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Mechanism of the forward-angle (d,pn) reaction at intermediate energies
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The elastic breakup of the deuteron has been measured in a kinematical conditign &f=0° atEy
=140MeV and 270 MeV on seven targets ranging frdm 6 to 82. A double-peaked structure with its
minimum atE,=E, is observed for all the measured triple-differential cross sections, which indicates a large
contribution from Coulomb breakup. While a symmetric shape is expected fEd anansition, the observed
proton-energy distribution is asymmetric, showing considerable dependence on both the target and the incident
energy. These data and previous data at 56 MeV have been analyzed using the post-form of the distorted-wave
Born approximationDWBA) theory. Although the calculations account reasonably well for the asymmetric
shape, by including the nuclear potential, they consistently overestimate the magnitudes of the cross sections
over the whole measured region. Limitations of the post-form DWBA are discus3@666-28138)03910-7

PACS numbdss): 24.10—i, 24.50+g, 25.45.De

[. INTRODUCTION such problems. The low intensity currently available for un-
stable nuclei, however, leads to limited data having large
The breakup of unstable nuclei by the Coulomb interac-uncertainties which effectively hampers the challenge to
tion has recently attracted attention due to their astrophysicdahese theoretical descriptions.
interesf1]. In order to extract relevant capture cross sections The study may be efficiently pursued by using light-ion
several reaction problems must be clarified. Particular unceprimary beams. Because of its small breakup-energy and the
tainties are the contributions from nuclear breakup and thelominance of theS wave in the ground state, the deuteron
“post-acceleration” effect arising from the different Cou- can be considered as the simplest example of an “exotic”
lomb potentials between the ejectiles and target. Various thetucleus. There is no ambiguity in the projectile wave func-
oretical models, such as the semiclassical coupled-channdisn and the absence of resonances certifies the direct
approacH 2,3], the direct numerical integration of the time- breakup mechanism. Besides, the post-acceleration effect is
dependent Schdinger equatior{4,5], the sudden approxi- strongly enhanced in deuteron breakup where the entire pro-
mation [6], the post-formalism of the distorted-wave Born jectile charge is carried by one of the ejectiles having only
approximationDWBA) [7], and most recently a three-body half of the total mass.
adiabatic formulatiorj11], have been proposed for treating  Although the breakup of the deuteron has been the subject
of extensive investigations, few data exist which manifest the
Coulomb breakup, particularly at energies above the Cou-
*Present address: Department of Physics, Saitama Universitjpmb barrier. In our previous study at 56 Md®], a strong
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okamura@phy.saitama-u.ac.jp =6,=0°, yet a considerable influence of distortion was sug-
TPresent address: Soei International Patent Firm, Tokyo 104-003gested at the same time. Measurements at intermediate ener-
Japan. gies (E4>100 MeV), where the distortion becomes smaller,
*Present address: The Institute of Physical and Chemical Researetie highly desirable, but have never been done because fa-
(RIKEN), Saitama 351-0198, Japan. cilities capable of providing such a beam were rare until
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FIG. 1. Schematic view of the experimental setup. Protons are detected at the first focal plane of the spectrograph SMART, making the
most of its large momentum acceptance. Trajectories of protons, as well as the deuteron beam which has twice the magnetic rigidity as that
of protons, are also shown.

approach to the Coulomb breakup process. As stated thereeutrons produced near the target. Only very limited data

that method is not immediately applicable to the treatment ohave been obtained at larger angles in the present experi-
nuclear breakup. In the present analysis, the nuclear interacaent. The beam intensity was kept weak, typically 0.01-0.4

tion is treated on the same footing as the Coulomb interacArA, to make the accidental coincidence background reason-
tion but employing the conventional zero-range DWBA.

BT —— 7711
II. EXPERIMENTAL PROCEDURE L a) 12C(d p’n) .

E4=270MeV ]
1 8,=6,=0°

The (d,pn) elastic breakup reaction, which leaves the tar- 160 —
get nucleus in its ground state, has been measured at the
RIKEN Accelerator Research Facility in a kinematical con-
dition of 6,= 6,,=0°. Deuteron beams of 140 MeV and 270
MeV, provided by the ring cyclotron, were used to bombard
the targets?C, 28Si, 4°Ca, °9zr, 1183n, 160, and 2°%Pb,
which were all self-supporting foils of natural or isotopically
enriched elements. Protons emitted were momentum ana-
lyzed by using the spectrograph SMART2] and measured 100 - :
by a pair of multiwire drift chambers followed by a plastic T .- L
scintillator hodoscope equipped at the first focal pléfig. 100 120 140 160 180
1). Details of the charged-particle detection system, as well E, (MeV)
as the properties of the spectrograph, can be found elsewhere s
[13]. Neutrons were detected by twsix) sets of NE213 x10%
liquid scintillation counters at a distance of 12 (@2 m) —
from the target for the 140 MeY270 MeV) incident energy. 15~ p)
Backgroundy and cosmic rays were eliminated by using the 12
pulse-shape discrimination method. Charged particles were C(d,,p'n,)
rejected by thin plastic scintillation counters placed in front E;=270MeV
of the neutron counters. The neutron energy was determined 6,=8,=0°
by the time-of-flight method. The resolution of the total en-
ergy E,+E, was 2.5 MeV[full width at half maximum
(FWHM)] or better depending on the target. Typical coinci-
dence energy spectra are shown in Fig. 2. The solid angles of
the neutron and proton detectors, which are shown to have I (T—1)j
importance in Sec. IV, are listed in Table I. :

