversitBochum, D-4630 Bochum, Germany
"Institute of Physics, Jagellonian University, Reymonta 4, PL-30059 Cracow, Poland
8Department of Physics, University of Kentucky, Lexington, Kentucky 40506
SDepartment of Physics and Chemistry, Omsk State Railway Academy, 644046 Omsk, Russia
Department of Physics and Research Center for Nuclear and High Energy Physics, Hampton University, Hampton, Virginia 23668
(Received 3 May 1996

Cross-section excitation-energy spectra and angular distributions were measured ki) 2p reaction
at 135 MeV in 6° steps from 0° to 3(Qtaboratory, using the beam swinger facility at the Indiana University
Cyclotron Facility. The target was a 12.8 mg/€rfoil of CD,. Neutron energies were measured by the
time-of-flight method using large-volume plastic scintillator arrays at flight paths of 91 m. The overall energy
resolution was 260 keV. The 0° spectrum is dominated by a large peak near 0 MeV of relative energy in the
final 2p system; this peak corresponds to the two protons in B state. The wider-angle spectra are
dominated by a broad peak centered at 10 to 20 MeV of excitation which is the quasifree scattering peak. The
spectra are compared with impulse approximation and three-body Faddeev calculations.
[S0556-28186)06510-7

PACS numbgs): 21.45+v, 24.10.Eq, 25.40.Kv, 27.16h

[. INTRODUCTION We compare also with such calculations to provide some
continuity with recent work of that typ€3,4] and also to
The three-nucleon (8) system provides important tests illustrate qualitatively the dominant mechanisms involved.
for the study of the nucleon-nucleoMN ) interaction. We  From this nuclear reaction perspective, the process here is a
present here new measurements of the neutron energy speimple nucleon-induced transition of the target from a deu-
trum from the 2H(p,n)2p reaction at 135 MeV. The mea- teron state to a continuum two-proton state. The extreme
surements are compared to Faddeev calculations performéolw-energy portion of the excitation-energy spectriine
for the conditions of the present experiment. Earlier meahigh-energy portion of the neutron-energy specirumst be
surements for this reaction were performed at forward angledominated by the'S, state because of the Pauli principle.
only and primarily at lower energi¢&—4]. The present mea- This final-state interactiofFSI) is observed as a large, nar-
surements extend out to 30°, and the energy resolgfi6  row peak at an excitation energy near 0 MeV. At higher
keV) is more than two times better than previously obtainedexcitation energy one expects that quasifree scattering
for this reaction above 100 MeV. The measurements retQFS, i.e., the p,pn) reaction should be significant also.
ported here are for cross sections only and represent the firfhis process is observed as a broad peak in the measure-
step in a series of experiments planned for this reactioments. As we show below, the qualitative features of both of
above 100 MeV. Later measurements will include completdhese processes can be described by separate single-step, im-
sets of spin observables as well. Comparisons with thregaulse approximatiorilA) calculations. It is significant, how-
body Faddeev calculations were unavailable for the earlieever, that both of these processes are described simulta-
measurements since such calculations have only recently beeously by three-body Faddeev calculations. The Faddeev
come possible above 100 MeV. calculations automatically include rescattering to all orders,
In the absence of Faddeev calculations above about 10€b that the reaction mechanism is described accurately. This
MeV, the theoretical analysis of three nucleon breakup hawork provides important tests of these calculations.
usually relied upon approximate methods, such as the im- Three-body Faddeev calculations include both final-state
pulse approximation, borrowed from nuclear reaction theoryinteraction and quasifree scattering mechanisms together
with all orders of multiple scattering. Such calculations, with
enough partial waves to be realistic up to 200 MeV, are now
*Present address: IBM, Route 52, Hope Well Junction, Nyavailable[5-7]. Presently, it is not possible to solve the

12533. 3N Faddeev equations above the deuteron breakup threshold
TPresent address: Tektronix Inc., P.O. Box 500, Beaverton, ORvith realistic NN interactions while including exactly the
97077. Coulomb force between the two protons; accordingly, the

