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42Ca reaction at triton energies near 10 MeV per nucleon
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Two nucleon transfer reactions have been used to probe for correlations in nuclei but there have been doubts
about the assumptions made and hence about the success of the analyses. An experimental study of the
40Ca(t,p)42Ca reaction at incident triton energies of 10–15 MeV/nucleon was made to determine if the
one-step, two-nucleon transfer mechanism was dominant at these energies. Measurements were made with 28,
33, and 37.3 MeV incident energy and particular care was taken to measure absolute differential cross sections
for transitions to several residual states in42Ca. The analysis of all the data used the results of full finite-range
calculations and care was taken to calculate all the one-step and two-step reaction channels in a consistent
manner starting from a shell-model description of the relevant Ca isotopes with a single, large basis set of
single-particle wave functions. Although a complete prediction of the data was not achieved, it is concluded
that incident triton energies about 10 MeV/nucleon are still not enough for one-step, two-nucleon transfer to
dominate the (t,p) reaction mechanism. Even with a full analysis, it was not possible to reliably extract the
reaction amplitudes by fitting the data because of the effects of the discrete potential ambiguity when describ-
ing elastic scattering. Hence it is not possible to extract accurate data about two-nucleon correlations in nuclei
from (t,p) reactions at these energies. Additionally, some measurements on the8Ca(t,p)50Ca reaction with
37.3 MeV incident energy are presented. Using a similar analysis, calculations predicted the magnitude of the
differential cross-section data and the structure of the angular distributions. TheJp of the second excited state
of 49Ca was shown to be 7/22. @S0556-2813~97!05110-8#

PACS number~s!: 25.55.Hp, 24.10.Eq, 27.40.1z
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I. INTRODUCTION

In general terms, the study of reactions which transfer t
neutrons to or from a nucleus continues to be important fo
least two reasons. The first reason is that there are still
examples where a detailed, realistic, calculation of the re
tion rates is successful in describing an extensive set of
perimental data both in magnitude and in form. The lo
energy of the triton beams available so far meant that
simplest reaction to study,A(t,p)B, was likely to go via a
multistep reaction mechanism which was difficult to mod
For example, two forms of two-step mechanisms can be
portant. In one, the two neutrons are transferred sequent
to the target nucleus while in the other the two neutrons
transferred simultaneously to the target and the target is
elastically excited before the transfer or the residual nucl
is inelastically deexcited after the transfer. It is difficult
1960 © 1997 The American Physical Society
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56 1961THE 40Ca(t,p)42Ca REACTION AT TRITON . . .
get a realistic, consistent, shell-model description of
states involved and their coupling during the reaction. Al
until recently, the time required for the calculation of, a
the addition of, even the one- and the two-step reac
mechanisms using realistic wave functions was beyond
computing power available. Simplified calculations for (t,p)
reactions assuming the reaction was the direct transfer
pair of correlated~s-state! neutrons, underpredicted the o
served cross sections by a factor of 2 or 3. It was sugge
that the use of the full triton wave function in the calculati
@1#, or the inclusion of at least the two-step mechanisms@2#
would rectify the main failings in the reaction calculatio
The results of the most extensive investigation to date,
of the 208Pb(p,t)206Pb reaction using 22 MeV polarized pro
tons@3#, suggest that for accurate prediction of the data b
the above refinements should be included in the calcula
along with coupling to excited states in the intermedi
channel during the sequential transfer.~Reference@3# also
serves as a good introduction to the relevant publication!

Igarishi, Kubo, and Yagi@3# show predictions of the en
ergy dependence of the one-step and the two-step pa
cross sections for transitions to a natural parity state of P
seems curious that the ratio of one-step to two-step c
sections is predicted to show little change for incident pro
energies from 20 to 80 MeV. For higher incident energi
there is less time for more complicated reaction processe
occur and it was expected that the calculations could be s
pler but still realistic. However, the triton energies need
and the angular range that could be predicted remained t
investigated.

The second reason why the study of two-neutron tran
reactions is important is the older one, that it gives inform
tion about two-neutron correlations in the nucleus. It is n
clear that even when studying the relative values of the sp
troscopic factors for states in a single nucleus, the emp
cally determined values can be misleading if the vary
amounts of the multistep contributions are not correctly
moved during the analysis. As emphasized by Pinkston
Satchler@4#, the one-step and the two-step contributions
the cross section tend to be very similar in shape and he
are very difficult to separate without prior knowledge
many spectroscopic amplitudes. At the highest incident tri
energies used previously~20 MeV! it is plausible that the
ratio of two-step to one-step cross sections is 3 or 4 for
allowed transition. Because of the reduced interaction ti
it is expected that this ratio will fall if the triton energy i
increased and it may be that with 40 MeV tritons incident
one-step~or direct! mechanism will give the bulk of the
cross section over part of the angular distribution. If this
so, the extraction of reliable spectroscopic information fro
the data would be greatly simplified. Other more comp
mechanisms would be even less likely to contribute sign
cantly. Originally we believed that in the reaction chosen
study, 40Ca(t,p)42Ca, the low lying states of the Ca nucl
were well understood. That is, their wave functions could
calculated accurately with the shell model, a large basis
and tabulated interactions. This work would be a test of
calculation of reaction mechanisms. This idea was also b
to the work on the Ca isotopes reported by Bayman@5# and
by Feng and Valeries@6#, who calculated the expected cro
sections using a full finite-range formalism and the Tan
e
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Herndon form for the triton wave function.
On the following pages is the report of an experiment

find if the (t,p) reaction using the maximum beam ener
available at the Nuclear Structure Facility, Daresbury~40
MeV! is recognizably a more direct reaction than when us
lower energy triton beams. The variation of the cross s
tions with energy was measured and the data was analyze
find if the one- and two-step contributions varied with ener
as predicted. Transitions to excited states were measured
analyzed as well as elastic and inelastic scattering and
nucleon transfer reaction rates.

