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Abstract: Lc-v-lyir.g levels in " Ca have been studied via the reaction 
t :Ca " :C.""C"Cc at a bear, energy of 10S MeV. Recoiling "Ca 

nuclei were detected in coincidence vith " 0 ejectiles. largely 

reir.cvinE "he substantial background froir. target contaminants chat 

was encountered in previous work. The lowest "C& level 

identified is 1.01*0.11 M<--'.' less bound than the ground state, 

accccrdir.g to a recent measurement of the ground state mass usir.j 

the "' Z&," C ." C "Ca reaction. Considerations of zhe difficulty 

ir. identifying the ground state peal: suggest that published 

values of the r.sss excess should be viewed vith caution, and tha: 

a definitive rr.ass measurement is still required in order tc 

resolve questions on the structure of the neutron-rich calciur 

isotopes. 

A total of six energy laveIs in " Ca have been identified 

and their mass excesses measured Only t»o of these levels r.&-:~ 

been observed previously, via the ''*C."C> reaction. Striking 

differences in selectivity between the ( i 50."0i and i, •'C . " - ' 

transfer reactions are discussed. 

:."VCLEAR REACTIONS ";Ca<'1£C'."0; . E-lCSMeV, ?-l4c. Measured 

c . E ': 0 .-.E' " Ca, '• . :'Ca deduced ground-state mass excess, levels. 

E.-.riched target. 
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1. Introduction 

The mass and nuclear structure of s lCa have been the subject of 

several investigations in recent years 1* 5). All of the mass measurements 

have involved three-neutron transfer reactions on **Ca targets. In the most 

complete of the transfer studies, the identification of the ground state 

peak was only tentative3) and there remains no unambiguous determination of 

the mass and level scheme of s lCa. 

The properties of light neutron-rich nuclei are of interest in testing 

the validity of nuclear models when extrapolated away from the valley of 

stability. For example, they can give information on the evolution of 

nuclear shapes7'8 and can provide important tests of the interactions 

employed in shell model calculations. The neutron-rich nucleus S 2Ca has 

been predicted to be doubly magic according to a self-consistent energy 

density calculation3). Some support for this comes from shell model 

calculations performed for 5 2Ca in a restricted basis, excluding proton 

excitations, which predict a relatively high energy for the J*^* first 

excited state (Ex-2.28 MeV) 1 0). Recently, more realistic shell model 

calculations have been performed and these predict the excitation energy of 

the 2* state to be -1.3 MeV 3), which is too low to be consistent with a 

doubly magic nature. Experimentally10), a 2.563 MeV 7-ray observed 

following 5 2K(^") s 2Ca decay has been in_erpreted as arising from the 2+-g.s. 

transition in Ca, which favours the first two predictions. The apparent 

failure of the expanded shell model calculations, which correctly predict 

the excitation energy of the first excited state in the adjacent even mass 

isotope 9 0Ca to within 0.15 MeV, is surprising and would imply3) a dramatic 

change in the nature of the calcium nuclei around mass 51 or 52. In order 

to pursue this question, the low-lying levels of 5 1Ca and : 2Ca must be 

measured in more detail. 
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The nuclei 5 i 5 2 C a have been observed as daughters following the P-

decay of potassium isotopes produced in the fragmentation of uranium by high 

energy protons 4"* 1 0" 1 1), but only for 5 2Ca has a mass measurement been 

forthcoming 1 0). However, the information obtained from these studies on 

low-lying excited states in 5 1Ca is scanty because the /3-decay of ! :K 

proceeds mainly through neutron-emit ting states in 5 l C a ! ) , and only two 7-

ray 1 ines are observed (viz. 3.462 MeV and 3.530 HeV) that could be due to 

transitions in 5 1Ca. The energies of the emitted neutrons have been 

measured6) but the excitation energies of the parent states in 3 1Ca cannot 

be deduced without knowing the mass excess of the ground state. States in 
5 1 Ca are also populated by ^-delayed neutrons emitted following the decay of 
5 2K, but these neutrons appear to lead only to the M C a ground state 1 0). 

Owing to the paucity of information from 0-decay studies, multi-nucleon 

transfer reactions present an attractive alternative method for studying 
5 1 Ca. and in particular for measuring the mass and the energies of the low-

lying levels. 

