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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)*Ca 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*#ta. 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 S aep)>°Ca 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 distributiond"Tdfethe second excited state
of 4°Ca was shown to be 772 [S0556-28187)05110-§

PACS numbdrs): 25.55.Hp, 24.10.Eq, 27.40z
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get a realistic, consistent, shell-model description of theHerndon form for the triton wave function.

states involved and their coupling during the reaction. Also, On the following pages is the report of an experiment to
until recently, the time required for the calculation of, andfind if the (t,p) reaction using the maximum beam energy
the addition of, even the one- and the two-step reactiovailable at the Nuclear Structure Facility, Daresb(49
mechanisms using realistic wave functions was beyond thMeV) is recognizably a more direct reaction than when using
Computing power available. S|mp||f|ed calculations fD’m IOWer energy triton beamS. The Val’iation Of the Cross sec-
reactions assuming the reaction was the direct transfer of #0ns with energy was measured and the data was analyzed to
pair of correlateds-staté neutrons, underpredicted the ob- find if the one- and two-step contributions varied with energy
served cross sections by a factor of 2 or 3. It was suggestetf predicted. Transitions to exmte@ states were measured and
that the use of the full triton wave function in the calculation @"@lyzed as well as elastic and inelastic scattering and one
[1], or the inclusion of at least the two-step mechaniggjs nucleon transfer reaction rates. _

would rectify the main failings in the reaction calculation. Because of the large positivg value for a (,p) reaction,

The results of the most extensive investigation to date, thaf@nsitions to the low-lying states of the residual nucleus
of the 2°%Ph(p,t)2°%Pb reaction using 22 MeV polarized pro- could be cleanly separated from other processes. Most of the

tons[3], suggest that for accurate prediction of the data bo’djho""er energy protons and deuterons came from ftriton
the above refinements should be included in the calculatioR"©2Kup after compound nucleus formation but the spectra

along with coupling to excited states in the intermediateVere not studied carefully. Extra care was taken, however, to

channel during the sequential transféReference[3] also ensure that accurate absolute cross sections were obtained as

serves as a good introduction to the relevant publications. the shapes of the angular distributions were not expeqted to
Igarishi, Kubo, and Yagj3] show predictions of the en- have much dependence on any of the several underlying re-

ergy dependence of the one-step and the two-step partidftion mechanisms. _ _

cross sections for transitions to a natural parity state of Pb. [t 10 €nsure that the reaction mechanism was correctly
seems curious that the ratio of one-step to two-step cro _odeled, the relevant m_egsured data h_a d to be cozrectly pre-
sections is predicted to show little change for incident proto |cte4d starting from realistic wave functions f6fCa, *'Ca,
energies from 20 to 80 MeV. For higher incident energiesand %Ca; and using self-consistent shell model calculations

there is less time for more complicated reaction processes 9 Predict the signs of the amplitudes added together in the
occur and it was expected that the calculations could be sinfin@! coherent sum. In theory, aimost any reaction mecha-
pler but still realistic. However, the triton energies needediSM could be calculated using trerc code used in the

and the angular range that could be predicted remained to 12lysis. In practice, the calculations made in the analysis
investigated. were CCBA calculations as this enabled the easy incorpora-

The second reason why the study of two-neutron transfefion of measured values in thight ion convention used in

reactions is important is the older one, that it gives informa-OPtical model analyses. In particular, the potentials derived

tion about two-neutron correlations in the nucleus. It is nowPY Englandet al. [7] in an extensive analysis of new triton
clear that even when studying the relative values of the spe@cattering data could be used immediately.

troscopic factors for states in a single nucleus, the empiri- N Some preliminary calculations, the one-step reaction
cally determined values can be misleading if the varying@€S were calculated in the prior-post system with thp)(

amounts of the multistep contributions are not correctly reoverlap in_tegral calculated using the full triton wave function
moved during the analysis. As emphasized by Pinkston anfiom solving the Fadeev equatiof@8]. Although the results
Satchler[4], the one-step and the two-step contributions to!TOM Such a modelwith direct transfer only were a reason-
the cross section tend to be very similar in shape and hen@Pl€ prediction of the ground-state angular distribution, and
are very difficult to separate without prior knowledge of thus supported the contention of Nagaragaral. [9], it was
many spectroscopic amplitudes. At the highest incident tritorslear that the neutron, sequentlal—transfer_ rates would be at
energies used previousli20 MeV) it is plausible that the least as large and_, \_Nhen added to the direct-transfer rates,
ratio of two-step to one-step cross sections is 3 or 4 for afnoved these predictions away from the measured rates. The
allowed transition. Because of the reduced interaction time€fféct of including two-step processes via excited states of
it is expected that this ratio will fall if the triton energy is (e target, the intermediate, or the residual nuclei was un-
increased and it may be that with 40 MeV tritons incident theknown.