Because of the large positiveQ value for a (t,p) reaction,
transitions to the low-lying states of the residual nucle
could be cleanly separated from other processes. Most o
lower energy protons and deuterons came from tri
breakup after compound nucleus formation but the spe
were not studied carefully. Extra care was taken, however
ensure that accurate absolute cross sections were obtain
the shapes of the angular distributions were not expecte
have much dependence on any of the several underlying
action mechanisms.

To ensure that the reaction mechanism was corre
modeled, the relevant measured data had to be correctly
dicted starting from realistic wave functions for40Ca, 41Ca,
and 42Ca; and using self-consistent shell model calculatio
to predict the signs of the amplitudes added together in
final coherent sum. In theory, almost any reaction mec
nism could be calculated using theCRC code used in the
analysis. In practice, the calculations made in the anal
were CCBA calculations as this enabled the easy incorpo
tion of measured values in thelight ion convention used in
optical model analyses. In particular, the potentials deriv
by Englandet al. @7# in an extensive analysis of new trito
scattering data could be used immediately.

In some preliminary calculations, the one-step react
rates were calculated in the prior-post system with the (t,p)
overlap integral calculated using the full triton wave functi
from solving the Fadeev equations@8#. Although the results
from such a model~with direct transfer only!, were a reason-
able prediction of the ground-state angular distribution, a
thus supported the contention of Nagarajanet al. @9#, it was
clear that the neutron, sequential-transfer rates would b
least as large and, when added to the direct-transfer ra
moved these predictions away from the measured rates.
effect of including two-step processes via excited states
the target, the intermediate, or the residual nuclei was
known.

II. THE EXPERIMENT

The reaction rates for the formation of the ground and fi
four excited states of42Ca were measured for tritons incide
on 40Ca targets at energies of 28, 33, and 37.3 MeV. Giv
the high quality tritium beam accelerated by the Nucle
Structure Facility at Daresbury, the measurement and the
traction of the40Ca(t,p)42Ca and related cross sections w
straightforward and will not be described in detail here.
full description of the experiment has been given by Bec
@10#. Salient points in the experiment plan were that an
ergy resolution of better than 150 keV was required to se
rate the products of reactions to the different excited state



to

el
e
e
o
ct

ta
a

ca
le
th
b
th
te
th
ic
, t
os

nc
th
ed
ou
y
r-
r
a

lle
nc
te
cu
th
te
rg
rg

ur
r

c
ar
th

d
tio
th
e
T
ta
C
a
rg
os
r-
m

rg
a

be
up
he
as

ac-
ity
es
all

d to
the
s of
t of
rt of
with

m
rnal
he

t is
that
for

for

is
if

ly
en-
e

t
rre-

1962 56M. B. BECHA et al.
42Ca, that the cross sections are small, and that the pro
produced were relatively energetic~the Q value for the
ground-state reaction is111.3 MeV!.

The protons were detected in six, cooled Si detector t
scopes, each consisting of three detectors stacked clos
gether behind a 3 or a 4 mmdiameter circular aperture. Th
range of the protons of interest varied from 8 to 14 mm
silicon and the telescopes were either an 0.5 mm dete
followed by two 5 mm ones or two 5 mm detectors and a
mm one. Preliminary measurements showed that accep
resolution was obtained if detector signals were summed
ter digitization, and that the loss of counts because of s
tering out of the active detector regions was small. The e
tronics were also arranged to record simultaneously
(t,t8) and (t,d) reaction data either, at the lower energies,
using an analog particle identification system to sort
events online or, at the highest energy, by storing the de
tor signals from longer range particles and later using
energy loss recorded for each detector to identify the part
and hence sort the events. When they were determined
cross sections for triton elastic scattering agreed with th
given by Englandet al. @7#.

One unusual aspect was the need for very pure40Ca target
foils and the need to find the absolute areal density si
failure to do so was a likely source of systematic error in
cross sections. Also the foils became very fragile if oxidiz
The thickness of the self-supporting Ca foil used, ab
0.5 mg cm22, was too thick to prepare conveniently b
vacuum evaporation. The following method for rolling a ta
get foil was developed. Pure Ca metal was prepared by
ducing CaCO3 in vacuum on a tantalum strip heater. The C
metal was taken out of the vacuum into an enclosure fi
with a carefully dried atmosphere of pure argon gas. O
there, foils were rolled with the Ca between stainless s
strips. Finally, in the same enclosure, the Ca foils were
up and mounted on the target holders. These were
placed in a transfer vessel which was immediately evacua
Later the targets were transferred under vacuum to the ta
chamber. Even after transfer and several days in the ta
chamber, the foils remained clear and ductile and no feat
from the 16O(t,p)18O reaction, or from reactions with othe
Ca isotopes, were seen in the spectra.