0556-2813/96/541)/1531(7)/$10.00 54 1531 © 1996 The American Physical Society



1532 B. D. ANDERSONet al. 54

Faddeev calculations were performed for the analog reaction 16
2H(n,p)2n, to avoid the uncertainties associated with in-
cluding the long-range Coulomb force in this approach. The
importance of the Coulomb interaction for the final-state
interaction region is shown by comparison to the impulse 8
approximation calculations. Also, the importance of higher-

order rescattering for the transition to the final state in the
low-energy portion of the excitation-energy spectrum is pre-

sented and discussed. — 0
=
[}
Il. EXPERIMENTAL PROCEDURE =
f-

3
The experiment was performed at the Indiana University %
Cyclotron Facility (IUCF) with the beam-swinger system. —g

The experimental arrangement and data reduction procedures=.

were similar to those described previougy9]. Neutron ki- ~, 0

netic energies were measured by the time-of-flighOF) = .
technique. A beam of 135 MeV protons was obtained from % — e -
the cyclotron in narrow beam bursts typically 350 ps long, N(4.2 MeV)

separated by=230 ns. Neutrons were detected in two detec- 1 .

tor stations at 0° and 24° with respect to the undeflected
proton beam. The flight paths were 91.0 and 90.8:n0

m), respectively. The neutron detectors were rectangular bars
of fast plastic scintillator 10.2-cm thick. Two separate detec-
tors each 1.02-m long by 0.25-m high were combined for a O 5 10 15 20 25 30 35 40
total frontal area of 0.52 Rin the 0° station. The 24° station Excitation energy E_ (MeV)

had two detectors each 1.02-m long by 0.52-m high for a

total frontal area of 1.04 1 Each neutron detector had ta-  FIG. 1. Excitation-energy spectra for the,f) reaction on a
pered Plexiglass light pipes attached on the two ends of th€D, target at 0.2°, 12°, and 24° at 135 MeV.

scintillator bar, coupled to 12.8-cm diameter phototubes.

Timing signals were derived from each end and combined iq|yte reference points. Excitation energy in g final
a mean-timer circuif10] to provide the timing signal from state system is estimated to be accurate+6.1 MeV.

each detector. Overall time resolutions of about 825 ps wer xcitation-energy spectra from the G@arget are shown at
obtained, including contributions from the beam burst width e . o
three angles in Fig. 1. In order to obtain excitation-energy

(~350 ps, the beam-energy spreat 400 ps, energy loss spectra for the?H(p,n)2p reaction alone, it was necessary

in the target €300 pg, neutron transit times across the 2 .
get ¢ ps to subtract the contributions from the carbon in the £D

10.2-cm thickness of the detectors $30 pg, and the intrin- . . :
sic time dispersion of each detectos 800 ps. This overall target. This was performed in the TOF spectra by subtracting