The three previous studies of 5 lCa via nucleon transfer reactions all 

involved three-neutron transfer on ~96% enriched **Ca targets. The first 

and second of these experiments employed the (1*C,11C) and ( 1 80, 1 !0) 

reactions respectively 1 , z ) , but made no attempt to determine the background 

due to the few percent of *°Ca in the *sCa-enriched targets. This omission 

was rectified in th? most recent study 3 ) , which also employed the i 1 4C, uC) 

reaction. It was found, rather surprisingly, that most of the U C events 

observed in the region expected for the 5 1Ca ground state originated from 

the *°Ca in the target, which made the positive identification of the s lCa 

ground state difficult. A similar conclusion was reached on the basis of 

earlier work at this laboratory using the * 8Ca( l 80, 1 50) s lCa reaction 1 2). 

Hence, as discussed in ref. 3, the previous measurements l' 2) were almost 
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certainly affected adversly by the Ca background and the conclusions dra-.-.r. 

from chose measurements should be treated with caution. 

In order to improve the measurement, it was necessary either to 

produce a target containing much less 4 0Ca, or to employ a technique to 

discriminate between reactions taking place on the 4 0Ca and the 4 8Ca in the 

target. Since the isotopic enrichment of the targets could not bo improved 

significantly using any material that was commercially available, it was 

decided to pursue the latter course. 

2. Experimental details 

2.1 PRINCIPLE 

In principle, it is possible to distinguish between an (180.150) 

reaction on a *8Ce nucleus and one on a 4 0Ca nucleus using the fact that, 

for a given 1 50 energy, the recoiling nuclei have different energies and 

velocities in each case. In practice, this simple notion is complicated by 

two factors: 

(i) Recoiling °Ca nuclei from the *°Ca(180,lsO)*3Ca reaction carry about 

12.5 MeV in excitation when the 1 50 energy equals that from the 

* 8Ca( 1 80, 1 50) J XCa reaction. Both the neutron decay 

(Q - -7.93 MeV) and o-decay (Q - -7.59 MeV) channels are open at 

this excitation energy and Coulomb effects will cause neutron emission 

to dominate. The detected nuclei are therefore mainly 4 2Ca which have 

a spread in recoil energies introduced by the particle emission, 

(ii) Differences in the energy lost by the low energy recoils in the target 

introduces an additional spread in energy. 

The net result of these two factors is that s lCa recoils cannot be 

distinguished from * z* 3Ca recoils simply by recording their energies. 

Their velocities mu£t also be determined by a tirae-of-flight measurement, 

and the combination of energy and time-of-flight used to identify uniquely 
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"Ca production. 

2 . 2 BEAM AND DETECTOR;, 

A beam of 108 MeV l 8 0 7 * ions was obtained from the Canberra 14UD 

Pelletron accelerator and used to bombard targets of calcium metal 

evaporated on to carbon backings. The beam was focussed to a 1.5 x 1.5 mm 

spot at the target. The intensi y was typically 250 nA as monitored by a 

Faraday cup mounted 160 mm behind the target. Data acquisition lasted for 

eight days. 

The experimental arrangement is shown schematically in fig. 1. 

Outgoing 1 S0 nuclei were observed at a mean reaction angle of 14* using an 

Enge split pole magnetic spectometer 1 3 ) . The entrance aperture of the 

spectrometer spanned 4.5* in the reaction plane and subtended a solid angle 

of 3.4 msr. The choice of reaction angle was dictated by the requirement 

that the recoiling 5 xCa nuclei have kinetic energies greater than 2.5 MeV 

for the whole range of ejectile angles accepted. Preliminary measurements 

showed that the detection efficiency for recoils fell off rapidly as their 

energy at the point of production fell below this value, although an 

acceptable energy signal was still obtained. The fall in efficiency was 

consistenc with multiple scattering during the passage of the recoils out o 

the target. 

The focal plane of the spectrometer was instrumented with a hybrid 

gas-filled detector u ) that measured the focal plane position and angle of 

incidence for each particle as well as providing energy loss and total 

energy signals. A 14 cm long parallel plate avalanche detector 1 S) was 

mounted in front of the hybrid detector to provide a fast timing signal. 