The incident beam, having twice the magnetic rigidity as Y ”T"N\A‘ L
that of the protons measured, was stopped inside the dipole 220 240 260 280
magnet of the spectrograp@g. D. The_ yoke of the dipole E,+E, (MeV)
magnet thus served as a shield, allowing the low-background
measurement. It should be noted that the situation is VEry FIG. 2. (a) Two-dimensional andb) summed energy spectra of
different for measurements at angles other than zero degreage coincidence protons and neutrons from the deuteron breakup on
where the incident beam has to be stopped inside the scattake °C target at 270 MeV. The effects of accidental coincidence
ing chamber and it is then difficult to shield the backgroundare corrected for.

140 —

E, (MeV)

120 —

Gnd

2.5MeV

Counts/0.5MeV
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TABLE I. Solid angles of the neutron and proton detectors.

I PICR IS Y
E4 (MeV) AQ, (msp? AQ, (mrad) E;=140MeV 8,=6,=0°
140 0.45 66120 6000 N=0.5
270 0.48 60x 120 3000
56° 0.88 75¢ 75

&Circular shape. 4000

bTaken from Ref[8]. 2000

ably small. The contribution from the electric dark current in
the beam stopper, which was not negligible compared with 3000
the beam intensity, was eliminated by using a monitor 1500

(mb/sr® MeV)
(=

counter. “’%R
The neutron detection efficiency was calibrated using the - 3008
‘Li(p,n)’Be[g.s+0.43MeV] reaction [14] at E, %g
=70MeV and 135 MeVFig. 3(@]. The proton beam was =& 1500
obtained by accelerating.Hl , the singly charged hydrogen 3
molecule, with the same cyclotron field as that for the deu- o0 0
teron in order to minimize the time lag between the calibra- ~ 1000
tion and the breakup measurement. The energy dependence 500
of the detection efficiency was extrapolated by using a o
Monte Carlo calculatiofl5] which, as shown in Fig.(®), is 600 L
almost flat in the region relevant to the present measurement.
The optics property of the spectrograph was also studied by 300
using protons elastically scattered from a gold target. The 0
systematic error, including those arising from uncertainties 160
of the beam intensity and the target thickness, is estimated to
be 30%. 80
Because of the lack of available optical potentials, the 0

elastic scattering was also measured at 140 MeV on
2C, 40ca, and?%%Pb targets at the second focal plane of

SMART where a better momentum and angular resolution is
achieved. Details of the measurement of elastic scatteringf

FIG. 4. Triple-differential cross sections for the elastic breakup
140-MeV deuterons at,= 6,=0° on the'*C, ?8Si, “%Ca, %z,

will be described elsewhere. 1185n, 160, and 2°%b targets. The results of the post-form
DWBA calculation using the potential sets (8olid curve$ and B
ll. RESULTS (dot-dashed curvesn Table Il are presented but commonly multi-

plied by a factor of 0.5. The result of the pure-Coulomb calculation
is also shown(dashed curvegswithout any normalization. The cal-

ulated cross sections are averaged over the solid angles of the
Cgetectors. See text for details.

The measured triple-differential cross sectiong)gt 6,
=0° are presented in Figs. 4 and 5 fiéj=140MeV and
270 MeV, respectively, plotted as a function of the detecte

sof (@ 1 0.04[ ®) Neutron detection | proton energy. Because of the difficulty described in the pre-
Li(psn)'Bels.s.r043] efficiency (NE213) . . .
. 3oF E,=135MeV vious section, the data at larger angles have been obtained
% 003k 20.30m (dia) | only on the '°C target at 270 MeV forgs= 65 which are
N . ,~ *5.1cm . ] i P n .
2 zor ] shown in Fig. 6. All the cross sections are presented in the
= 0.021 laboratory frame. The errors shown in figures are the statis-
3 ’ 25.4cm (dia) tical ones only.
\ x2.5c¢m
S ot : A common feature of the proton-energy spectrafat
3 1 %o E =toMev. ] =0° is a double-peaked structure with its minimumEgt
thres o R e .
3 4 =3E, . They are significantly different from the bell-shaped
o 5 m 15 000555105150 200" 250 spectra shown in the lower panels of Fig. 6 and usually ob-
Oe.m. (deg) Eq (MeV) served at backward angles. The shape of the spectrum is

FIG. 3. (a Typical angular distribuion of the symmetric for light targets at 270 MeV but becomes asym-