time resolution provided an energy resolution of about 26(°€Parate runs performed using a self-supporting carbon tar-
keV. The large-volume detectors were described in more ded€t: The TOF spectra were aligned using the strdf@
tail previously[11]. Protons from the target were rejected by (P.n)*’N peaks. The carbon-target runs were normalized to
anticoincidence detectors in front of each neutron detectoine CD, runs by comparing yields in thé’C(p,n) peaks.
array. Cosmic rays were vetoed by anticoincidence detectof@ecause there was slightly more energy loss in the, CD
on top of each array as well as by the ones at the front. target than in the carbon target, it was observed that the
The target was a self-supporting foil of GD12.8-mg/  peaks in the carbon-target runs were slightly narrower than
cn? thick. Spectra were obtained in 6° steps from 0° to 30°.in the CD, runs. This difference produced positive and nega-
Spectra from each detector were recorded at many pulseive swinging oscillations for subtractions of peaks, even
height thresholds from 25 to 90 MeV equivalent-electronwhen properly aligned and normalized. This problem was
energy(MeVee. Calibration of the pulse-height response of eliminated to first order by performing a Gaussian smearing
each of the detectors was performed with?&Th source  of the carbon-target runs to broaden the TOF peaks. Because
(E, = 2.61 MeV) and a calibrated fast amplifier. The values of the difference in reactiorQ values, these subtraction
of the cross sections extracted for different thresholds wergroblems do not interfere with the strong final-state interac-
found to be the same within statistics. The values of the crostion peak in the?H(p,n)2p reaction, except at the widest
sections reported here are at a threshold setting of 40 MeVeangles. Generally, the only real problem from this subtrac-
tion is for the strong*®C(p,n)'?N(g.9 transition at forward
IIl. DATA REDUCTION angles. Because even with reshaping of the carbon spectra
some spurious oscillations remain near this strong peak, we
Excitation-energy spectra were obtained from the measimply omit this part(1 MeV) of the spectra at forward
sured TOF spectra using the known flight paths and a caliangles. These regions occur only in the continuum part of the
bration of the time-to-amplitude converter. Transitions to2H(p,n)2p spectra and are not a significant problem for this
known states in>N from the 2C(p,n)*?N reaction provided work.
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i i I 1 | I I I efficiency calculations have been tested for these detectors at
12 L ®H(pn)2p E =135 MeV | these neutron energi¢$3,14. The experimental procedure
P © and data reduction is similar to that described in more detail

0.2 — in Refs.[8] and [9]. The uncertainty in the overall scale
factor is dominated by the uncertainty in the detector effi-
(a) ciencies and is estimated to bel2%.

— The resulting excitation-energy spectra for the
e 2H(p,n)2p reaction at 135 MeV are shown in Fig. 2.

8 g — IV. COMPARISON WITH IMPULSE-APPROXIMATION
CALCULATIONS

Tooo- FSI-IAxL23 | We begin by comparing the experimental spectra with
---- QFS-IAX1.00 impulse approximatior(IA) calculations for the two pro-

. cesses that are expected to dominate’thgp,n) 2p reaction
P s at these energies. These two processes were discussed above
and are the transition to thtS,, final-state interactiofFSl)

4 - 127 in the 2p system and quasifrgen scattering(QFS.

o(6,E) [mb/(sr MeV)]

A. Background: The impulse approximation calculations

The transition to the'S, state is expected to dominate in

. e the low excitation-energy region of thegZinal state at for-
[RS8, LW NN e e A SN ward angles. This transition is predominantly from tf@

0 5 10 15 20 25 30 35 40 part of the deuteron wave function. Because this transition is
S state toS state, it iSAL=0, and is expected to be peaked
at 0°. We calculate this transition in the factorized plane-

4 wave |A with the expressiofl—3,15
\ \ I I I I \ I

*H(p.n)2p E =135 MeV d?c 1 M, kgpks

o

- _—-_ T ern 2
18 d0.0E, 3 2 k, mlF@ @)

Excitation energy E_ (MeV)

where the transition form factor is

(b)

F(Q)=(Dp(Egp. 7)€ Dy(r)). )

HereM,, is the nucleon mass and,, kp,, andkh are the

- 24 — relative momenta of the two protons in the final state, of the
incident proton in the c.m. system, and of the outgoing neu-

- FSI-IAx1.23 P y gond

1 = — tron in the laboratory system, respectively. The differential
- - - - QFS—-IA%1.00 cross sectiong,,, is the cross section for freep scattering