The counting rate in the focal plane detectors was typically 300 s"1 A 

"pile-up" signal was derived from the avalanche counter if more than one 
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pulse occurred within the resolving time of the hybrid counter (taken to be 

16 M S ) . 

Recoiling nuclei were observed using a 110 m silicon surface barrier 

detector mounted 150 mm from the target at a mean angle of -48.3* to the 

beam direction. The detector was mounted on a rotating arm and was 

collimated by a circular aperture which subtended 11.4* at the target (Aft -

31.4 msr). According to the kinematics, the required acceptance for a 
si * 

specified excitation energy in Ca was 5.5" (horizontal) x 7.6 (vertical), 

and for the whole range of excitation energies from -1 to 4 MeV was 10.0* x 

7.6 . However, the slow recoiling nuclei were expected to undergo 

significant multiple scattering during their passage out of the target (as 

confirmed during the preliminary investigations), and the larger acceptance 

was therefore advantageous. Even so, a substantial loss of efficiency was 

observed. A pair of Co-Sm permanent magnets in front of the detector 

protected it from electrons originating in the target (see fig. 1). The 

counting race in the recoil detector was not allowed to exceed 12 kHz, and 

it was this criterion that limited the usable beam current. A "pile-up" 

signal was derived if more than one pulse occurred within the 2 /JS shaping 

time of the linear amplifier. 

2.3. TARGETS 

Two targets, one made from material enriched to 97.7% in *8 Ca I S ) and 

the other of natural calcium (97% *°Ca), were used in Che measurements. The 

natural calcium carget permitted the quantitative evaluation of the 

background due co the few percent of *°Ca in the target. Both targets were 

produced from CaC0} material by a two-stage reduction/evaporation technique 

similar to that described in ref. 17 and were transferred under vacuum from 

the evaporation rig to the target chamber. During data acquisition, they 
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were mounted at -30 to the bean* direction (i.e. rotated towards the recoil 

detector) with the carbon backings facing the beam. 

At the beginning of the experiment, the relative thicknesses of the 
4 3 Ca and n t tCa targets were measured by observing the elastic scattering of 

79.4 MeV l 8O s* ions at 14*. This was repeated at intervals throughout the 

experiment in order to monitor the target compositions and the stability of 

the system. It was possible to do this without any changes to the beam 

transport system or spectrometer field, simply by lowering the terminal 

voltage of the accelerator to transmit the "o 6* beam and reducing the 

spectrometer acceptance to 0.1* in the reaction plane. Scattered l 8 0 ions, 

stripped to the 8* charge state, then crossed the focal plane within 1 cm of 

the expected position of the 5 1Ca ground state. At the end of the 

experiment, the n , tCa target was transferred to another target chamber where 

its absolute thickness was measured using 150* Rutherford backscattering of 

1.9 MeV protons from a 2 MV Van de Graaff accelerator. The proton 

scattering gave the thicknesses of the carbon backing (27 Mg cm'2 and the 

oxygen contamination (5 pg cm" 2) as well as the n < tCa thickness 

(51 Mg cm" 2). As a check, the calcium thickness thus obtained was compared 

with the 1 8 0 scattering results. The latter were corrected for the ejectile 

charge state distribution and for departures from Rutherford scattering 

(derived by measuring the 1 8 0 elastic scattering angular distribution). The 

* agreement was satisfactory. The calcium content of the * 8Ca target was 

deduced to be 61 Mg cm'2 by an appropriate scaling of thicknesses according 

to the relative yields in 1 8 0 scattering from the n , tCa and * 8Ca targets. 

The carbon and oxygen thicknesses could not be determined accurately from 

the 1 80 scattering. Their values for the *8Ca target were assumed to be the 

same as for the n , tCa target due to the identical histories of the two 

targets. An uncertainty of 15% was ascribed to Che cargee thicknesses. 
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2.4 FOCAL PLANE CALIBRATION AND RESOLUTION 

At che beginning of the experiment, the focal plane spectrum was 

calibrated in terms of magnetic rigidity using tne : ,O s* beam elastically 

scattered from the n a t C a target. The reaction angle and magnetic field of 

the spectrometer were set to the values required for the 5 1Ca mass 

measurement (and were not altered at any stage thereafter). The 

spectrometer acceptance was set to 0.1* in the reaction plane. The beam t 

energy was then stepped in intervals of 1 HeV to move the scattored 1 8 0 ions 

(in the 8* charge state) across the relevant region of the focal plane. 