7Li(p,n)"Be{ g.s+0.43 MeV] reaction obtained by using 270 MeV metric, showing an enhan_cement of the higher-proton-energy
H,* . It is normalized to the Fourier-Bessel representation given inP€ak, as the target mass increases. The degree of asymmetry
Ref. [14] (solid curve for calibrating the neutron detection effi- becomes even larger at lower incident energies. For the data
ciency. (b) The energy dependence of the detection efficiency calat 56 MeV, which were obtained previous[$| and are
culated by a Monte Carlo codé5] for the neutron counters used in shown in Fig. 7, the data reduce to almost a single peak for
the present experiment. 208pp,
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d L4 "_ 7\ Fa=R70MevV
16000 | " N=0.5 ] :
ZOBPb S I.I’-\
8000 [ XN 9

[e2]
(=)

—_

Y
O
=
N
[
> 10000 NS
= g °
. 5000 g
a N’
S 0 N g
<2 80001 %
£ i
5 o 3000 3
g &
& 4000 N
3 )
) «
& 2000 =
G
~ 0
o> 1200
® 800
400
0
600 | 80 100 120 140 160 180
E;} (MeV)
300
o FIG. 6. Triple-differential cross sections for the
160 F 2C(d,pn)1%Cys. reaction at E4=270MeV and at 65= 06,
=0°,4°,7°, and 10°. The meanings of the solid and dashed
80 curves are the same as those in Fig. 5.
80 100 12% (11‘:112‘/_)160 180 VpA+VnA—ydA—>Ze2(r;Al—rgAl), and using an explicit
P representation of thp-n wave functions,

FIG. 5. Same as Fig. 4 but fé;=270 MeV. The potential sets
in Table Il are used for calculations. ¢d:2 Cjefajrpn/rpn, z,/xgi)ze'kpn'rpn,
i

The gross evolution of the cross sections is illustrated in _ _ _
Fig. 8@ where the energy-integrated double-differentialwherek,, is thep-n relative momentumT ., is reduced to
cross section is shown for each incident energy, plotted as a

function of the atomic numbeZ of the target. The data at £1 i4mwZec (—) | Kpn*Tda (+)
270 MeV are on a straight lin@n a logarithmic scajeclose Torior= > —( @2\ Xeral T3 Xan ) (2
to Z? and therefore indicate the dominance of Coulomb boLa T Kpn dA

breakup. As the incident energy goes down, however, th : S ' .
cross section tends to be suppressed for heavy targets, res %t-the dipole apg{roxlrr:)atlor:l 'S év e_II éuT“fS ' Stlr? cequg
ing in the characteristic behavior at 56 MeV where the maxi- ecomes Zero ak,,=U Wheret,=k,=3Lq, he double
mum is observed aZ=20. A strong influence on the dis- peak observed in the experimental spectra also strongly sug-

torted waves is suggested by tAislependence as well as the gests the dominance of the Coulomb breakup.

asymmetric shape of the spectrum. T orior gives only symmetric spectra. The asymmetric
shape can arise from interference with nuclear breakup and
from the higher-order effectéhan E1) of the unbalanced

Coulomb potentials in the final state. These however are

As discussed in a previous studig], the origin of the treated only perturbatively in E41) and, in addition, there is
double peak is readily understood on the basis of the priof0 way to describexyx properly [17]. The prior-form

formalism of the DWBA, theT matrix of which is expressed DWBA is likely to be a poor approximation, although the
as[16] rapid convergence with respectpen partial waves makes it

attractive for numerical evaluations.
Tprior=<‘//£j;)X£1;,)A|VpA+ Voa—Vaal da xin) (1) The post-fo_rm DWBA, on thg o_th_er har_ld, should describe
the asymmetric shape better if it is mainly caused by the

where ¢y and g« denote the bound and scattering states Ofmbalanced _Coulomb distortions, which are properly treated
the p-n system, respectively, and., and y;» denote the N theT matrix[16]:

potential and the distorted wave between the pariidad (=) (=) +)

the target, respectively. For pure-Coulomb breakup, i.e., Tpos= (Xpa'Xng [Vpnt Vaa— Vsl daxan) . )

IV. ANALYSIS
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differs distinctly from the method of Ref7] where the ef-
fects of nuclear interactions are incorporated using a diffrac-
tion dissociation theory.

400 o - The distorted wave is produced by an optical potential
o soof 208py, b 4\ N=1] with the standard form
[ o A
2 V(1) == Vef(rg,agin) —IWyi(r, ,a;r)
., 100
1]
~ 0 ) d _
—g 900 I Jr'Afalwoaf(rl a5 ;1) +Veoulombs
T 600
qu‘“ where
-5, 300
% 0 r—riA1’3 -1
P f(ri,a;r)=|1+exg ———
5 800 a
~
m; 400 The parameters used in the calculations at 140 MeV, 270

150

100
50

FIG. 7. Same as Fig. 4 but fdE4=56 MeV and on the'?C,
40Ca, %°zr, and?°%Pb targetgtaken from Ref[8]). The calculations
using the potential sets fsolid curve$ and B (dot-dashed curves

in Table IV are presented multiplied by the factors shown in the

figure.

whereB denotes thep+ A system. Since quantities appear-

MeV, and 56 MeV are listed in Tables Il, 1ll, and IV, respec-
tively. The Coulomb radius is fixed as 1.3 fm. Since cal-
culations have to be made over a wide range of proton and
neutron energies, energy-dependent global parametrizations
are employed for the available cases. At intermediate ener-
gies, the deuteron optical potentials are available only for
very limited cases. All the parameters used in the present
analysis are deduced from the measurements at RIKEN. Fig-
ure 9 shows the deuteron elastic scattering at 140 MeV with
the optical-model fits obtained using the coees79 [28].