To determine the areal density of the target, square pie
of the targets were cut out after the experiment and the
of the pieces carefully measured. The mass of Ca in
pieces was determined by a standard process base
atomic absorption spectroscopy. In this, a suitable solu
was made up containing the dissolved piece of foil and
change in the absorption of characteristic Ca lines was m
sured as the solution was added to an intervening flame.
apparatus was calibrated by comparisons with added s
dard solutions of similar concentration. Given the mass of
and the area of the piece, the areal density was calculated
used when finding the cross section assuming that the ta
thickness was very uniform. The errors quoted with the cr
sections (65%) are partly from the uncertainty in the dete
mination of the areal density but include a possible syste
atic error (64%) from target nonuniformity.

A sample spectrum of protons from the (t,p) reactions is
shown in Fig. 1. Protons from reactions with more ene
loss were cut off by the coincidence requirements for sign
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to be stored but the remainder of the spectrum is known to
dominated by the yields of protons from direct triton break
and proton emission after compound nucleus formation. T
width of the peaks in the proton spectra was not as narrow
expected after a preliminary calculation. Since the usual f
tors affecting the peak width were well known, and stabil
of the electronics was continually monitored by test puls
and found to be as expected, it was concluded that sm
differences in the paths of the detected particles had le
differences in the energy loss in the many dead layers of
stacked detectors. There was some overlap of the peak
interest, and during the data reduction a simultaneous fi
six Gaussian shaped peaks was made to the relevant pa
the spectrum. The area of the peaks was then calculated
the parameters from the fit.

The results for all the angular distributions extracted fro
the spectra are in a Birmingham Physics Department Inte
Report@11# but a large selection of them are plotted in t
figures in this paper~see also Ref.@10#!. The uncertainty in
the measured values is indicated in the figures when i
greater than the size of the symbols. Figure 2 shows
there is structure in the angular distributions, particularly
transitions to the ground state of42Ca, and that there is a
clear energy dependence of that structure, particularly
forward angles.

III. ANALYSIS AND DISCUSSION

As indicated in the introduction, it was not the aim of th
work to test new theory but rather to determine empirically
the time for reactions with 40 MeV tritons was sufficient
short that parts of the angular distribution arose almost
tirely from direct, two-nucleon transfer. Accordingly th

FIG. 1. A sample spectrum of the highest energy (.50 MeV)
protons from the40Ca(t,p)42Ca reaction with 37.3 MeV inciden
energy. The lines added indicate, from right to left, peaks co
sponding to transitions to the five lowest energy states in42Ca. That
is to the 01

1 ~ground!, 21
1 ~1.5246 MeV!, 02

1 ~1.8373 MeV!, 22
1

~2.4236 MeV!, and 41
1 ~2.7523 MeV! states of42Ca, respectively.
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56 1963THE 40Ca(t,p)42Ca REACTION AT TRITON . . .
theory~see, for example, Ref.@12#! is assumed and only th
choice of what to calculate and the parameters used are
ported. For reference, the low lying and most relevant sta
of 40Ca, 41Ca, and42Ca are shown in Fig. 3 and states whi
are coupled to each other in the one-wayDWBA calculations

FIG. 2. The measured energy dependence of the differe
cross section for the40Ca(t,p)42Ca reaction to the ground state an
first excited state of42Ca. Values of the differential cross section
28, 33, and 37.3 MeV incident energy are shown as dots, o
circles, and closed circles, respectively.
re-
s

are also indicated there. The energy scale included in
figure shows the relative energies of the excited states bu
figure is not drawn so that the correctQ values for the reac-
tions are also shown. Each calculation was repeated u
the three incident triton energies 28, 33, and 37.3 MeV
allow direct comparison of the results of calculation with t
measured data. A more detailed discussion can be foun
Ref. @10#.

A. Calculations

The main~standard! reaction calculations were made wit
the full finite-range codeFRESCO@13# and restricted to~one-
way coupling! distorted-wave Born approximation~DWBA!.
This allowed the use of unmodified optical model potenti
from the literature for the calculation of the distorted wave
Calculations of one-neutron transfer reaction rates used
post coordinate system so that the usual light-ion assump
that the remnant term is zero was likely to be true. This th
required the nonorthogonality correction term to be includ
in the calculation for sequential neutron transfers. The val
of the parameters of the optical-model potentials used
tabulated in Table I where for convenience, the values u
in various calculations have been listed together. For
42Ca1p channel, suitable scattering data had been meas
at the three energies of interest@14# and fitted potentials were
selected withJR5365 MeV fm3. For the 41Ca1d channel,
one potential set was calculated using the formula given
Daehnicket al. @15#, and the other two@16,17# were selected
with the assumption that the40Ca1d potentials are the bes
available at these energies. Finally for the40Ca1t channel,
the same potential, from a fit to 33 MeV scattering data@7#,
was used for all three incident triton energies but the o
used must be chosen from the three equivalent poten
reported. Results from the simple folding model suggest t

al

n

ft to right
ty
FIG. 3. The low-lying states of40Ca, 41Ca, and42Ca. The coupling of states in the ‘‘standard’’CCBA calculations is indicated by the
arrows. In the transfer calculations, all combinations of the states indicated by arrows were included, assuming transitions from le
in the figure. post~NO! indicates that these calculations were made using the post~reaction! coordinate system with the nonorthogonali
correction included.
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TABLE I. Values of the parameters in the optical model potentials for the three channels used in the calculation of the distorte
For all sets, potentials are in MeV, distances in fm, andr c51.3 fm. JR , the real volume integral/interacting pair is in MeV/fm3.