From these data, the relative calibration in terms of rigidity was derived. 

An absolute calibration was derived from *°Ca( l t0, 2 0Ne) 3 8Ar data 

accumulated simultaneously with the 4 8Ca( 1 80, 1 50) s xCa data. The ground 

state peak for this reaction was focussed 1.8 cm higher up the focal plane 

than the expected position of the 9 1Ca ground state. The same few percent 

impurity of *°Ca in the * 8Ca target that complicated the 5 1Ca identification 

provided an ample yield o' M N e ions for the calibration. The simultaneous 

acquisition of the calibration data automatically averaged out several small 

effects such as possible slight drifts in the electronics during the 

experiment. 

The focal plane position spectrum for 2 0Ne ejectiles is shown in fig. 

2. In extracting the position spectrum, the angle-of-entry parameter was 

utilized to select only the central ~ 0.5" of the angular range accepted by 

the spectrometer. This effectively eliminated the effects due to 

differences in the spectrometer focussing for the 2 0Ne and l 5 0 ions. The • 

peaks corresponding to excited states in 2 0Ne were not suitable for 

calibration: as well as the possible effects of underlying 3 8Ar states, the 

peaks could be broadened in an asymmetric manner by the 7-decay of the 2 0Ne 

ejectile in flight. The full width at half maximum of the ground state peak 
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was 1.8 ma. which is equivalent to 190 IceV in Q-value for the 
4 9Ca( X 80. l s0) s lCa reaction. 

2.5 RECOIL COINCIDENCES AND ELECTRONICS 

In order to set up the coincidence electronics and to determine the 

absolute angle scale for the recoil defector, it was convenient to use the 

elastic scattering of a 2* Si beam from the n a tCa target to provide a 

relatively high rate of kinematic coincidences. By lowering the terminal 

voltage of the accelerator, a beam of 2 8Si** ions at 115.0 MeV could be 

transported to the target chamber without changing the focussing conditions 

from those for 108 MeV l 8 0 7 * . Elastically scattered M S i u * ions at 11* 

were then focussed within 0.5 cm of the expected 5 1Ca at the focal plane, 

and the Ca recoils emerged at -80.6 with an energy of 2.9 MeV, i.e. the 

same as the mean 5 1Ca energy in the main experiment. 

The cime-of-flight of each recoiling nucleus was determined from the 

time interval between the signals from the focal plance avalanche counter 

and the silicon detector. Details are provided in ref. 15. A timing 

resolution of 2.6 ns (fwhm) was achieved with the 2 aSi beam, and was limited 

by the timing characteristics of the large area (700 mm 2) silicon detector 

for these very low energy calcium ions. The recoil detection efficiency was 

0.69. The loss of efficiency was attributed to multiple scattering as 

discussed above. 

Throughout the experiment, seven parameter data were written event-by-

event to magnetic tape for subsequent off-line analysis. For each event in 

the focal plane detector, the position, angle, energy loss and total energy 

signals were recorded along with the recoil energy and time-of-flight and a 

parameter combining the pile-up signals from the avalanche counter and the 

recoil detector. 
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3. Analysis 

3.1 FOCAL PLANE SINGLES DATA 

Ions arriving at the focal plane were identified on the basis of their 

energy, rate of energy loss and position as measured by the hybrid 

detector 1 S ), and the 1 30** ions were readily distinguished from all other 

ion species. 

The focal plane position spectra fo- all 1 5 0 events from the **Ca and 

the n , t C a targets, are shown in figs. 3a and 3b respectively. The spectra * 

may be compared directly in terms of position since the energy losses in the 

two targets were almost idartical (the thicknesses being in the ratio 48:40 

for * 8Ca: n , tCa). Clearly, the overall forms of the two spectra are similar, 

which suggests that most of the counts in fig.3a. originate from the small 

percentage of *°Ca in the * 8Ca target. The isotopic enrichment of the 4 3Ca 

can be deduced from the overall scaling factor between the 4*Ca and n a tCa 

spectra, taking into account the relative target thicknesses and integrated 

beam charges. The result, 95.6x0.4%, is less than the supplier's figuru of 

97.710.1% but the discrepancy can reasonably be accounted for by 

contamination of the carbon foil by small amounts of calcium and other light 

contaminants during the target making procedure, and by the build-up of 

contaminants during the measurement. It follows, as suggested in ref. 3, 

tha: most of the counts in the 1 S 0 spectrum of ref. 2, obtained at a beam 

energy of 102 MeV, must also have been due to 4 0Ca contradicting their 

assertion that all counts observed were derived from the *8Ca in their , 

target. 