The 270 MeV data are taken from Refg1,22. As well as
these experimentally obtained potentials, those deduced from
nucleon optical potentials, according to the method of
Johnson and Sopé¢t8], are used for comparison as well as
to see the systematic dependence on the target. These poten-
tials are referred to as sets A and B in Tables II-IV. Pure-
Coulomb calculations given by E¢A2) are also presented

ing in Eq.(3) are determined less ambiguously than those ing clarify the effect of the nuclear potentials.

Tprior: Tpost IS €xpected to be a 'good approximation also for. The triple-differential cross section is obtained by
the treatment of nuclear potentials. In this paper, an analysis

based on the post-form DWBA is presented and compared
with the new data and the previous data at 56 M&Y.
Detalils of the calculation, including a useful technique which
led us to employ this approximation for the present case, are
described in the Appendix. It is worth noting that the presentwherep is the phase-space distribution with respecfXtp,
calculation is a conventional one, treating the nuclear interQh, andE,ﬁ [29]. In the following, the experimental data are
action on the same footing as the Coulomb interaction, andompared with the averaged cross section,

d3o 2TdA Lo
CinLlael 32 |7l
dOSAOLAES  fi%ky,

T 1 T T[T 1 T 1]
—~ 103 __A(d,pn)Ag.s. (a) __A(d,,pn)Ag.S. (b) |
oN F F
9 t 6,=0,=0° t 6. =6,=0° Y =
< R i [ pt D;BA ﬂ:'ﬂ"ﬂ
I post- o ®®
& o §ETOMeV e ||l oo -Coul 000 _|
10°F  ® 140 MeV e 0OV pure-Coul. | o
i E v 56Mev -® WOV Full 8
’F&. v Ve,
(@] 1 i I ,—.'-v ------ ‘ p
=8 100F S e v.. 3 . \Vx
} v - v v
" o
-] g
100 - M 4 F o
E 1 ol ] M BN E 1 N | A
5 10 20 50 100 5 10 20 50 100

atomic number 7

atomic number Z

FIG. 8. Dependence of the energy-integrated cross section on the atomic riZiwbire targeta) for the present data along with the
previous oneg8] and (b) for the corresponding post-form DWBA calculations. The pure-Coulomb calculation and the one using the
potential deduced by the Johnson-Soper mefii&jiare presented by the open and solid symbols, respectively, without any normalization.
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TABLE Il. Optical-potential parameters used for the analysis of 140-MeV data.
Set Vg re ag Wy, Wp r a, Ref.
(MeV) (fm) (fm) (MeV) (MeV) (fm) (fm)
2c d A 49.39 1.23 0.77 5.73 3.70 1.45 0.48 a
d B 54.80 1.29 0.70 6.99 3.85 1.48 0.60 b
p,N 25.39 1.244 0.712 2.84 2.32 1.469 0.39 [19]
%g;j d A 76.23 1.10 0.80 14.41 5.89 1.28 0.58 a
p.n 38.63 1.116 0.739 7.18 3.46 1.288 0.507 [19]
“ca d A 71.38 1.17 0.75 12.55 6.53 1.20 0.75 a
d B 36.17 1.38 0.79 1.07 9.46 0.97 0.94 b
p,N 35.83 1.18 0.69 6.23 3.61 1.21 0.69  [20]
907y d A 77.10 1.19 0.75 11.76 8.52 1.23 0.76 a
p,N 38.56 1.20 0.69 5.87 4.65 1.24 0.69  [20]
1183n d A 79.27 1.20 0.75 11.41 9.35 1.24 0.76 a
p,N 39.63 1.20 0.69 5.70 5.09 1.24 0.69  [20]
1630 d A 81.88 1.20 0.75 10.84 10.27 1.25 0.76 a
p,n 40.93 1.21 0.69 5.42 5.59 1.25 0.69  [20]
208pp d A 83.85 1.21 0.75 10.38 10.96 1.25 0.76 a
d B 60.56 1.20 0.85 20.99 1.92 1.16 1.25 b
p,N 41.91 1.21 0.69 5.19 5.97 1.26 0.69  [20]
aDeduced from nucleon optical potentials according to RES].
®Obtained in the present analys$&ig. 9.
TABLE lll. Same as Table Il but for 270 Me\E=Ilaboratory energy an@/;=0.
Set Vg g ar Wy r a, Ref.
(MeV) (fm) (fm) (MeV) (fm) (fm)
2c d A 20.1 1.43 0.74 53.9 0.87 0.73 [21]
d B 25.5 1.37 0.59 45.1 0.84 0.73 a
p,N 12.84 1.40 0.515 25.4 0.805 0.71 [23]
285 d A 23.3 1.25 0.80 54.14 0.93 0.98 [22]
d B 24.8 1.37 0.63 32.2 1.04 0.80 a
p,N 12.40 1.39 0.55 16.4 1.05 0.75 [23]
“ca d A 28.8 1.37 0.79 27.9 1.18 0.74 [21]
d B 42.7 1.25 0.78 17.5 1.31 0.72 a
p,n 105.5 1.125 0.675 b 1.65 0.32 [24]
—17.14InE +0.00E +0.0003E —0.002& +0.002%
%07r d A 324 1.35 0.74 31.4 1.22 0.73 [21]
d B 46.5 1.25 0.78 17.5 1.32 0.72 a
p,N 107.3 c 0.675 b 1.65 0.32 [24]
—17.14InE +0.0003E —0.002& +0.002%
1&g d B 47.8 1.25 0.78 17.5 1.32 0.72 a
p,n 108.0 b 0.675 b 1.65 0.32 [24]
—17.14InE +0.0003E —0.002& +0.002E
16530 d B 49.0 1.25 0.78 17.5 1.32 0.72 a
p,N 108.6 c 0.675 b 1.65 0.32 [24]
—17.14InE +0.0003E —0.002& +0.002E
208pp d A 22.6 1.35 0.75 13.7 1.28 0.66 [21]
d B 49.4 1.25 0.78 17.5 1.32 0.72 a
p,n 109.0 c 0.675 b 1.65 0.32 [24]
—17.14InE +0.0003E —0.002& +0.002%