one-step(or direch mechanism will give the bulk of the

cross section over part. of the angular difstrﬁbution. .If this is II. THE EXPERIMENT

so, the extraction of reliable spectroscopic information from

the data would be greatly simplified. Other more complex The reaction rates for the formation of the ground and first
mechanisms would be even less likely to contribute signifi-four excited states of?Ca were measured for tritons incident
cantly. Originally we believed that in the reaction chosen foron “°Ca targets at energies of 28, 33, and 37.3 MeV. Given
study, *°Ca(t,p)**Ca, the low lying states of the Ca nuclei the high quality tritium beam accelerated by the Nuclear
were well understood. That is, their wave functions could beStructure Facility at Daresbury, the measurement and the ex-
calculated accurately with the shell model, a large basis settaction of the*°Ca(t,p)**Ca and related cross sections was
and tabulated interactions. This work would be a test of thestraightforward and will not be described in detail here. A
calculation of reaction mechanisms. This idea was also basittill description of the experiment has been given by Becha
to the work on the Ca isotopes reported by Bayrf@nand  [10]. Salient points in the experiment plan were that an en-
by Feng and Valerieg5], who calculated the expected cross ergy resolution of better than 150 keV was required to sepa-
sections using a full finite-range formalism and the Tang-+ate the products of reactions to the different excited states of
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42Ca, that the cross sections are small, and that the protor 100
produced were relatively energetithe Q value for the E 45 0t Ot ot o*
. . 90 + 1 2 2 1 1

ground-state reaction i 11.3 MeV). Q
The protons were detected in six, cooled Si detector tele: 80
scopes, each consisting of three detectors stacked close t A
gether behid a 3 or a 4 mndiameter circular aperture. The 70 |
range of the protons of interest varied from 8 to 14 mm of :
silicon and the telescopes were either an 0.5 mm detecta 60 |
followed by two 5 mm ones or two 5 mm detectors and a 3 ;
mm one. Preliminary measurements showed that acceptab
resolution was obtained if detector signals were summed af
ter digitization, and that the loss of counts because of scat A
tering out of the active detector regions was small. The elec 30 F
tronics were also arranged to record simultaneously the r
(t,t") and ¢,d) reaction data either, at the lower energies, by 20 f
using an analog particle identification system to sort the '

Count

50 |

40 [

events online or, at the highest energy, by storing the detec L

tor signals from longer range particles and later using the I I . Y A oot L e,
energy loss recorded for each detector to identify the particle 1500 1520 1540 1560 1580 1600 1620 1640
and hence sort the events. When they were determined, tr Pulse Height
cross sections for triton elastic scattering agreed with those

given by Englancet al. [7]. FIG. 1. A sample spectrum of the highest energy50 MeV)

One unusual aspect was the need for very fi@a target protons from the*°Ca(t,p)**Ca reaction with 37.3 MeV incident
foils and the need to find the absolute areal density sincenergy. The lines added indicate, from right to left, peaks corre-
failure to do so was a likely source of systematic error in thesponding to transitions to the five lowest energy staté€@a. That
cross sections. Also the foils became very fragile if oxidized.is to the @ (ground, 27 (1.5246 MeVj, 0; (1.8373 MeV, 25
The thickness of the self-supporting Ca foil used, about2.4236 MeV, and 4 (2.7523 MeV states of*’Ca, respectively.
0.5mgcm?, was too thick to prepare conveniently by
vacuum evaporation. The following method for rolling a tar- to be stored but the remainder of the spectrum is known to be
get foil was developed. Pure Ca metal was prepared by redominated by the yields of protons from direct triton breakup
ducing CaCQin vacuum on a tantalum strip heater. The Caand proton emission after compound nucleus formation. The
metal was taken out of the vacuum into an enclosure filledvidth of the peaks in the proton spectra was not as narrow as
with a carefully dried atmosphere of pure argon gas. Oncexpected after a preliminary calculation. Since the usual fac-
there, foils were rolled with the Ca between stainless stedlors affecting the peak width were well known, and stability
strips. Finally, in the same enclosure, the Ca foils were cubf the electronics was continually monitored by test pulses
up and mounted on the target holders. These were theand found to be as expected, it was concluded that small
placed in a transfer vessel which was immediately evacuatedifferences in the paths of the detected particles had led to
Later the targets were transferred under vacuum to the targeifferences in the energy loss in the many dead layers of the
chamber. Even after transfer and several days in the targetacked detectors. There was some overlap of the peaks of
chamber, the foils remained clear and ductile and no featurdaterest, and during the data reduction a simultaneous fit of
from the 1%0(t, p)*80 reaction, or from reactions with other six Gaussian shaped peaks was made to the relevant part of
Ca isotopes, were seen in the spectra. the spectrum. The area of the peaks was then calculated with