There are two sharp peaks in che spectrum from the ' 8Ca target 

(fig.3a) that do not appear in the n , tCa spectrum (fig. 3b) and which can be 

assigned to states in i XCa, but che upper of these is not near the expected 
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position of the Ca ground state. There are suggestions of structure at 

greater distances along the focal plane, buc statistical fluctuations in the 

background make any association of this structure with states in n C a very 

uncertain on the basis of the singles spectrum alone. 

3.2 RECOIL COINCIDENCE DATA 

The time-of-flight parameter recorded for each coincidence event 

included both the actual flight time of the recoil from target to detector 

• and a contribution from the flight time of the ejectile around the 

spectrometer. Variations in the ejectile energy and in its precise ^ath 

length through the spectrometer gave rise to position-dependent and angle-

dependent variations in the measured time-of-flight. The low cross section 

of the s lCa reaction made it necessary to correct fully for these variations 

so that all the s lCa events clustered as closely together as possible in the 

multiparameter data space. Details of the correction procedure are given in 

ref.15 so only a brief outline will be given here. The position-dependent 

and angle-dependent variations each arose from correlated changes in 

ejectile velocity and path length. The position-dependent correction was 

calculated from the known focal plane geometry and dispersion together with 

the calculated eje^tils velocity. The angle-dependent correction was 

determined from the known geometry of the spectrometer together with the 

ejectile velocity and its kinematic rate of change with angle. 

Once the variations in the spectrometer flight time were fully 

corrected, the time-of-flighc parameter essentially measured just the recoil 

flight time, fhis quantity varies with reaction angle and excitation 

energy, and the small number of counts made it advantageous to correct for 

these as well. The appropriate angle-dependent and position-(i.e. 

excitation energy-) dependent corrections were calculated from the 
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kinematics, and applied to the recoil energy and the time-of-flight. The 

energy calibration for the recoil detector was established with an 2 4 1Am o-

particle source which was mounted in the target chamber throughout the 

experiment. 

In combination, for all ! lCa recoils, the corrections applied to the 

energy and time-of-flight adjusted their values to equal those for ground 

state 3 ICa nuclei populated by 1 50 ejectiles emerging at 14*. Any remaining # 

spread in energy and time-of-flight was due mainly to the finite -uickneas 

of the target and showed the expected correlation between the two 

parameters. Of course, the corrections for s lCa were not optimal for the 
4 2Ca and *3Ca recoils produced by reactions on *°Ca in the target, ncr for 
1 5C and 1 90 produced by reactions on the carbon backing and on oxygen. For 

the various calcium masses the differences in the corrections were small 

enough to be neglected. The differences for carbon and oxygen were 

substantial but they were sufficiently well resolved from other recoils for 

this to be unimportant. 

In the present experiment, the recoil detector was set up to detect 

recoils for the range of 1 50 energies spanned by the focal plane detectors. 

The coincidence efficiency curve was found to be symmetrical around the 

central focal plane position, as intended, and reached a peak value of 0.57. 

The lost efficiency was attributable to multiple scattering of the low 

energy recoils in the target, as discussed above. For a given 1 50 ejectile 

angle, recoiling 1 90 and I 5C nuclei emerged at more forward angles than the 

calcium recoils, and hence the efficiency for their detection was critically * 

dependent on the ejectile angle. 
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3.3 IDENTIFICATION OF 5 1Ca EVENTS. 

Two-dimensional representations of recoil time-of-flight versus focal 

plane position, for data from both the 4 aCa and the R a f cCa targets are shown 

in fig.4 for all events in which an 1 S 0 in the focal plane detector is 

associated with a recoiling nucleus in the silicon detector. The over-11 

depend* * of the time-of-flight on position has been removed by the 

correction procedure described above. Several observations may be made. 

First, the * aCa target data clearly show a structured position spectrum for 

the recoils with flight times appropriate to s lCa. The two strongest peaks 

coincide in position with the peaks noted in the singles spectrum of fig.3a. 