Potential System Energy VR r R aR WD WV r I aI VSO r SO aSO JR Ref.

T1 40Ca1t 33.0 152.33 0.980 0.870 16.15 1.341 0.786 3.165 0.786 0.150 332@7#

T2 40Ca1t 33.0 201.21 1.040 0.764 18.11 1.200 0.879 4.680 1.064 0.197 458@7#

T3 40Ca1t 33.0 276.71 1.020 0.726 20.75 1.106 0.924 5.567 1.113 0.166 583@7#

D1 40Ca1d 30.0 93.00 1.130 0.800 10.23 1.390 0.750 5.070 0.900 0.560 390@16#

D2 40Ca1d 34.4 95.44 1.075 0.804 11.81 1.340 0.764 6.310 1.075 0.804 365@17#

D3 41Ca1d 39.4 83.36 1.170 0.776 11.32 1.90 1.325 0.740 6.310 1.170 0.776 380@15#

P1 42Ca1p 40.0 42.98 1.152 0.758 0.435 5.08 1.511 0.460 6.120 0.914 0.759 372@14#

P2 42Ca1p 45.0 42.84 1.146 0.758 1.520 5.06 1.615 0.414 5.600 1.005 0.711 367@14#

P3 42Ca1p 48.4 40.34 1.168 0.722 1.297 5.75 1.496 0.586 5.610 0.980 0.790 362@14#

T4 48Ca1t 33.0 134.88 1.080 0.828 17.14 1.310 0.741 3.210 1.083 0.174 361@7#

D4 49Ca1d 34.4 95.59 1.087 0.800 11.89 1.280 0.771 7.37 1.287 0.700 386@17#

P4 50Ca1p 47.8 44.85 1.160 0.750 1.140 7.82 1.370 0.63 6.04 1.064 0.735 386@18#
ac
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the potential withJR5350 MeV fm3 would be the physically
real one. However, the results from calculations using e
of the three equivalent40Ca1t potentials were investigated

Two types of overlap integrals~or form factors! must be
evaluated. These terms are often called the target ove
integral; and the light-ion or potential overlap integral whi
contains an interaction potential in the post coordinate s
tem. In that case the potential is that between the final lig
ion and the transferred nucleon or nucleons. When the lig
ion or potential overlap integrals were calculated, the fi
requirement was the use of wave functions with the corr
asymptotic form. A simplified model was used for the trito
and for the deuteron with each represented by only one s
with no internal angular momentum. In the neutron sequ
tial transfer calculations a Hulthen form@19# was used for
the radial part of the deuteron and the triton wave functio
Following the work of Hering et al. @20# we used a
50.446 fm21, b51.36 fm21 in calculations of the (t,d) dif-
ferential cross sections anda50.231 fm21, b51.36 fm21 in
calculations of the (d,p) differential cross sections.

In principle, when evaluating the integrals in the tw
neutron direct transfer calculations the Tang-Herndon fo
was used for the radial part of the triton wave function.
numerical form of the overlap integral, calculated with t
above wave function including the hardcore correction, w
available from the codeFRUCK2 @21# but unfortunately the
tabulation is not compatible with the integration sequence
the codeFRESCO. Hence in practice two calculations of th
(t,p) reaction rate were performed initially and the resu
compared. One calculation used the codeFRUCK2 with the
light-ion overlap integral calculated assuming the Tan
Herndon form for the triton wave function. The other calc
lation used the codeFRESCOwith all parameters the same a
in the first calculation except that the triton wave function
the light-ion integral was calculated using the Woods-Sax
half-separation energy, potential prescription. It was fou
that the two calculated angular distributions had very sim
shapes but differed in magnitude and it was concluded
the results of a calculation using the codeFRESCOand Tang-
Herndon form for the triton wave function in the light io
integral would be very close to those calculated using
Woods-Saxon potential prescription, if the calculated (t,p)
h

ap

s-
t-
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ct

te
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s
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n,
d
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cross section results in the latter case were multiplied b
factor of 1.5. Thus in the calculations reported, the light-i
integral for direct, two-nucleon transfer was calculated us
the Woods-Saxon, half-separation energy prescription
resulting cross sections multiplied by 1.5 to give the resu
presented.

To evaluate the target overlap integrals, shell-model c
culations of the properties of the states indicated in Fig
were made first using the codeOXBASH5 @22#. Some calcu-
lations were made with the parameter values given by F
erman and Pittel@23# which assumes that only nucleons
the d3/2 and f 7/2 shells are active. From other experimen
@24# this seems unlikely, particularly for the excited states
42Ca. The results will not be reported except for the co
ment that the values of the total reaction rates calcula
were not very different from the ones reported below. Sh
model calculations using the same basis set and effec
interactions as Warburtonet al. @25# were made for all the
relevant Ca nuclei and the resulting overlap amplitudes
shown in Tables II and III. These were then used in the fi
calculations using the codeFRESCO. To ensure that the rela
tive phases of the amplitudes are significant, care was ta
to use the same basis and effective interactions for all ca
lations. Because of the limits to the computer available to
the number of particles allowed in the subshells used w
1d3/2 ~4 to 8!, 1f 7/2 ~0 to 4!, 2p3/2 ~0 to 2!. The particle could
be a proton or a neutron.