- at 135 MeV, obtained from the phase-shifts of Arfd6].
] . The deuteron wave functiod, is taken to be a Hulfhe
0 m type deuteron wave functiofl7], andq is the momentum
30° transfer. The final-state@wave function,®,,, is obtained
B by solving the Schmdinger equation for théS, N-N system
with a Reid soft-core potential. The Coulomb interaction is
included in the final-state interaction.
It has been shown that quasifree scattering dominates the
_ L continuum for inelastic scattering of medium energy protons
et S T R N T on nuclei[18]. We expect to see this process in this reaction
0 5 10 15 20 25 30 35 40 as a broad kine_ma'_[ic bump, which will move to higher_ exci-
. ) tation energy with increasing angle. We calculated this pro-
Excitation energy B (MeV) cess, viz., thef§,pn) reaction, for this case using the plane-
FIG. 2. Comparison of impulse-approximation calculations forwave IA code originally due to WY19]. The double-
the 2H(p,n) reaction to the experimental excitation-energy spectradifferential cross section is calculated from the expression
at(a) 0.2°, 6°, and 12°, an¢b) 18°, 24°, and 30°.

o(0.E) [mb/(sr MeV)]

d’o 1 Pn
Absolute double-differential cross sections were obtained dQ,dE, (%c)? pplpp— Pyl
by combining the experimental yields with the measured tar- max (27qd
get thickness, the known flight path, the integrated beam qu f q q|cbd(q)|2E§0-npd¢- 3)
qmin

charge, and calculated neutron detector efficier{di&k The 0 E_q
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Herep,, p,, andq are the momenta of the incident pro- nism. This is one of the reasons that the three-body Faddeev
ton, the emitted neutron, and of the struck nucleon, respeaalculations are important, because all of the different
tively; E, is the energy of the struck nucleon, aBdis the ~ mechanisms are essentially considered simultaneously.

total c.m. energy;¢ is the angle of revolution arounﬁp
~ Pn., measured from the plane formed Py — p, and V. THREE-BODY, FADDEEV CALCULATIONS

Pp- Tnp IS the freen-p cross section and4(q) is the Fou- Rigorous solutions of theld Faddeev equations based on
rier transform of the deuteron wave function. The integral iSmodern, realisticNN interactions have become available
over the momentum of the unobserved nucleon, without any5—7]. The multiple scattering series for three nucleons in-
final-state interaction, i.e., the scattering is “fre@he bind-  teracting through pairwise forces and propagating freely in
ing energy is taken into accoyntrhe deuteron wave func- between is summed up into the Faddeev equation fdr a
tion is generated using a bound-state subroutine written bygperator given by
Chant[20].
T=tP+tPG,T. (4
B. Comparison with the IA calculations The transition operatdd,, for the breakup process is then
In Fig. 2 we show the comparison of the IA calculations

with the experimental excitation-energy spectra. In this sys- Uo=(1+P)T. ®)
tem the plane-wave IA mechanism is too simplistic to repro-

duce the absolute magnitude of the cross section. Significa%rce which determines the two-nucleon off-shielnatrix

contributions from multiple scattering are missed as show . : .
by later comparison with the Faddeev calculations. Our in?' Gy is the N free propagator and the identity of the nucle-

terest is in whether the IA can capture the dependence upo%ns (working in isospin formalismis accounted for by the

scattering angle and excitation energy. The normalizatior?ermmatlon operatoP whose two parts, a cyclic and an

factor required for the final-state interaction impulse approxi—amICyCIIC permutation, are responsible for the respective ex-