To determine the areal density of the target, square piecahe parameters from the fit.
of the targets were cut out after the experiment and the area The results for all the angular distributions extracted from
of the pieces carefully measured. The mass of Ca in thénhe spectra are in a Birmingham Physics Department Internal
pieces was determined by a standard process based &eport[11] but a large selection of them are plotted in the
atomic absorption spectroscopy. In this, a suitable solutiofigures in this pape(see also Ref[10]). The uncertainty in
was made up containing the dissolved piece of foil and thehe measured values is indicated in the figures when it is
change in the absorption of characteristic Ca lines was meaeater than the size of the symbols. Figure 2 shows that
sured as the solution was added to an intervening flame. Théere is structure in the angular distributions, particularly for
apparatus was calibrated by comparisons with added statansitions to the ground state 6fCa, and that there is a
dard solutions of similar concentration. Given the mass of C&lear energy dependence of that structure, particularly for
and the area of the piece, the areal density was calculated afgrward angles.
used when finding the cross section assuming that the target
thickness was very uniform. The errors quoted with the cross
sections (-5%) are partly from the uncertainty in the deter-
mination of the areal density but include a possible system- As indicated in the introduction, it was not the aim of this
atic error (£4%) from target nonuniformity. work to test new theory but rather to determine empirically if

A sample spectrum of protons from thgff) reactions is the time for reactions with 40 MeV tritons was sufficiently
shown in Fig. 1. Protons from reactions with more energyshort that parts of the angular distribution arose almost en-
loss were cut off by the coincidence requirements for signalsirely from direct, two-nucleon transfer. Accordingly the

[ll. ANALYSIS AND DISCUSSION
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are also indicated there. The energy scale included in the
figure shows the relative energies of the excited states but the
figure is not drawn so that the corré@tvalues for the reac-
tions are also shown. Each calculation was repeated using
the three incident triton energies 28, 33, and 37.3 MeV to
allow direct comparison of the results of calculation with the
measured data. A more detailed discussion can be found in
Ref.[10].

A. Calculations

The main(standardireaction calculations were made with
the full finite-range code€resco[13] and restricted tgone-
way coupling distorted-wave Born approximatig®WBA).
This allowed the use of unmodified optical model potentials
from the literature for the calculation of the distorted waves.

| 'R Calculations of one-neutron transfer reaction rates used the
post coordinate system so that the usual light-ion assumption
that the remnant term is zero was likely to be true. This then
required the nonorthogonality correction term to be included
in the calculation for sequential neutron transfers. The values
of the parameters of the optical-model potentials used are
tabulated in Table | where for convenience, the values used
in various calculations have been listed together. For the
FIG. 2. The measured energy dependence of the differentiaf?Ca+ p channel, suitable scattering data had been measured
cross section for thé°Ca(t, p)**Ca reaction to the ground state and at the three energies of inter¢&#] and fitted potentials were
first excited state of?Ca. Values of the differential cross section at gglected withJg=365 MeV ff. For the *Ca+d channel,
28, 33, and 37.3 MeV incident energy are shown as dots, opeBne potential set was calculated using the formula given by
circles, and closed circles, respectively. Daehnicket al.[15], and the other twd16,17] were selected
with the assumption that th#Ca+ d potentials are the best
theory (see, for example, Ref12]) is assumed and only the available at these energies. Finally for tfi€a+t channel,
choice of what to calculate and the parameters used are rehe same potential, from a fit to 33 MeV scattering daih
ported. For reference, the low lying and most relevant statewas used for all three incident triton energies but the one
of “%Ca, *'Ca, and*’Ca are shown in Fig. 3 and states which used must be chosen from the three equivalent potentials
are coupled to each other in the one-wayBA calculations  reported. Results from the simple folding model suggest that
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FIG. 3. The low-lying states of°Ca, 4'Ca, and*’Ca. The coupling of states in the “standard&sa calculations is indicated by the
arrows. In the transfer calculations, all combinations of the states indicated by arrows were included, assuming transitions from left to right
in the figure. postNO) indicates that these calculations were made using the(pemttior) coordinate system with the nonorthogonality
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 distorted waves.
For all sets, potentials are in MeV, distances in fm, age 1.3 fm. Jg, the real volume integral/interacting pair is in MeVAm