8educed from nucleon optical potentials according to REd].
b6.6+2.73x 10 ?(E—80)+3.87x 10 (E— 80)°.

°min(1.255, 1.125- 0.001E).
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TABLE IV. Same as Table Il but for 56 Me\E=laboratory energy.

Set Vg rg ag Wy, Wp r a, Ref.
(MeV) (fm) (fm) (MeV) (MeV) (fm) (fm)
2c d A 79.79 1.12 0.742 0.0 11.55 1.23 0.666 [25]
d B 103.62 1.10 0.637 1.28 13.33 1.11 0579 @
p,n 61.05 1.15 0.57 b 9.60 1.15 0.50 [26]
—0.27E —0.00E —0.05% —0.00E
4ca d A 75.47 1.20 0.769 2.452 9.775 1.32 0.783 [25]
B 94.19 1.16 0.810 8.08 9.43 1.27 0631 2
p 56.34 1.17 0.75 -2.7 11.8 1.32 0.51 [27]
-0.3E +0.2E -0.25
n 56.30 1.17 0.75 —1.56 13.0 1.26 0.58 [27]
-0.3E +0.2E -0.25
90zr d A 89.16 1.11 0.816 5.034 8.289 1.36 0.786 [25]
B 95.89 1.16 0.810 8.03 9.45 1.29 0.668 2
P 60.24 1.17 0.75 -2.7 13.1 1.32 0.588 [27]
-0.3XE +0.2E -0.25%¢
n 53.63 1.17 0.75 —1.56 11.67 1.26 058 [27]
-0.3E +0.2E —0.2%E
208pp d A 88.60 1.17 0.768 4.201 10.30 1.27 0.891 [25]
B 97.94 1.16 0.808 8.01 9.41 1.29 0720 2
P 64.61 1.17 0.75 -27 14.4 1.32 0.658  [27]
-0.3E +0.2E —0.25
n 51.22 1.17 0.75 —1.56 10.46 1.26 058  [27]
-0.3E +0.2E -0.25%¢

8educed from nucleon optical potentials according to REd].
bmax(0, min(7.5, 1.06 — 37.6)).

3 almost identical result. The average must be taken because
d ocarc 1 C .
Lol | AQAQ the calculated angular distribution near 0° is extremely steep
dQ;dQ,dE, p==rn and exhibits complex behavior. For example, Fig. 10 shows

the dependence of the triple-differential cross section on the
X dotqoLt —— —¢¢ proton angled: for several targets at 140 MeV with the
PN G0tdOLdEE p— o Iti -
AQpAQ, pdQrdE; neutron angle fixed at 0°. It is remarkable that the maximum

oint of the cross section moves frofi=0° for heavy tar-

where the integration is carried out over the solid angles Ogets. As the proton detector coveﬂ#up to 3.5° around 0°,
the proton Q€Qp) and neutron 4Q,) detectors(Table ). the averaged cross section is likely to be different in magni-
Since AQ), is small, an integration only oA, gives an  yyde as well as in shape from the one calculated exactly at
0°. The situation is essentially the same for the pure-
Coulomb calculation. It is worth noting that, while it has not
been studied in the present experiment due to the lack of
resolution, a detailed angular distribution was reported from
IUCF on carbon and copper targets B{=260 MeV [30]
where, without using a spectrograph, a good angular resolu-
tion was achieved but at the sacrifice of the energy resolu-
tion.