mation (FSI-IA) calculation is 1.23, slightly larger than that changes of t'he nucleons. . .
found by Sakaiet al. (viz. 1.195 for a similar calculation The '_matf'x elements ol, between the incoming _state
compared to this same reaction at 120 M&y. Although it |4), which is composgd of the deuteron wave functipn
is unusual to require a normalization factor greater than unit?nd. the ﬁmomentum ggenstate of the free nucleon-deuteron
for a theoretical calculation, for such a “light” nucleus, the Motion|do), and the final state, determine the breakup cross
effects of multiple scattering are not obvious. This is dis-Section. Kinematically-complete breakup configurations are
cussed more fully below in Sec. V for the comparisons withfixed by the standard Jacobi momemtandg. In order to
Faddeev calculations. At the most forward angles, the spe@valuate the energy spectrum of the outgoing neutron, a
tra are dominated by th&S, final-state interaction peak near proper integration over all kinematically-complete configu-
0 MeV of excitation. This peak is described well by the rations contributing to a given energy must be carried
final-state interactiofFSI) impulse approximation calcula- through[21]. For details of the theoretical formalism and the
tions described above. As one proceeds to larger angles, thisimerical performance we refer to Ref§,22,23.
peak becomes just a bump near 0 MeV in the continuum The calculations presented here use the BorNB po-
spectra. The FSI-IA calculations still are able to describe thigential [17]. All partial wave components of the force were
bump well, even out to the largest angle available Heiz kept up to a total two-nucleon angular momentym,= 3.
30°). The results are compared to the data in Fig. 3. It is seen that
The quasifree scattering impulse-approxima(i@S-I1A)  both the FSI peak at forward angles and the QFS peak at
calculation is shown also in Fig. 2. At the most forward larger angles show up, and give a good account of the ex-
angles, one sees that this calculation is in poor agreemeperimental energy and angle dependence without the ambi-
with the experimental spectra, but that at wider angles, iguities inherent in the separate IA-FSI and QFS estimates of
describes well the higher-energy part of the spectra; in parSec. IV that have long been necessary to describe breakup at
ticular, it reproduces the broad bump seen in the spectrahese energies; however, this is not surprising because the
which slowly moves to higher excitation energy with in- Faddeev theory is an exact treatment and should therefore
creasing angle. This bump is the QFS bump and is reproaccount for all aspects of processes induced by the nucleon-
duced by this calculation, with no renormalization factor re-deuteron interaction.
quired. The QFS-IA calculation fails at the forward angles In spite of the success of our Faddeev calculations in de-
where the FSI peak dominates because this interaction is netribing both the FSI and QFS peaks, it is clearly seen in Fig.
included in the QFS-IA calculation. It is significant that the 3 that the FSI peak is not described very well. The calcula-
plane-wave QFS-IA calculation is able to describe the absations predict a peak which is too narrow and too strong. We
lute magnitude of the wider-angle spectra so well, whereascribe this discrepancy to the fact that our three-body cal-
there is good kinematic separation of the FSI and QFSulations do not include the Coulomb force acting between
mechanisms. the two protons. Exact inclusion of the long range Coulomb
It is not surprising that the IA calculations do not describeforce together with realistitNN interactions is a notorious
the data well at intermediate angles, where both the FSI angroblem for present dayM8 calculations above the deuteron
QFS amplitudes are large and likely interfere strongly. Ofbreakup threshold. Only recently has a first attempt been
course, this interference cannot be considered easily withoumhade[24] which, however, still uses only a rank one sepa-
a more comprehensive framework for the reaction mecharable Yamaguchi force. One has to expect that especially in

Equation (4) is solved numerically for any giveiNN
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16 F | | I i | | ] *H(p,n)2p E =135 MeV
*H(p,n)2p Ep:135MeV L

0.2° ; .
i NO COULOMB 0.2

12
JIA-FSI x 1.23
(a) -

WITH COULOMB

6
— Faddeev—full
————— First—order
-----Second—order o Lo
- -- Third—order

o(6.E) [mb/(sr MeV)]
@

15 20
Excitation energy E_(MeV)

W LV

FIG. 4. Comparison of FSI impulse-approximation calculations
— with and without Coulomb interaction in the final-state wave func-
tion at 0.2°.

g(8.E) [mb/(sr MeV)]

the region of the final-state interaction peak at the low en-
ergy part of the neutron spectrum where two protons leave
L | the interaction region with approximately equal momenta,
the Coulomb force is important. This has been confirmed by
0 5 10 15 20 25 30 35 40 turning the Coulomb interaction on and off in the FSI-IA
Excitation energy E_ (MeV) calculations of Sec. IV. We show these calculations, com-
pared with the 0.2° spectrum, in Fig. 4. The effect of the
16 | | i I I ‘ i i Coulomb inter_action is_ a desf[ructive i_nte_rference_ which
*H(p,n)2p E =135 MeV broadens the final-state interaction peak in just the right way
P = S0 as to reproduce the experimental FSI spectrum well.
Assuming that Coulomb effects are confined to the FSI
region, the Faddeev calculations can be said to describe the
complete experimental spectrum fairly well. In the quasifree
region of the spectra, one sees that the Faddeev calculations
somewhat underestimate the cross section at forward angles
and somewhat overestimate the cross section at wider angles.
This difference is most pronounced in the 24° spectrum. This
difficulty may be due in part to not taking into account rela-
o Second-—order tivistic effects, which at this energy may be non-negligible.