In the calculations usingFRESCO, the radial integrals in
the target overlap section were computed using appare
much simpler wave functions. For one-neutron transf
these were generated so as to bind the neutron with
known separation energy in a single particle orbital in
Woods-Saxon potential, thus ensuring the correct asympt
form. For the two-neutron transfer, the transferred neutr
were assumed to be in a relativel 50, s50 state and the hal
separation energy, well-depth procedure was used when
structing the radial wave functions. In this case, that me
that the wave function described two neutrons each of wh
was bound to a40Ca core in a state whose binding ener
was half the real two-neutron separation energy of suc
simple state in42Ca. The Woods-Saxons well was a re
central potential withR51.25A1/3 fm, a50.65 fm, plus a
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TABLE II. The spectroscopic amplitudes for the overlap integrals in one-nucleon transfer between the
light Ca isotopes calculated with the shell-model code as described in the text.

Initial state Final state Spectroscopic amplitude
Nucleus J,T Nucleus J,T 1d3/2 1 f 7/2 2p3/2

40Ca 01
1,0 41Ca 7

2 1
2 , 1

2 0.980
40Ca 01

1,0 41Ca 3
2 1

2 , 1
2 0.981

40Ca 21
1,0 41Ca 7

2 1
2 , 1

2
40Ca 21

1,0 41Ca 3
2 1

2 , 1
2 0.008 0.010

40Ca 31
2,0 41Ca 7

2 1
2 , 1

2 0.646
40Ca 31

2,0 41Ca 3
2 1

2 , 1
2 0.013

41Ca 7
2 1

2 , 1
2

42Ca 01
1,1 21.404

41Ca 7
2 1

2 , 1
2

42Ca 21
1,1 21.385 20.124

41Ca 7
2 1

2 , 1
2

42Ca 02
1,1 0.030

41Ca 7
2 1

2 , 1
2

42Ca 22
1,1 20.181 0.977

41Ca 7
2 1

2 , 1
2

42Ca 41
1,1 1.392 0.090

41Ca 3
2 1

2 , 1
2

42Ca 01
1,1 20.235

41Ca 3
2 1

2 , 1
2

42Ca 21
1,1 20.124 20.068

41Ca 3
2 1

2 , 1
2

42Ca 02
1,1 20.034

41Ca 3
2 1

2 , 1
2

42Ca 22
1,1 0.977 0.164

41Ca 3
2 1

2 , 1
2

42Ca 41
1,1 0.089

TABLE III. The spectroscopic amplitudes for the overlap integrals in two-nucleon transfer from40Ca calculated with the shell-mode
code as described in the text.

Init. 40Ca
J,T

Final 42Ca
J,T

Transf.
J

Spectroscopic amplitude

1d3/2
2 1 f 7/2

2 1 f 7/21d3/2 2p3/21d3/2 2p3/21 f 7/2 2p3/2
2

01
1,0 01

1,1 0 0.210 20.975 20.165
01

1,0 21
1,1 2 0.052 20.960 20.121 20.047

01
1,0 02

1,1 0 0.004 0.024 20.024
01

1,0 22
1,1 2 20.007 20.126 0.956 0.113

01
1,0 41

1,1 4 0.965 0.087
21

1,0 01
1,1 2 20.483 0.141 20.002 0.001

21
1,0 21

1,1 0 0.516 20.056 20.020
21

1,0 21
1,1 2 20.001 20.051 20.005 20.001

21
1,0 21

1,1 4 0.072 20.005
21

1,0 02
1,1 2 20.103 20.383 20.063 20.019

21
1,0 22

1,1 0 0.027 0.005 0.005
21

1,0 22
1,1 2 0.016 20.001 20.028 0.003

21
1,0 22

1,1 4 0.015 0.002
21

1,0 41
1,1 2 20.051 0.003 0.001

21
1,0 41

1,1 4 0.007 0.003
21

1,0 41
1,1 6 20.043

31
2,0 01

1,1 3 0.897 20.001
31

2,0 21
1,1 1 0.058

31
2,0 21

1,1 3 0.570 0.019
31

2,0 21
1,1 5 0.118

31
2,0 02

1,1 3 0.029 20.008
31

2,0 22
1,1 1 20.454

31
2,0 22

1,1 3 0.071 20.154
31

2,0 22
1,1 5 0.004

31
2,0 41

1,1 1 0.036
31

2,0 41
1,1 3 0.080 20.042

31
2,0 41

1,1 5 20.413
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Thomas form, spin-orbit potential with a depth of 4 Me
radius of 1.25 fm, and diffuseness of 0.6 fm. Again, the a
was to use wave functions with the correct asymptotic fo

Calculations were made using the Born approximat
and assuming that all the one-step transfers were from
ground state of40Ca and all the two-step transfers were v
the ground and first excited state of41Ca. No attempt was
made to adjust the overlap amplitudes predicted from sh
model wave functions so as to predict the observ
40Ca(t,d)41Ca reaction rates.

B. Comparison with data

An important feature of this experiment is the measu
ment of the reaction rates for almost all the open scatte
and reaction channels so that many features predicted
our model can be immediately verified. Although it is i
cluded to make another point, Fig. 11 shows an exampl
the agreement of the predictions and the data for single n
tron transfer. At each energy, the predictions from a sin
calculation were in similar agreement with the measureme
for all the scattering and one nucleon transfer channels
cluding the (t,3He), charge-exchange one.~More examples
can be found in Pinderet al. @26#!