The results of calculations are shown in Figs. 4—8 and 11.
Except for Fig. 8b), the solid and dot-dashed curves repre-
sent the calculations using the potential sets A and B for the
corresponding tables, respectively, multiplied by the factors
indicated in the figuregmostly 0.5. The dashed curves rep-

. . . resent the pure-Coulomb calculations without normalization.
0 10 20 30 40 50 60 70 In Fig. 8b) the calculations with and without nuclear poten-
6. . (deg) tials are presented by solid and open symbols_, respectively. It
o should be noted that the averaged cross section has moderate

FIG. 9. Angular distributions and the optical-model fits for the target dependence in spite of its complicated angular distri-
elastic scattering cross section at 140 MeV on @, “°Ca, and  bution as a consequence of the specific choice of the detector
208y targets. solid angles.
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FIG. 11. Angular distribution of the energy-integrated cross sec-
tion for the *2C(d,pn)*?C,  reaction atE4=56 MeV (taken from
Refs.[8,31]). The results of the calculation using the potential set A
in Table IV multiplied by a factor of 0.5 and of the pure-Coulomb
calculation are presented by the solid and dashed curves, respec-
tively. The calculated cross sections are averaged over the solid
angles of the detectors.

ment with the data. The spectrum shape is remarkably well

zoePb(d,pn)zoang.s. o reproduced for heavy targets at 140 and 270 MeV and for

E,=140MeV %. 40Ca at 56 MeV(Figs. 4, 5, and ¥ However, the magnitude
6. —0° §\§ of the cross section is consistently overestimated and about
n N twice as large as the data. The difference between the calcu-
§\§ lations using the deuteron optical potential and the one de-

duced by the Johnson-Soper metha8] is generally small
both in shape and in magnitude. A distinct change between
the 4%Ca and?®Si targets at 270 MeYFigs. 5 and &)] can
be attributed to the difference in the nucleon optical poten-
tials between the energy-dependent global parametrization
for A=40 [24] and the parameters &,=156 MeV [23]
used forA<40.
Unfortunately angular distributions are available only for
) . . . the 12C target where the present approximation is expected
FIG. 10. Calculated triple-differential cross sections B {4 pe invalid(cf. the Appendix. Nevertheless, the increasing
=140 MeV for the*®Ca, **Ho, and”*Pb targets plotted as a func- ¢.,nyibytion from nuclear breakup at backward angles is
tion of the proton angle; . The neutron angle is fixed #,=0° o, noting. At Eq=270MeV, while the pure-Coulomb
and the potential set A in Table IV'is used. calculation severely underestimates the cross section at

Considering the systematic uncertainty of the experimentangles other than 0°, the one including nuclear potentials
the magnitudes of the cross sections are reasonably well rgives better agreement with the data, not only for the mag-
produced by the pure-Coulomb calculations, except for théitude of the cross section, but also for the broad bell shape
208 target at 56 Me\(Fig. 7) and for the backward angles of the spectra ab“=7° and 10°(Fig. 6). The spectrum at
(Figs. 6 and 11 where the nuclear interaction is likely to 6-=4°, where the nuclear breakup contribution is of the
have a larger contribution. Concerning the shape of th@ame order as the Coulomb breakup, thus producing a com-
proton-energy spectra, however, the agreement is rathé@licated interference effect, is poorly reproduced. It should
poor. Although the double peak is producedbat0° for all ~ be noted that, althougky,,, can be close to zero in the geom-
targets and incident energies, the lower-energy peak in thetry of 0;=6’,';, the post-form pure-Coulomb calculation
spectrum tends to be overestimated. The discrepancy beives bell-shaped distributions at other than 0°(dashed
comes significant, particularly for light targetgigs. 4, 5, curves in Fig. 6 unlike the simpleE1 transition[Eq. (2)]
and 7. which gives a double-peaked distribution at any angles. At

By including the nuclear potentials, the lower-energyE =56 MeV, the diffractive angular distribution is fairly
peak is relatively suppressed and also the minimum of thevell reproduced by including the nuclear potentials, although
double peak tends to be filled, resulting in improved agreethe magnitude is consistently overestimatEdy. 11).
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V. DISCUSSION ETT7770 Tt
Considering the remarkable success of the post-form E g =g =0°
DWBA at backward angles and below 56 Md¥bf. Fig. 14 R
and Refs.[16,37), the present failure in reproducing the 105 Prior-DWBA
magnitude of the cross section is surprising. As described in E
the Appendix, the validity of the approximationy/,a
=Vpg and Vpndg=Dg 8(rpp), introduced to the original
form of T,. [EQ. (3)] is a point at issue. But they do not

S
2.