18°

—— Faddeev—full
----- First—order

~ ~ - Third—order We would like to add remarks here on the importance of
rescattering terms beyond the first-order term in the two-
nucleont matrix. It might be expected that rescattering af-
fects the different portions of the neutron energy spectrum
differently.

- Iterating Eq.(4) one obtains the multiple scattering series

X
(&}

a(6,E) [mb/(sr MeV)]

4 - ] T=tP+tPGotP+tPGotPGotP + - - - (6)

with terms of different order in thé matrix, whose magni-
Noapnse tudes depend on the incoming energy and on the particular
0 =1 kinematically-complete configuration of the three outgoing
0O 5 10 15 20 25 30 35 40 nucleons under study. The QFS-IA calculation of Sec. IV is
Excitation energy E._ (MeV) produced if only the firs_t_ termJ=tP, is retained to con-
x struct the breakup transition operatdp. Then the breakup
amplitude is

FIG. 3. Comparison of three-body Faddeev calculations for thel ¢|(1+ P)T| ¢)~( ¢o|(1+ P)tP| )
2H(p,n) reaction (solid line) with the experimental excitation-

energy spectra &) 0.2°, 6°, and 12°, an¢h) 18°, 24°, and 30°. =(olta| #)a+(bolta| #)3+(boltal $)s
The importance of the rescattering terms of various ordetsaire
also shown: first order i (dashed-dotteg up to second order in +{boltal p)1+(bolta| p)1+(bolts| b)o.

t (dotted, and up to third order in (dashed 7)
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The indices at the ket vectors denote the singled-out nucleon which carries the relative morﬁ@rituthe incoming
channel statég)=|@4)|0o). Because of the antisymmetry fafy), this can be written more compactly as

(ol (1+P)tP| ) =(bo| (1= P2a)ts| h) 2+ (ol (1~ P1a)ta| )3+ (ol (1~ P1ts| h)s. ®)

It is also a fairly easy exercise to evaluate this further with the result
‘

1. . 1. ’ '
EP‘H]O_ qulmNylVN

- 1" ’ ’ 1') o ’
Jot+ Equm3va3> < ~ 500 AMgMyv3vy
c 3 (. 1.\?
“am|P

1. 3.
Pa)t 2 a —§p+ 29MMav1v;

’ r
mavy

> 3 -y
<¢0|(1+ P)tp|¢>: ’2, a pm2m3V2V3 t| E— mq
M3vg

3

1. -
+ a< 5P~ ZAMiMgyy v t

’ r
myvy

t

So1Lo1.
X _p+§q_§%m1m2”1”2

1. 1

1" = 1" ’ ’ - = = ’ ’
X|— §p+%_ quNmZVNV2> < p-+ 537 540M2Ms V3

(pd> ’ (9)

Where|5m2m3y2,,3>az(1_ p23)|5m2m3,,2,,3> is a properly This is also in agreement with the considerations of Sec. IV,
antisymmetrized state witR 3 the corresponding exchange Where in Eqs(1) and(2) the np cross section and the two-
operator. The c.m. energy of the\3systemE is related to nucleon scattering state for the two final protons occur. This
the initial nucleon-deuteron relative momentujy in the 'S Pased on a second order prOEei$.INOW for quaasﬁre;e
channel|¢) and shows up again in the two kinetic energiesScattering conditions, for instande™®=0, one hasq= -3

of relative motion ﬁo, which puts the argument of the deuteron state in the first
term to zero. At the same time the two-nuclelomatrix is
_ 3., _ 1 > 5 3 =5 close to being on shelup to €4 correction$. The other two
E=_Qote=_—p°+,-q% (10 :
4m m am terms are suppressed. This leads to the QFS bump, as has

been known for a long time.