Figure 4, which is constructed to allow easy comparis
with Fig. 2, shows the predictions for the40Ca(t,p)42Ca re-
action rates calculated using the codeFRESCOas outlined in
the previous section. Notice the rapid variation with ene
of the calculated ground state angular distribution near
Figure 5 shows a comparison of the predictions and the m
sured data for transitions to different final states in42Ca for
28 MeV incident triton energy. After the preliminary calcu
lations described above there are no adjustable paramete

FIG. 4. The predicted energy dependence of the differen
cross section for the40Ca(t,p)42Ca reaction to the ground state an
first excited state of42Ca. Values for the differential cross section
28, 33, and 37.3 MeV incident energy are shown by dot-dash
dashed, and solid lines, respectively.
.
n
he

ll-
d

-
g
ith

of
u-
e
ts
n-

n

y
°.
a-

to

fit the predictions to the data. Hence it is encouraging t
the calculated angular distributions have the right magnit
and slope in most cases, with oscillations about the tr
whose amplitude falls rapidly as the excitation of the fin
state increases. It is noted that a better prediction of the
gular distribution of transitions to the 22

1 state is made if in
the calculations, our 22

1 amplitudes are replaced by the 21
1

amplitudes. The success of the calculation in predicting
magnitude and overall shape of the data for many proce
means that some conclusions can be drawn from this s
but it cannot be said that the results of calculation predict
data with convincing detail.

The ratio of the one-step to the two-step cross sectio
the major components of the total cross section, was foun
be about unity and fell slowly with incident energy. Figure
shows the partial cross sections of the one- and the two-
neutron transfer reactions for transitions to the 41 state and
their predicted energy dependence. Consideration of the
sults in Appendix A of Ref.@3# suggests that the predicted
two-step transfer, cross section might be reduced by a fa
less than 2 if a more realistic triton wave function than t
Tang-Herndon one was used, but it remains clear that
two-step process must be calculated in detail before relia
spectroscopic factors can be extracted from data taken
similar incident energies. No region of the angular distrib
tions is dominated by direct transfers. This was predicted
occur at forward angles for transfers to the 22

1 state with 37.3
MeV incident energy. It is clear, however, that the reacti
rates to this state are not predicted with our Shell mo
overlaps and no conclusions can be drawn in this case.

l

d,

FIG. 5. A comparison of the measured differential cross secti
with the predictions made using the codeFRESCOas described in the
text ~continuous lines!, for transitions to states in42Ca and 28 MeV
incident triton energy. Also shown are the calculated one-step~dot-
dashed lines! and two-step~dashed lines! partial cross sections fo
transitions to several states.
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In the Introduction, it was noted that the results of pre
ous work on (t,p) reactions with 7 MeV/nucleon inciden
energy suggest that the ratio of two-step to one-step pa
cross sections is 3 or 4 for allowed transitions. From t
work we conclude that the ratio is.1 with 14 MeV/nucleon
incident energy. The interaction time falls with increasi
incident energy and with this the amount of more comp
cated reaction mechanisms should be suppressed more
the amount of direct two-nucleon transfer. It is conclud
that at least 30 MeV/nucleon incident energy is needed
fore it is reasonable to use a simple analysis to extract in
mation about two-nucleon correlations in nuclei from me
surements on (t,p) reactions.

IV. FURTHER ANALYSIS

The cross section predicted is relatively sensitive to
optical-model potential set chosen when calculating the
torted waves for the40Ca1t channel and this is a problem
when the magnitude of the cross sections is used to ex
properties of the nuclear states. An example of the effec
shown in Fig. 7. Because of the uncertaindynamicpotentials
that must be added to the calculated, double-folding po
tials for a realistic description, such estimates are not de
tive and there seems to us to be no good reason in this
for choosing either the potential set withJR5460 MeV fm3

or the set withJR5580 MeV fm3.
Some further calculations were made to see if fitting

elastic scattering data, or allowing further excitations of
intermediate nuclei, could lead to the selection of the t
potential. The problem was not resolved when coupling
inelastic states was explicitly included in theCCBA calcula-
tions as follows. Macroscopic models of the initial and fin
systems as deformed rotors were used to calculate the i

FIG. 6. The data and the energy dependence of the pred
cross sections for transitions to the 41

1 state. At each energy, th
one-step~direct! partial cross section is shown by the dot-dash
line, the two-step~sequential! contribution by the dashed line, an
the coherent sum of both contributions by the solid line.
-

ial
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nal couplings between states and the amplitudes for tra
tions between nuclei were taken from the Shell model cal
lations already reported. In discussing the macrosco
model, the notation detailed by Tamura@27# is used.

Relevant deformation parameters were determined by
ting the results of a full coupled-channels calculation to
data for 40Ca(t,t8)40Ca* scattering@11#. The lowest lying
32 state was modeled as a 1\v, octupole vibrational state
andb03 found to be 0.19 if the optical model radii detailed
Table I are used.~The deformation lengthbR is more reli-
ably determined.! The 21

1 state was modeled as a 2\v,
octupole vibrational state andb32 ~two step! found to be
0.134,b028 ~one step! to be 0.033. The 52 state was modeled
as a quadrupole-octupole vibrational state and theb35 ~two
step! and b05 ~one step! both found to be 0.087. Furthe
deformation parameters were determined from fitting the
sults reported by Maniet al. @28# for 42Ca(p,p8)42Ca* scat-
tering with Ep549.75 MeV. The optical model paramete
used to describe the elastic scattering are the set P3 in T
I and only the states of interest here are discussed. Th
states were modeled as quadrupole vibrational states with
21

1 state the 1\v type and the 02
1 , 22

1 , 41
1 states the 2\v

triplet. The deformation parameters determined and the
ues found wereb025b008

250.103, b009 50.02, b2050.053,
b029 50.04, andb049 50.079. To correct for the collective
couplings being treated explicitly in the coupled-chann
calculation, the depths of the imaginary optical potenti
were reduced so thatWV55.18 MeV andWD51.17 MeV.