Secondly, counts from reactions on carbon and oxygen in the target are 

clearly evident, tnd in some cases overlap in position with 5 1Ca peaks (see 

also fig.5d). Thirdly, a detailed inspection reveals that the spread in 

flight times for * 2Ca nuclei from °Ca*-*2Ca+n is only - 1/2 of the maximum 

spread around the mean value allowed for ground state neutron decay. (The 

neutron channel opens at a focal plane distance of 54.9 cm). This effect, 

which must be due to the neutron decay populating excited states in *2Ca, 

makes the isolation of 5 1Ca events less difficult than it could have been in 

principle, with less reliance being required on the recoil energy 

measurement. 

A vertical slice through the two dimensional spectrum for the **Ca 

target, selecting events in the strongest 5 1Ca peak, reveals a timing 

resolution of U 0 ns fwhm (the projection is shown in fig.4a). The observed 

resolution includes a contribution (estimated to be 3.0 ns) from the spread 

in recoil energies due to the target thickness, and compares well with the 

resolution (2.6 ns) obtained during setting up. 

A hr ...ontal slice through the two dimensional spectrum for the *8Ca 

target, selecting events with a recoil time-of-flight >51,3 ns, provides the 
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simplest means of extracting a s lCa position spectrum (cf. fig.4). This 

rime-of-flight requirement should include the majority of the 3 1Ca events: 

based on the observed energy and flight time for °Ca recoils, the 5 ICa 

recoils are predicted to have a flight time of S3.7 ns (including the 

effects of the average energy loss leaving the target). The position 

spectrum for the 

> 51.3 ns requirement in the time-of-flight is shown in fig.5a. The n C a 

peak with the highest magnetic rigidity is at a distance of 49.8 cm along 

the focal plane. 

Any spread in flight times for 9 tCa events was expected to be 

correlated with a variation in recoil energy. By setting a two dimensional 

window on these parameters it was possible to extend the time-of-flight 

acceptance to lower times without merging into the background of °Ca and 
4 2Ca events. The precise choice of the window boundaries was made by 

combining two approaches. First, the observed coordinates of the °Ca group 

were used together with kinematics calculations to predict the location of 

the s lCa group. The °Ca group was extracted by requiring the focal plane 

distance for the 1 30 ions to be > 54.9 cm, which corresponds to excitation 

energies below the neutron threshold (7.93 MeV) in *3Ca. In the second 

approach, the extent of the area filled by the 5 1Ca counts was estimated by 

extracting two-dimensional spectra for the two position peaks identified as 
5 1 Ca In the singles spectrum. The adopted 5 1Ca window is shown in fig. 6a. 

It is compared with the predicted 5 1Ca coordinates and the one dimensional 

time-of-flight cut in fig. 7. The data for the two prominent peaks are 

displayed in figs.6b and 6c. The window was drawn so that it would avoid 

overlapping with the *2Ca region, even at the expense of losing counts. In 

fact, the peak efficiency for detectint
 5 1Ca events within the window was 

reduced by a further factor of 0.6 to - 0.33. The 5 lCa spectrum produced 
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vich this two dimensional gating is shown in fig.5b. It can be observed a 

posteriori that any advantage of the two dimensional gating over the simple 

time-of*flight slice (fig.5a). is slight in the region of the 5 :Ca ground 

state, but it does lead to a significant reduction of background at higher 

excitation energies. 

The effect of increasing the area of the two dimensional 3 1Ca window 

was investigated. Tha region immediately below the lower edge of the 

original window was included, increasing tha area by 15%, and resulted in 

the spectrum displayed in fig.5c. There is soma evidence for an extra, very 

weak peak at a distance of 50.7 cm. For convenience, the full width at half 

maximum expected for position peaks is also included in fig.5. Clearly it 

is of vital importance to establish whether this extra peak should be 

attributed to 5 1Ca, in which case it would be identified as the ground 

state. In a preliminary analysis of the present data 1 9 ) , this peak was 

tenatatively identified as tha ground state because it was the uppermost 

peak in the position spectrum. However, the fact that it was only apparent 

when using the enlarged window was a matter of much concern. 