Potential System  Energy Vg rs ar Wp Wy r a, Vso 'so aso Jr  Ref.
T1 “OCatt 33.0 152.33 0.980 0.870 16.15 1.341 0.786 3.165 0.786 0.150 337]
T2 “OCatt 33.0 201.21 1.040 0.764 18.11 1.200 0.879 4.680 1.064 0.197 44d]
T3 40Catt 33.0 276.71 1.020 0.726 20.75 1.106 0.924 5567 1113 0.166 543]
D1 4catd 30.0 93.00 1.130 0.800 10.23 1390 0.750 5.070 0.900 0.560 34®]
D2 4catd 34.4 95.44 1.075 0.804 1181 1340 0.764 6.310 1.075 0.804 36Y]
D3 “catd 394 83.36 1.170 0.776 11.32 190 1.325 0.740 6.310 1.170 0.776 3886]
P1 “Catp 40.0 4298 1.152 0.758 0.435 5.08 1511 0460 6.120 0.914 0.759 312]
P2 “Catp 45.0 42.84 1.146 0.758 1520 5.06 1.615 0414 5600 1.005 0.711 364
P3 “Catp 48.4 40.34 1.168 0.722 1297 575 1496 0586 5610 0.980 0.790 362
T4 “ECatt 33.0 134.88 1.080 0.828 17.14 1.310 0.741 3.210 1.083 0.174 347]
D4 “Catd 34.4 9559 1.087 0.800 11.89 1.280 0.771 7.37 1.287 0.700 3gF]
P4 S0catp 47.8 4485 1.160 0.750 1.140 7.82 1370 0.63 6.04 1.064 0.735 3a86]

the potential with)g=350 MeV fn? would be the physically Cross section results in the latter case were multiplied by a
real one. However, the results from calculations using eacfactor of 1.5. Thus in the calculations reported, the light-ion
of the three equivalent®Ca+t potentials were investigated. integral for direct, two-nucleon transfer was calculated using
Two types of overlap integralor form factors must be the Woods-Saxon, half-separation energy prescription and
evaluated. These terms are often called the target overlagsulting cross sections multiplied by 1.5 to give the results
integral; and the light-ion or potential overlap integral which presented.
contains an interaction potential in the post coordinate sys- To evaluate the target overlap integrals, shell-model cal-
tem. In that case the potential is that between the final lighteulations of the properties of the states indicated in Fig. 3
ion and the transferred nucleon or nucleons. When the lightwere made first using the codxBasHs [22]. Some calcu-
ion or potential overlap integrals were calculated, the firsfations were made with the parameter values given by Fed-
requirement was the use of wave functions with the correcerman and Pitte[23] which assumes that only nucleons in
asymptotic form. A simplified model was used for the triton the d3, and f, shells are active. From other experiments
and for the deuteron with each represented by only one staf@4] this seems unlikely, particularly for the excited states of
with no internal angular momentum. In the neutron sequen#?Ca. The results will not be reported except for the com-
tial transfer calculations a Hulthen forfi9] was used for ment that the values of the total reaction rates calculated
the radial part of the deuteron and the triton wave functionswere not very different from the ones reported below. Shell-
Following the work of Heringetal. [20] we used « model calculations using the same basis set and effective

=0.446 fm 1, B=1.36 fm ! in calculations of thet(d) dif- interactions as Warburtoet al. [25] were made for all the
ferential cross sections ang=0.231 fm %, 3=1.36 fm tin relevant Ca nuclei and the resulting overlap amplitudes are
calculations of thed,p) differential cross sections. shown in Tables Il and Ill. These were then used in the final

In principle, when evaluating the integrals in the two- calculations using the cod&EsSco To ensure that the rela-
neutron direct transfer calculations the Tang-Herndon forniive phases of the amplitudes are significant, care was taken
was used for the radial part of the triton wave function. Ato use the same basis and effective interactions for all calcu-
numerical form of the overlap integral, calculated with thelations. Because of the limits to the computer available to us,
above wave function including the hardcore correction, waghe number of particles allowed in the subshells used were
available from the coderuckz2 [21] but unfortunately the 1dz, (4 to 8), 14, (0to 4), 2p3, (0 to 2). The particle could
tabulation is not compatible with the integration sequence irbe a proton or a neutron.
the coderREScO Hence in practice two calculations of the  In the calculations usingrRescq the radial integrals in
(t,p) reaction rate were performed initially and the resultsthe target overlap section were computed using apparently
compared. One calculation used the cewg@ck2 with the  much simpler wave functions. For one-neutron transfers
light-ion overlap integral calculated assuming the Tangthese were generated so as to bind the neutron with the
Herndon form for the triton wave function. The other calcu-known separation energy in a single particle orbital in a
lation used the coderescowith all parameters the same as Woods-Saxon potential, thus ensuring the correct asymptotic
in the first calculation except that the triton wave function inform. For the two-neutron transfer, the transferred neutrons
the light-ion integral was calculated using the Woods-Saxonywere assumed to be in a relative 0, s=0 state and the half
half-separation energy, potential prescription. It was foundseparation energy, well-depth procedure was used when con-
that the two calculated angular distributions had very similaistructing the radial wave functions. In this case, that meant
shapes but differed in magnitude and it was concluded thahat the wave function described two neutrons each of which
the results of a calculation using the cadeescoand Tang-  was bound to &°Ca core in a state whose binding energy
Herndon form for the triton wave function in the light ion was half the real two-neutron separation energy of such a
integral would be very close to those calculated using theimple state in*’Ca. The Woods-Saxons well was a real
Woods-Saxon potential prescription, if the calculatég)  central potential withR=1.25A%3fm, a=0.65fm, 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 1dg, 1fp 2psp
“ca 07,0 “ICa 3 0.980
“ca 07,0 “ICa 3.3 0.981
“ca 27,0 “ICa 3
“ca 27,0 “ICa 3.3 0.008 0.010
“ca 3;.0 “Ca 3 0.646
“ca 3;.0 “ICa 373 0.013
4ca ir.3 4Ca 07,1 —1.404
“ca ir.3 42Ca 271 —-1.385 —-0.124
“Ca T3 “Ca 05,1 0.030
“Ca T3 4Ca 25,1 -0.181 0.977
“ICa T3 “Ca 471 1.392 0.090
“Ca 303 “Ca 05,1 -0.235
“ICa 3.3 “2Ca 251 -0.124 —0.068
“Ca 3.3 “2Ca 05,1 —0.034
“Ca 3.3 “2Ca 251 0.977 0.164
“ca 3.3 “2Ca 471 0.089