As illustrated in Fig. 8, the extra calculation improves t
prediction of the (t,p) reaction rates a little but not by th

ed

d

FIG. 7. The variation of the predicted cross section of the1
1

state with optical-model set used in calculating the ingoing distor
waves. The data shown and the calculations are for 33 MeV i
dent triton energy.
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1968 56M. B. BECHA et al.
amount required to start selecting between the ambigu
optical potentials. On average, the same must be said a
the inclusion in the calculation of transfers via the first e
cited state of41Ca. This was expected to be a significa
intermediate state. A sample of the results of leaving
such transfers from the standard calculation is shown in
9. In particular, there is no change in the prediction of
structure in the angular distribution for transitions to t
ground state. Given the above results, it is not surprising
it was found that comparison of the predictions with the d
did not allow the sensible selection of one of the possi
40Ca1t optical potentials. It is disappointing that, in spite
predicting so much data, no way was found to remove s
sibly the ambiguity in selecting optical model potentials a
hence to determine spectroscopic amplitudes from such d

The predictions clearly do not show the structure seen
the angular distributions and this situation is like that fou
when predicting (t,a) angular distributions. The
40Ca(t,p)42Ca reaction has a particularly largeQ value and
it is likely that accurate wave functions in the importa
overlap region are not being determined by the fits to
elastic and inelastic scattering data. It should also be no
however, that most of the protons emitted are from trit
break up or after compound nucleus formation. Our opti
model for these processes is very simple and there is
comparison of the predictions with data.

V. CONCLUSIONS

A large and representative set of data has been assem
showing the results of measurements on most of the pos
channels in the40Ca1t system when incident triton energie
are from 9 to 13 MeV/nucleon.~Not all that data comes from

FIG. 8. A comparison of the measured cross sections to the
lowest energy states in42Ca with 37.3 MeV incident energy, with
predictions calculated with~solid lines!, or without ~dashed lines!,
inelastic couplings to excited states in the target and residual nu
us
ut

-
t
t

g.
e

at
a
e

n-

ta.
in

e
d,

n
l
o

led
le

the experiments reported above.! The use of solid-state de
tectors and fast electronic, particle identification seems
have assured that accurate cross sections were obtained
a large range of angles and residual excitation energies.

Careful, extensive, and quantitative calculations us
two-nucleon transfer reaction theory and shell-model wa
functions for the Ca isotopes were not successful in pred
ing the (t,p) reaction rates along with those in the oth
channels. This was particularly true for transitions to t
ground state of42Ca although the cross sections predict
were of the right order of magnitude. It is also apparent t
if fitting to data were to be used to extract spectrosco
amplitudes for the light Ca isotopes, the values extrac
would be dependent on the choice of one of the ambiguo
optical potential sets determined from the triton elastic sc
tering data.
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APPENDIX A: THE 48Ca„t,p…

50Ca REACTION

While great care was taken to ensure the accuracy
validity of the calculations reported in the main text, it is
interest to know if the prediction of other Ca(t,p) reaction
rates has similar failings.

A relatively small amount of data was taken for th

e

ei.

FIG. 9. A comparison of the measured cross sections to the
lowest energy states in42Ca with 33 MeV incident energy, with
predictions calculated with~solid lines!, or without ~dashed lines!
including transitions through the first3

2
2 state of the intermediate

nucleus41Ca.
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56 1969THE 40Ca(t,p)42Ca REACTION AT TRITON . . .
48Ca(t,p)50Ca reaction with 37.3 MeV incident triton energ
and the same experimental setup. In this case the accura
the cross sections was mainly limited by a possible syst
atic error of up to 15% in the estimate of the number
target nuclei. The measured cross sections are shown in
10 and 11. Also shown in the figures are the results of
same calculations as those described in the main repor
cept for the necessary changes to the constants and
changes to the parameter values described below. The va
of the potential parameters used in the distorted wave ca
lations were changed to the appropriate ones in Table I. N
calculations of shell-model amplitudes for use in the cal
lation of the overlap integrals were made for48Ca, 49Ca, and
50Ca using the basis set and residual interactions reporte
van Heeset al. @29#. The calculated values of the resultin
spectroscopic amplitudes are shown in Tables IV and
With these changes, our standard calculation summing
one step transfers from the ground state of48Ca and the
two-step transfers via the ground,1

2
2, and 5

2
2 states of49Ca

gives an acceptable prediction of all the measured c

FIG. 10. A comparison of the measured differential cross s
tions to the two lowest energy states in50Ca with the predictions
made using the codeFRESCOas described in Appendix A, and 37.
MeV incident triton energy, i..e, for transitions to the 01

1 ~ground!
and 21

1 ~1.03 MeV! states in50Ca.
of
-

f
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e
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the
es

u-
w
-
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ss

sections, again, without adjustments to fit the measu
48Ca(t,d)49Ca reaction rates.