In order to investigate the origin of the peak at 50.7 cm in more 

detail, time-of-flight versus energy spectra of recoils in coincidence with 

individual regions of the position spectrum were derived from the data. The 

spectra for eight of these regions are shown in fig.6, and the parts of the 

position spectrum to which they correspond are indicated in fig.5. Fig.6a 

shows schematically where recoils corresponding to s lCa, * 3Ca and *2Ca (from 
4 3Ca*-* 2Ca+n) should lie, to assist in the interpretation of the subr-squenc 

panels. Figs.6b,c,d and f correspond to prominent peaks in the 5 1Ca 

spectrum, and for these spectra the predicted 5 1Ca coordinates provide a 

reasonable average for all the events within the 5 1Ca window. Fig.61 

corresponds to the region of the position spectrum where E x(°Ca)< 9.30 MeV. 
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and hence represents almost entirely Ca recoils. Fig.6e corresponds Co a 

region in which fig.5c (derived using the enlarged two dimensional gate) 

indicates a possible slight excess of counts above background, but the 

number of counts is too small to establish the existence of a peak. The 

spectrum for SO.7 cm (fig.6h) has a different appearance from those for the 

well-defined 5 1Ca peaks. The few events that fall within the s lCa window 

constitute the fringe of a broad group centred below the window and it is 

statistically very unlikely that they are genuine s lCa events. The main 

cluster of counts in fig.6h has poorly defined centroids in energy and time. 

but reasonable estimates imply an atomic mass of 39±3 for these recoils. 

A comprehensive analysis has shown that all the peaks labelled in 

fig.5 appear consistently in the focal plane spectra extracted according to 

any reasonable gating requirements. The extra "peak" at 50.7 cm appears 

only when the most relaxed requirements are imposed and is accompanied by an 

increase in the general level of background. The explanation for this is 

seen most clearly in fig.6. Unfortunately, the data from the n a tCa target 

do not possess sufficient statistical accuracy to decide whether the same 

very weak peak occurs there. A state at 12.4 HeV in *3Ca with a 

particularly strong a-particle or neutron decay probability could possibly 

explain the unidentified group. Alternatively, it could be due to a 

contaminant in the target. Ir the latter case, the data from the **Ca 

target would be expected to be more sensitive to its contribution than the 
B , tCa target due to the larger integrated beam charge. 

f 

3.4 CONSISTENCY OF THE DATA 

In addition to the data presented and discussed above, data were also 

obtained in an earlier run using a shorter flight path and inferior targets. 

The same method of analysis was applied to the earlier data set, and focal 
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plane spectra were extracted. The effect of using different windows in che 

cime-of-flight versus recoil energy spectrum was again investigated and was 

found to be the same as for the main set of data: enlarging the two 

dimensional window introduced an extra, very weak in the focal plane 

position spectrum at approximately SO.7 cm. The focal plane spectra for che 

two sets of data, extracted using the optimum s lCa window, are compared in 

fig.8. k detailed analysis of the extra set of data, along the lines of 

fig.6, gave the same result, viz. the time versus energy spectrum for the 

region of the weak peak contained a group that overlapped the 5 1Ca window 

slightly, but was centred below it. 

4. Results and Discussion 

The conclusion from the above analysis is that the peak observed at 

49.8 cm in the 1 5 0 position spectrum for the * BCa target is the highest 

rigidity peak that can be associated with s lCa. In the subsequent 

discussion it will be assumed that it corresponds to the ground state of 
5 1 Ca. The resulting mass excess is included in table 1, and the various 

contributions to the experimental uncertainty are given in table 2. The 

reaction cross section for this state, averaged over the angular range 

0-11.75* to 16.25*. is 1.0±0.3 i*> sr'1, including corrections for the 

ejectile charge state distribution and the recoil coincidence efficiency. 

The result for che mass excess of S 1C« is compared in cable 1 with the 

previous experimental measurement and several recant theorecical 

calculations. The prediccions of che various mass formulae should be 

considered in che concexc of cheir prediction* for similar nuclei, for which 

che masses have been measured. For che more stable nuclei, the Garvey-

Kelson calculations M- 2 3" 2*) appear co give che besc overall agreement, but 

according to ref. 24 the possible extrapolation error for s lCa is 1.10 MeV. 
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In the cases of 5 ZCa and s*Sc, also included in cable 1, the disparities 

between t>"- experimental values and the Garvey-Kelson predictions are 

substantial, and the other predictions show a large scatter. In summary, 

the mass calculations are not yet sufficiently refined for a comparison with 

the experimental results to yield much nuclear structure information in the 

case of nCa; neither are they of much assistance in deciding between the 

two conflicting measurements. 