TABLE lll. The spectroscopic amplitudes for the overlap integrals in two-nucleon transfer f6m calculated with the shell-model

code as described in the text.

Spectroscopic amplitude

Init. “°Ca Final “’Ca Transf.

JT J.T J 1d3, 1%, 1f721d3p 2pgldsp 2p3Lfap 2p3,
07,0 07,1 0 0.210 —0.975 —0.165
07,0 21 2 0.052 —0.960 -0.121 —0.047
07,0 0,1 0 0.004 0.024 —-0.024
07,0 2,1 2 —0.007 —-0.126 0.956 0.113
07,0 47,1 4 0.965 0.087
27,0 0,1 2 —0.483 0.141 —0.002 0.001
27,0 271 0 0.516 —0.056 —-0.020
27,0 201 2 —0.001 —0.051 —0.005 —-0.001
27,0 271 4 0.072 —0.005

27,0 0,1 2 —0.103 —0.383 —0.063 —-0.019
27,0 251 0 0.027 0.005 0.005
27,0 25,1 2 0.016 —0.001 -0.028 0.003
27,0 2,1 4 0.015 0.002

27,0 47,1 2 —-0.051 0.003 0.001
27,0 47,1 4 0.007 0.003

27,0 471 6 —0.043

3;.0 07,1 3 0.897 —-0.001

37,0 271 1 0.058

3;.0 2,1 3 0.570 0.019

37,0 271 5 0.118

37,0 05,1 3 0.029 —0.008

37,0 2.1 1 —0.454

3;.0 25,1 3 0.071 -0.154

3;.0 2,1 5 0.004

37,0 47,1 1 0.036

37,0 471 3 0.080 —-0.042

37,0 471 5 —0.413
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FIG. 4. The predicted energy dependence of the differential FIG. 5. A comparison of the measured differential cross sections
cross section for thd%Cayt, p)**Ca reaction to the ground state and with the predictions made using the cageescoas described in the
first excited state of?Ca. Values for the differential cross section at text (continuous linek for transitions to states iffCa and 28 MeV
28, 33, and 37.3 MeV incident energy are shown by dot-dashedncident triton energy. Also shown are the calculated one-gtep
dashed, and solid lines, respectively. dashed lingsand two-stepdashed lingspartial cross sections for

transitions to several states.
Thomas form, spin-orbit potential with a depth of 4 MeV,
radius of 1.25 fm, and diffuseness of 0.6 fm. Again, the aim_ - i .
was to use wave functions with the correct asymptotic form/it the predictions to the_ da_\ta. _Hence It is enpouraglng_that

Calculations were made using the Born approximationthe calculat_ed angular d|str|bl_Jt|ons haV(_e the right magnitude
and assuming that all the one-step transfers were from th@nd slope in most cases, with oscillations about the trend
ground state of°Ca and all the two-step transfers were via Whose amplitude falls rapidly as the excitation of the final
the ground and first excited state iCa. No attempt was State increases. It is noted that a better prediction of the an-
made to adjust the overlap amplitudes predicted from shellgular distribution of transitions to the;25tate is made if in

model wave functions so as to predict the observedhe calculations, our 2 amplitudes are replaced by thg 2

40Ca(t,d)*'Ca reaction rates. amplitudes. The success of the calculation in predicting the
magnitude and overall shape of the data for many processes
B. Comparison with data means that some conclusions can be drawn from this study