_ _ at IssL ¢ fo 500 ]

necessarily deteriorate the description in the particular geom- <
etry of 6,= 6,=0°. 2 27073
The p-n final state interactiorfFSl), on the other hand, 2 1
which is treated only perturbatively in the post-form DWBA, “ g -
surely plays an important part at forward angles. It is more G 3
clearly illustrated in the prior-form DWBA. In the limit of .?91 ]
the plane-wave approximation, E() is reduced to % E
oW = (uly | o g ) Vi), S :

ge]

where V denotes the Fourier transform & a+Vna(Vga
does not contribute to the reactjoand q is the momentum
transfer. At forward angles wherg=0, Tp, becomes close
to zero due to the orthogonality relatiqgs|dq)=0. In .
other words, noting the decompositimﬁi)=exp6kpn- M'on) 1073 £
+ytl), the FSI amplitudd yts)|V|py) destructively inter- :

10_15

feres with the quasifree scatteringQFS amplitude 10_3:7

(e ™ enTon| V| ¢by). Sincegy is mainly in the3S; state, g, E o I IR

also mainly consists of th& wave. Accordingly the FSI 5 10 20 50 100
amplitude has a bell-shaped distribution and reduces the atomic number Z

cross section across a broad range of the proton energy. The
overestimate of the cross section in the present analysis FIG. 12. Dependence of the energy-integrated cross section on
therefore can be attributed to the improper treatment of thé&he atomic numbeZ of the target at incident energies of 56, 140,
p-n FSI in the post-form DWBA. It should be noted that 270, 500, and 1000 MeV for each binding enegyof 0.2, 2.22,
¥eg hardly contributes to the Coulomb breakup which isand_ZO_MeV calculated by the prior-form DWBA without any nor-
primarily caused by the dipole excitation. This qualitatively Malization.
explains the present situation where the pure-Coulomb cal-
culation better reproduces the magnitude of the cross sectiof€avy targets depending strongly on the incident energy, is
As we employ the zero-range approximation, it is difficult found to be even more developed for a deeply bound projec-
to incorporate the-n FSI amplitude in the present calcula- tile. The cross section for a very loosely bound projectile on
tion. Besides the study of projectile dependence is practicalljhe other hand becomes almost independent of the incident
impossible because the projectile information is in principle€nergy, showing a target dependence very clos?tcCon-
reduced to a factaD,. Nevertheless, it is of great interest to sequently the effect of distortion is likely to be less pro-
see how the characteristic energy and target dependenf@unced for halo nuclei but critically dependent on the pro-
presently observed will change, particularly for more looselylectile wave function.
bound projectiles. The gross dependence on the projectile
wave function will be illustrated hopefully by the prior-form
DWBA. A calculation using thée1l matrix elemenfEq. (2)]
which is readily evaluated by using Ehrenfest's theof8@j The elastic breakup of the deuteron has been studied in a
has been carried out. The projectile is characterized by thkinematically complete measurementégt= 6,=0° andEgq
binding energyey employing the Hulthe-type wave func- =140MeV and 270 MeV which, together with the previous
tion ¢g(r)=No(e “ —e A/r, whereazﬁfl\/,upned and study at 56 MeV, provides rich information on the energy
B=6.3%. Figure 12 shows the energy and target dependependence and the target dependence, rangingZrefto
dence of the double-differential cross section, averaged oveéd2. The magnitude of the cross sections varies almost in
the detector solid angles, for each binding energy of 0.2proportion toZ? at 270 MeV, indicating the dominance of
2.22, and 20 MeV without any normalization. The result for Coulomb breakup, but tends to be suppressed for heavy tar-
€4=2.22 MeV qualitatively agrees with the post-form pure- gets at lower energies. Likewise, the double-peaked proton-
Coulomb calculatiofjopen symbols in Fig. ®)], therefore  energy spectrum observed in the whole measured region sup-
justifying our attempt. The cross section varies by severaports the dominance of Coulomb breakup, but becomes
orders of magnitude depending ebut is not simply scaled asymmetric with increasing target mass and/or decreasing
by the size of the projectile. The characteristic target depenincident energy, although a symmetric shape is expected for
dence, where the cross section tends to be suppressed fbe E1 transition.

VI. SUMMARY AND CONCLUSIONS
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cross sections by a factor of about 2. The pure-Coulomb

118 118
Sn(d,p'n) Sn @ (a) calculations better reproduce the magnitude but with poorer
E,=56MeV 100 agreement in shape. This can be qualitatively understood as a
ol — 1150 ‘\ % E Tldl I consequence of the impr_oper_ treatment of pha FSI am-

n “\ Iy P plitude, the effect of which is enhanced at very forward
91’;‘=—15° f)‘ i angles. As we employ the zero-range approximation, the

L_ N\ v/) - post-form DWBA is not able to predict the dependence on

P oS V,g‘\\\\\\,;i:\\\\\\\f/m\ e the projectile wave function, which instead has been dis-

»\‘\\u,'«‘\‘ A (=]

cussed based on the prior-form DWBA.