whereey is the binding energy of the deuteron. We display in Fig. 3 the breakup cross section based on
Under the FSI conditionk®®=k2°, one has the breakup amplitudg , evaluated to various orders inlt
is seen clearly that at our energy only after inclusion of sec-
5:0, ond order rescatterings does the FSI peak appear in the out-

going neutron spectrum. It is necessary to add then the third
.2 . . order rescatterings in order to reproduce the FSI peak of the
q= §(k'1ab— k'zab) full solution. At higher excitation energies rescatterings are
also important, even in the bump region because in this
5 kinematically-incomplete spectrum a lot of different breakup
q0:§(|zllab+ 2|2|2a ] (11)  configurations contribute at a specific neutron energy.

Then the energy arguments of thenatrices appearing in Eq. VI. CONCLUSIONS

) 2
(9)3 are exactly equal to Zero for the first, and_ (OKiap We measured cross section excitation-energy spectra for
;f'zfd for the second and third terms, respectively, wherethe 2H(p,n)2p reaction at 135 MeV in 6° steps from 0° to
Kiap is the laboratory momentum of the incoming nucleon.3qe (laboratory. The energy resolution was 260 keV. These
The arguments of the corresponding deuteron states appegheasurements have better resolution by more than a factor of
ing in Eq.(9) are — k' for the first and— k2 for the second 2 and extend to wider angles than previous experiments per-
and third terms, respectively. Thus only in the first term isformed to study this reaction above 100 MeV. The spectra
the two-nucleort matrix close to the'S, virtual pole and are dominated by théS, final-state interactiorfFSl) peak
favors a FSI peak in the outgoing neutron spectrum; howebserved at low excitation energy in the residupl /stem
ever, at our high incoming energy the contribution of thisat forward angles. The broad quasifree scatte(@gS peak
term is drastically reduced by the fact that a large argumenis clearly seen moving to higher excitation energy with in-
occurs in the corresponding deuteron wave function. Thereereasing angle.
fore this first order term irt contributes to high outgoing The experimental spectra are compared with impulse-
neutron energy only via a nucleon exchange process and wilpproximation(lIA) and rigorous three-body Faddeev calcu-
create no strong final state interaction peak. In order to creatations. Separate FSI-IA and QFS-IA calculations were per-
a strong FSI, at least the second order term im required.  formed which describe the FSI peak and the QFS peak,
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respectively, both with normalization factors near unity;but may be due in part to the neglect of relativisitic effects in
however, the separate estimates for the almost distindhe calculations.

mechanisms, that have long been necessary for breakup at Future experiments are planned to measure a complete set
these higher energies, limits the quantitative understandingf spin observables for this reaction. They may be sensitive
of the reaction. Three-body Faddeev calculations yield botho three-body force effects and to tBestate contribution in
features simultaneously and remove this limitation as well ashe deuteron wave function and thus will provide additional
provide a good description of the data. These calculations dtests of 3\ continuum Faddeev calculations at high energies.
not include the Coulomb force between the two final state
interacting protons and thus do not describe the shape of the
FSI peak as well as the FSI-IA calculations, performed with
the pp Coulomb force included. Although it is not now pos-  We would like to thank the staff of the Indiana University
sible to include exactly the Coulomb force into three-bodyCyclotron Facility for their help in mounting and running
calculations above the deuteron breakup threshold, we see liyis experiment. This work was supported in part by the Na-
turning the Coulomb off and on in the FSI-IA calculations tional Science Foundation and by the Polish-American
that this is likely to account for the discrepancy observed aMaria-Sktodowska-Curie Il FUND under Grant No. MEN/
forward angles in the three-body calculations. The FaddeeMSF-94-161. The numerical calculations have been per-
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