An important feature of this experiment is the measurePUt it cannot be said that the results of calculation predict the

ment of the reaction rates for almost all the open scattering@t@ With convincing detail. _
and reaction channels so that many features predicted with 1he ratio of the one-step to the two-step cross sections,
our model can be immediately verified. Although it is in- the major components of the total cross section, was found to
cluded to make another point, Fig. 11 shows an example dpe about unity and fell slowly with incident energy. Figure 6
the agreement of the predictions and the data for single neghows the partial cross sections of the one- and the two-step
tron transfer. At each energy, the predictions from a singleneutron transfer reactions for transitions to the state and
calculation were in similar agreement with the measurementtheir predicted energy dependence. Consideration of the re-
for all the scattering and one nucleon transfer channels insults in Appendix A of Ref[3] suggests that the predicted,
cluding the ¢,%He), charge-exchange on@lore examples two-step transfer, cross section might be reduced by a factor
can be found in Pindegt al. [26]) less than 2 if a more realistic triton wave function than the
Figure 4, which is constructed to allow easy comparisonTang-Herndon one was used, but it remains clear that the
with Fig. 2, shows the predictions for tf€Ca(t,p)**Ca re- two-step process must be calculated in detail before reliable
action rates calculated using the cadescoas outlined in ~ spectroscopic factors can be extracted from data taken with
the previous section. Notice the rapid variation with energysimilar incident energies. No region of the angular distribu-
of the calculated ground state angular distribution near 0°tions is dominated by direct transfers. This was predicted to
Figure 5 shows a comparison of the predictions and the meaccur at forward angles for transfers to the &ate with 37.3
sured data for transitions to different final states*#a for ~ MeV incident energy. It is clear, however, that the reaction
28 MeV incident triton energy. After the preliminary calcu- rates to this state are not predicted with our Shell model
lations described above there are no adjustable parametersdwgerlaps and no conclusions can be drawn in this case.
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cross sections for transitions to thg 4tate. At each energy, the 0 20 40 60 80 100
one-step(direc) partial cross section is shown by the dot-dashed 6...(deg)
line, the two-stefsequentigl contribution by the dashed line, and
the coherent sum of both contributions by the solid line. FIG. 7. The variation of the predicted cross section of tie 2

state with optical-model set used in calculating the ingoing distorted

In the Introduction, it was noted that the results of previ-WaveS-_ The data shown and the calculations are for 33 MeV inci-
ous work on {,p) reactions with 7 MeV/nucleon incident dent triton energy.
energy suggest that the ratio of two-step to one-step partial
cross sections is 3 or 4 for allowed transitions. From thisnal couplings between states and the amplitudes for transi-
work we conclude that the ratio 81 with 14 MeV/nucleon  tions between nuclei were taken from the Shell model calcu-
incident energy. The interaction time falls with ianeaSing|ationS a|ready reported_ In discussing the macroscopic
incident energy and with this the amount of more compli-model, the notation detailed by Tamu7] is used.
cated reaction mechanisms should be suppressed more thanrelevant deformation parameters were determined by fit-
the amount of direct two-nucleon transfer. It is concludedting the results of a full coupled-channels calculation to the
that at least 30 MeV/nucleon incident energy is needed begata for “°Caft,t’)*°Ca* scattering[11]. The lowest lying
fore it is reasonable to use a Simple analySiS to extract inf0r37 state was mode'ed as aﬁb, Octup0|e Vibrationa| state
mation about two-nucleon correlations in nuclei from mea-3nd g, found to be 0.19 if the optical model radii detailed in

surements ont(p) reactions. Table | are used(The deformation lengtiBR is more reli-
ably determined. The 2] state was modeled as afio,
IV. FURTHER ANALYSIS octupole vibrational state anf;, (two step found to be

The cross section predicted is relatively sensitive to thd-134, B, (one stepto be 0.933. The 5 state was modeled
optical-model potential set chosen when calculating the dis2S @ guadrupole-octupole vibrational state and/bg (two
torted waves for thé°Ca+t channel and this is a problem Stép and Bos (one step both found to be 0.087. Further
when the magnitude of the cross sections is used to extragformation parameters were determined from fitting the re-

: .sults reported by Margt al.[28] for *’Ca(p,p’)*?Ca" scat-
properties of the nuclear states. An example of the effect iSU'lS rep y (28] Ca(p,p’) sca
shown in Fig. 7. Because of the uncertdynamicpotentials ~ t€ring with E,=49.75 MeV. The optical model parameters
that must be added to the calculated, double-folding potenused to describe the elastllc scattering are thg set P3 in Table
tials for a realistic description, such estimates are not definil @hd only the states of interest here are discussed. These
tive and there seems to us to be no good reason in this ca§Ef‘teS were modeled as quadrupole vibrational states with the
for choosing either the potential set witlh=460 MeV fn? 21 State the %o type and the , 2, , 4, states the Zw
or the set withJz=580 MeV fnr. triplet. The deformation parameters determined and the val-

Some further calculations were made to see if fitting in-ues found wereBo,= B3 =0.103, Bg,=0.02, Bo=0.053,
elastic scattering data, or allowing further excitations of theBy,=0.04, andBy,=0.079. To correct for the collective
intermediate nuclei, could lead to the selection of the truecouplings being treated explicitly in the coupled-channels
potential. The problem was not resolved when coupling tocalculation, the depths of the imaginary optical potentials
inelastic states was explicitly included in theBA calcula-  were reduced so th&¥\,=5.18 MeV andWp=1.17 MeV.
tions as follows. Macroscopic models of the initial and final ~ As illustrated in Fig. 8, the extra calculation improves the
systems as deformed rotors were used to calculate the intgprediction of the {,p) reaction rates a little but not by the
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FIG. 9. A comparison of the measured cross sections to the five