APPENDIX B:
Jp OF THE SECOND EXCITED STATE OF 49Ca

TheJp of the second excited state of49Ca is predicted to
be 7

2
2 by the shell-model calculation. Such high spin sta

cannot be reached by direct one-nucleon transfers from
48Ca shell model state included in the calculation repor
above. The7

2
2 state could, however, be excited by inelas

excitation of the48Ca to its 21
1 state followed by a direct

neutron transfer. To include this channel, the rates for ine
tic excitation of 48Ca were calculated from a macroscop
model like that introduced in Sec. IV. In addition to th
potentials listed in Table I, this required the deformation p

-

FIG. 11. A comparison of the measured differential cro
sections with the predictions made using the codeFRESCOas de-
scribed in the text~continuous lines!, for transitions to the four
lowest energy states in49Ca and 37.3 MeV incident triton energy
i.e., for transitions to the32

2 ~ground!, 1
2

2 ~2.022 MeV!, 7
2

2 ~3.351
MeV!, and 5

2
2 ~3.586 MeV! states in49Ca. See Appendix B for the

meaning of the dashed and the dot-dashed lines.
l
TABLE IV. The spectroscopic amplitudes for the overlap integrals in two-nucleon transfer from48Ca calculated with the shell-mode
code.

Init. 48Ca
J,T

Final 50Ca
J,T

Transf.
J

Spectroscopic amplitude

2p3/2
2 1 f 5/22p3/2 1 f 5/2

2 2p1/22p3/2 2p1/21 f 5/2 2p1/2
2

01
1,4 01

1,5 0 20.965 20.164 20.173

01
1,4 21

1,5 2 20.949 0.054 20.044 0.152 20.068

01
1,4 22

1,5 2 20.152 20.085 0.056 20.948 0.124
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TABLE V. The spectroscopic amplitudes for the overlap integrals in one-nucleon transfer between the heavy Ca isotopes calcu
the shell-model code.

Initial state Final state Spectroscopic amplitude
Nucleus J,T Nucleus J,T 1 f 7/2 2p3/2 1 f 5/2 2p1/2

48Ca 01
1,4 49Ca 3

2 1
2 , 9

2 20.973
48Ca 01

1,4 49Ca 1
2 1

2 , 9
2 20.988

48Ca 01
1,4 49Ca 5

2 1
2 , 9

2 20.660
48Ca 21

1,4 49Ca 3
2 1

2 , 9
2 1.088 20.082 0.073 0.125

48Ca 21
1,4 49Ca 1

2 1
2 , 9

2 20.143
48Ca 21

1,4 49Ca 7
2 1

2 , 9
2 20.222 20.006

48Ca 21
1,4 49Ca 5

2 1
2 , 9

2 0.004 20.678 0.057 0.090
49Ca 3

2 1
2 , 9

2
50Ca 01

1,5 1.341
49Ca 1

2 1
2 , 9

2
50Ca 01

1,5 0.230
49Ca 7

2 1
2 , 9

2
50Ca 01

1,5 22.573
49Ca 5

2 1
2 , 9

2
50Ca 01

1,5 0.124
49Ca 3

2 1
2 , 9

2
50Ca 21

1,5 20.127 1.357 0.056 0.153
49Ca 1

2 1
2 , 9

2
50Ca 21

1,5 20.145 0.066
49Ca 7

2 1
2 , 9

2
50Ca 21

1,5 0.457 20.088 0.032
49Ca 5

2 1
2 , 9

2
50Ca 21

1,5 0.791 0.051 0.058 20.061
49Ca 3

2 1
2 , 9

2
50Ca 22

1,5 0.110 0.226 20.082 20.961
49Ca 1

2 1
2 , 9

2
50Ca 22

1,5 0.951 20.124
49Ca 7

2 1
2 , 9

2
50Ca 22

1,5 20.162 20.020 0.010
49Ca 5

2 1
2 , 9

2
50Ca 22

1,5 20.007 0.083 20.008 20.116
o
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rameterb02 and the value of 0.13 given by Ogilvieet al. @30#
was used. Combining these calculated amplitudes with th

for the 48Ca(21) to 49Ca(7
2

2) process~see Table V! in a full
CCBA calculation gives the rates shown by the dot-das
line in Fig. 11. Since there are possibly significant defects
the f –p shell model description or in the simple mixing o
results from collective and microscopic models, the lat
amplitude can reasonably be multiplied by 3. The results
full calculation using this value are shown by the dash
curve. There is believed to be 1f 7/2 hole admixtures in the
low lying states of48Ca @24# so a direct transfer with ampli
tude (AS) of A0.05 was included in the full calculation wit
the modified two-step amplitude and the results are shown
v

tt

.

se

d
n

r
a
d

y

the continuous line. The forward peaked distribution for t
direct 1f 7/2 transfer improves the agreement with the data

The data clearly does not possess a sufficiently rapid
with angle to be due to just a 1f 7/2, a 2p3/2, a 1f 5/2, or a
2p1/2 transfer. This can be seen by comparison of the ang
distribution with those for transitions to the32

2, 1
2

2, and 5
2

2

states. Neither the92
1 assignment for the second excited sta

reported by Abegget al. @31#, nor the 5
2

1 assignment re-
ported by Metzet al. @32#, lead to similar quality prediction
of the measurements. It is reassuring that the results of s
model calculations of low lying levels in49Ca reported by
Martinez-Pinedoet al. @33# also give a7

2
2 for the second

excited state.
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