In spite of its success at backward angles and lower ener-
gies, as well as of its proper treatment of the ejectile distorted
waves, which are presumably essential for describing the
asymmetric shape of the spectrum, the post-form DWBA
fails to fully reproduce the present data. Clearly the reaction
(b) is caused mainly by the Coulomb interaction; still, a more

AVP-) 3

:\ @ advanced theory is needed to obtain its complete understand-
"1 100 pC ing. Various reaction problems, such as the post-acceleration
j\” ® E Tldlpln effect and the contribution from nuclear breakup, which are

‘ 4

A

\“, d vital issues in the analysis of the breakup of halo nuclei,
show up in a clear-cut and enhanced way in the deuteron
breakup. The present data provide a means for clean and
critical tests of models proposed for treating these problems
and will hopefully stimulate the development of such theo-
ries.
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APPENDIX

The post-form DWBA calculation has been carried out
following the method of Baur and Trautmaht6,33. Equa-
tion (3) is evaluated usually by introducing an approximation

FIG. 13. Amplitudes of the partial matrices summed over the Vna=Vng, Which, however, will be invalid for light targets;
deuteron partial waves plotted as a functionlgfand |, for the ~ besides, the optical potential on theboundtargetB cannot
185n@d,pn)**¥Sn, s reaction at Eq=56 MeV, 6;=+15°, 6, be deduced experimentally.

= —15° (opposite side of the proton in a coplanar geometayd The resultani matrix
E;=30MeV. (@ Tz, (b) Tgﬁ, and (c) T3 correspond to Egs.
(A1), (A2), and(A3), respectively. TposF<XE)7A)XE1§)|Vpn| baxin)

Since these observations suggest distortion effects havei@ further approximated by introducing the zero-range ap-
large influence at low energies and for highargets, post- Proximation to be
form DWBA calculations including nuclear potentials have
been carried out. The calculated triple-differential cross sec- Tzr=Do(Xba (1) Xhs (YDIA(H) X4 (1), (A1)
tions are found to show very steep and complicated distribu-
tions at angles near 0°. Itis t_hus crucial to average the Crosgherey=m,/mg, but including the finite-range correction,
section over the detector solid angles to make a comparison
with the data. The observed dependence is not a simple -1
ling due to the domi f the Coulomb break 2Hon oo
scaling due to the c2Jm|nance of the Coulomb breakup, evem (r)=| 1— ——=R*(Vpa(r) +Vyg(y) = Vaa(r) —€g)|
though it is close t&Z“. The results of calculations including h
nuclear potentials reproduce the shape of the spectra reason-
ably well but consistently overestimate the magnitudes of th@nd the nonlocality corrections for optical potentials,
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FIG. 14. Energy-integrated cross sections, plotted as a function of the protonagng‘tar the 56-MeV deuteron breakup from th&C,
Sy, and 18sn targets while the neutron angles are fixedat 15°, 17.5°, and 15°, respectiveltaken from Ref[36]). The solid and
dashed curves are the resu(isithout any normalization of the post-form DWBA calculations with and without nuclear potentials,
respectively.

_ B 2uin which is evaluated by the partial-wave expansion of the dis-
Xi(/f)(r)zxi(i)(r)ex ?I ﬁzl Vi'}(r) . torted waves, converges very rapidly with respecktol ;,
andl,. As an example, partial matrices for Eqs(Al)—

The parametersD,=124 MeV fn?2, R=0.667 fm, Boin (A3) summed ovely are shown in Fig. .13 asa functionllqgf
—0.85 fm, and3,=0.54 fm are used in the present analysis.@nd!x for the ***Sn(d, pn)***Sny ; reaction at 56 MeV in a
The validity of the zero-range approximation, however, is akinematical condition indicated in the figure. The rapid con-
point at issue in the energy region above 100 MeV, wheré/e€rgence on the partial waves is a significant advantage over
the wave numbeky, becomes larger than 3 fm and x4,  Other theoretical treatments particularly for the cases where
thus varies considerably within the range\4f,¢4 which is  the Coulomb breakup becomes important. This powerful
the order of 1 fm. technique, however, can be applied only to a breakup reac-
Numerical calculations of zx still have difficulties in the  tion with one of ejectiles having no charge. In the present
slow convergence of radial integral, which is solved by theanalysis, partial waves have been summed up to 50, 70, and
Vincent-Fortune contour integration meth@#], and in the 90 (=|g“aX=|g"aX=|2"ax) for 56-, 140-, and 270-MeV incident
long summation over partial waves, which is avoided by in-energies, respectively.
troducing the pure-Coulom®b matrix In order to recall the remarkable success of the post-form
c c— kel C(+ DWBA at backward angles and below 56 MeV, a compari-
Tor=DoA“(xpa (N e 77 xG (), (A2) son of the data taken from RdB6] with the corresponding
calculations is shown in Fig. 14 without any normalization.
Our calculation reproduces the data better than the previ-
ously presented one in Ref37] for heavy targets, partly
g_)ecause we summed up the partial waves up to 50 while the

where y&*) denotes the Coulomb distorted wave. The
finite-range correction is reduced to a factbf(=1.025)
and there is no nonlocality effect in this ca38s; is readily
evaluated by using the analytical expression for the brem

strahlung matrix elemeri85]. The remaining part authors in Ref[37] limited I to be 20, which, as can be
. seen from Fig. 13, is not sufficiently large for some kine-
ToM =T, TES, (A3)  matical conditions.
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