FIG. 8. A comparison of the measured cross sections to the fivg,,est energy states if’Ca with 33 MeV incident energy, with
lowest energy states iffCa with 37.3 MeV incident energy, with predictions calculated witksolid lines, or without (dashed lines

_predlct_lons Cal_culated W'Ftsc’“d Ilnes_), or without <da5he0_' lines including transitions through the fir§t’ state of the intermediate
inelastic couplings to excited states in the target and residual nUdehucleus“Ca

amount required to start selecting between the ambiguouge experiments reported abov@he use of solid-state de-
optical potentials. On average, the same must be said abodctors and fast electronic, particle identification seems to
the inclusion in the calculation of transfers via the first ex-nave assured that accurate cross sections were obtained over
. 4 . . g . . . .
cited state of**Ca. This was expected to be a significant 3 |arge range of angles and residual excitation energies.
intermediate state. A sample of the results of leaving out careful, extensive, and quantitative calculations using
such transfers from the standard calculation is shown in Figayo-nucleon transfer reaction theory and shell-model wave
9. In particular, there is no change in the prediction of thefnctions for the Ca isotopes were not successful in predict-
structure in the angular distribution for transitions to theing the (,p) reaction rates along with those in the other
ground state. Given the above results, it is not surprising thathannels. This was particularly true for transitions to the
it was found that comparison of the predictions with the d_ataground state of*?Ca although the cross sections predicted
did not allow the sensible selection of one of the possiblgyere of the right order of magnitude. It is also apparent that
Catt optical potentials. Itis disappointing that, in spite of if fitting to data were to be used to extract spectroscopic
predicting so much data, no way was found to remove senamplitudes for the light Ca isotopes, the values extracted
sibly the ambiguity in selecting optical model potentials andyyould be dependent on the choice of one of the ambiguous,

hence to determine spectroscopic amplitudes from such datgptical potential sets determined from the triton elastic scat-
The predictions clearly do not show the structure seen iRgring data.

the angular distributions and this situation is like that found
when predicting {,a) angular distributions. The
40Ca(t, p)*Ca reaction has a particularly large value and

it is likely that accurate wave functions in the important \We are grateful for the facilities and help made available
overlap region are not being determined by the fits to theat the N.S.F. Daresbury Lab.; particularly to R. Darlington
elastic and inelastic scattering data. It should also be noteéhind D. Eastman for the preparation of the Ca targets, and to
however, that most of the protons emitted are from tritonw. Newton for the accurate determination of their Ca con-
break up or after compound nucleus formation. Our opticatent. This work was supported in part by the Science and

model for these processes is very simple and there is npngineering Research Council of the United Kingdom.
comparison of the predictions with data.
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APPENDIX A: THE “8Ca(t,p)’Ca REACTION

V. CONCLUSIONS .
While great care was taken to ensure the accuracy and

A large and representative set of data has been assembledlidity of the calculations reported in the main text, it is of
showing the results of measurements on most of the possiblaterest to know if the prediction of other Qag) reaction
channels in thé°Catt system when incident triton energies rates has similar failings.
are from 9 to 13 MeV/nucleor{Not all that data comes from A relatively small amount of data was taken for the
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sections, again, without adjustments to fit the measured

Total 4 49 .
T Two-Step 8Ca(t,d)*°Ca reaction rates.

_______ One—Step

APPENDIX B:
J™ OF THE SECOND EXCITED STATE OF “Ca

TheJ™ of the second excited state $iCa is predicted to
be Z~ by the shell-model calculation. Such high spin states
cannot be reached by direct one-nucleon transfers from the
48Ca shell model state included in the calculation reported
above. The} ~ state could, however, be excited by inelastic
excitation of the“®Ca to its 2 state followed by a direct
neutron transfer. To include this channel, the rates for inelas-
tic excitation of “%Ca were calculated from a macroscopic
model like that introduced in Sec. IV. In addition to the
potentials listed in Table I, this required the deformation pa-

(do /d.,. (mb/sr)

10 ? =
10 '

T T 1

] 30 60
f.n(deq)

FIG. 10. A comparison of the measured differential cross sec-
tions to the two lowest energy states iPCa with the predictions
made using the coderescoas described in Appendix A, and 37.3
MeV incident triton energy, i..e, for transitions to thg¢ @ground
and 2 (1.03 Me) states in®°Ca.

48Cal(t,p)°°Ca reaction with 37.3 MeV incident triton energy
and the same experimental setup. In this case the accuracy of
the cross sections was mainly limited by a possible system-
atic error of up to 15% in the estimate of the number of
target nuclei. The measured cross sections are shown in Figs.
10 and 11. Also shown in the figures are the results of the
same calculations as those described in the main report ex-
cept for the necessary changes to the constants and the
changes to the parameter values described below. The values 0 60 120 180

of the potential parameters used in the distorted wave calcu- 8...(deq)

lations were changed to the appropriate ones in Table I. New

calculations of shell-model amplitudes for use in the calcu-

lation of the overlap integrals were made f8€a, “°Ca, and

*Ca using the basis set and residual interactions reported by FiG. 11. A comparison of the measured differential cross-
van Heeset al. [29]. The calculated values of the resulting sections with the predictions made using the cedescoas de-
spectroscopic amplitudes are shown in Tables IV and Vgcribed in the textcontinuous lines for transitions to the four
With these changes, our standard calculation summing thewest energy states iffCa and 37.3 MeV incident triton energy,
one step transfers from the ground state“8€a and the .., for transitions to thd ~ (ground, 3~ (2.022 MeV}, 3~ (3.351
two-step transfers via the groungl;, and$ ~ states of®*Ca  MeV), and$~ (3.586 Me\j states in“Ca. See Appendix B for the
gives an acceptable prediction of all the measured crossieaning of the dashed and the dot-dashed lines.

TABLE IV. The spectroscopic amplitudes for the overlap integrals in two-nucleon transfer fi@mcalculated with the shell-model
code.

Spectroscopic amplitude

Init. “8Ca Final 5°Ca Transf.

J,T J,T J 2p3e 1f52p3p 13, 2p122P3p 2py1fsp, 2pi,
07 4 07,5 0 —-0.965 —0.164 -0.173
OI,4 21+,5 2 —0.949 0.054 —0.044 0.152 —0.068

07 4 2.5 2 —-0.152 —0.085 0.056 —0.948 0.124
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TABLE V. The spectroscopic amplitudes for the overlap integrals in one-nucleon transfer between the heavy Ca isotopes calculated with
the shell-model code.

Initial state Final state Spectroscopic amplitude
Nucleus J,T Nucleus J,T 1f4p 2ps3p 1fgp 2pys
“8Ca 07 .4 “Ca 3.3 -0.973
“Ca 07,4 “ca 31,3 —0.988
“ca 07,4 “Ca 37,3 —0.660
“ca 27,4 4Ca 3.3 1.088 -0.082 0.073 0.125
“ca 27,4 4Ca 3.3 -0.143
“ca 27,4 “Ca 7.2 -0.222 —0.006
“ca 27,4 “Ca 37,3 0.004 -0.678 0.057 0.090
“ca 3.2 ca 07,5 1.341
“Ca 31.3 *ca 07,5 0.230
“Ca 7.3 *ca 07,5 —-2573
“Ca 37.3 *ca 0;.,5 0.124
“ca 3.3 ca 27,5 -0.127 1.357 0.056 0.153
“Ca 31.3 Sca 27,5 —0.145 0.066
“9Ca .3 Sca 27,5 0.457 —0.088 0.032
“Cca 57.3 ca 2/,5 0.791 0.051 0.058 -0.061
“ca 3.3 ca 25,5 0.110 0.226 —0.082 -0.961
“Ca 3.3 Sca 25,5 0.951 -0.124
“Ca .3 SCa 25,5 -0.162 -0.020 0.010
“Ca 57,3 %ca 25,5 —0.007 0.083 —0.008 -0.116

rameterB,, and the value of 0.13 given by Ogilvés al.[30] the continuous line. The forward peaked distribution for the
was used. Combining these calculated amplitudes with thos@irect 1fz, transfer improves the agreement with the data.
for the 6Ca(2") to *°Ca(l ") processsee Table Vin a full The data clearly does not possess a sufficiently rapid fall

ceBa calculation gives the rates shown by the dot-dashed!Ith @ngle to be due fo just afi,, a 2pg;, a 1fg, Or @

line in Fig. 11. Since there are possibly significant defects i Puz transfer. This can be seen by comparison of the angular
the f—p shell model description or in the simple mixing of distribution with those for transitions to the’, 3, and3
results from collective and microscopic models, the latterStates. Neither thé" assignment for the second excited state
amplitude can reasonably be multiplied by 3. The results of 4eported by Abegget al. [31], nor the 3* assignment re-

full calculation using this value are shown by the dashedorted by Metzet al.[32], lead to similar quality prediction
curve. There is believed to bef4, hole admixtures in the of the measurements. It is reassuring that the results of shell-
low lying states of*8Ca[24] so a direct transfer with ampli- model calculations of low lying levels if®Ca reported by
tude (S) of 0.05 was included in the full calculation with Martinez-Pinedoet al. [33] also give a;~ for the second

the modified two-step amplitude and the results are shown bgxcited state.
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