The significant discrepancy between the two experiments merits further 

investigation. The difference is 1.0110.11 MeV, with the present result 

corresponding co a less bound nucleus. (The discrepancy between the present 

work and the earlier Heidelberg measurement 2 ) , which employed the same 

reaction, is even greater (2.17 MeV) but, as noted in section 3.1, most of 

the counts attributed to s lCa in ref. 2 must have been due to °Ca and their 

measurement should probably be discounted). As discussed in section 3.3 

above, a relaxation of the gating conditions in the present work did produce 

a weak peak in the focal plane position spectrum at the position expected 

according to the mass excess of ref.3, i.e. 50.7 cm, within experimental 

errors. However, it has been shown that in the present experiment it is 

unlikely that the extra peak is attributable to 3 1Ca. On the other hand, 

the peak seen here at 49.8 cm and identified as the ground state, which is 

certainly due to s lCa, is not seen in the ' $Ca( 1*C, uC) 5 lCa spectrum of 

ref.3. The apparent difference in the selectivity of the (l*C,uC) and 

(l80,130) reactions, independent of any assumptions about the mass excess of 
J lCa, is striking. 

The possibility of target contaminants other than *°Ca contributing co 

the peaks assigned to 5 1Ca in ref. 3 oust be considered. If the 

contaminants were present on both the **Ca and n a tCa targets in equal 

quantities then the intensity ol any contaminant peaks in the focal plane 
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spectrum would be much larger for che Ca-enriched target, simply due Co 

che longer running cime involved. The n , t C a spectrum of rcf.3 does not 

preclude che presence of such weak peaks. In chis regard, any oxygen on che 

cargec would have given rise Co l lC ions from che l 80( 1*C, l lC) 1 90 reaccion 

populating the ground and first excited states of 1 9 0 . This reaction would 

have produced a group centred between the two peaks identified in ref.3 as 

excited states of 3 1Ca, but because it was substantially ouc of focus chis 

group would have been broadened. In principle, it would be possible for 

chis group to produce a structured feature in the focal plane position 

spectrum if the angular distribution has distinct maxima and minima. A 

similar situation pertains in the present work, except that the coincidencwe 

requirement allows the separation of the l , 0 ( u 0 , l 5 0 ) l , 0 reaction from the 

( i a0, I S0) reactions on the calcium isotopes. The spectrum chat results from 

selecting reactions on the carbon and oxygen only is shown in fig.Sd. The 

shape of che oxygen group represents a monotonically falling angular 

discribucion, and hence ic is unlikely that the sharp peak* observed in che 

( U C , U C ) reaccion are due Co oxygen contamination. This conclusion is 

further reinforced by a comparison of che excitation energies of the S ICa 

peaks observed in the present work wich the energies observed in che 

previous work. The present results for the excitation energies are given in 

table 3. It can be seen from fig.9 chac the peaks observed here at E -1.24 

MeV and 1.94 HeV occur at similar mass excesses to the two strongest peaks 

observed previously. The differences (present - previous) are -0.11+0.11 

MeV and -0.07+0.11 MeV respectively. This agreement strongly suggests chac 

che cwo reaccions populace the same pair of states in 5 lCa. 

The results of recent shell model calculations 3 ) are also included in 

fig.9. The calculations were performed in a basis space that included f7,2 

proton excitations and (2p ,f} ,2p ) neutron excitations. In the 
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figure, the ground state has been aligned with the energy of the 

experimental ground state identified in the present work. There is a 

reasonable correspondence between the experimental and shell model level 

schemes. In addition to the states included in table 3, the coincidence 

focal plane spectra provide weak evidence for other 5 1Ca states above 3 tteV 

in excitation but the number of counts is too low to extract peak centroids. 

The peaks observed here at E - 1.24 HeV and 1.94 NeV have markedly 

different intensities, whereas in the (1*C,11C) work their intensities were 

comparable. This difference in behaviour between Che (1,0,li0) and 

(l*C,llC) reactions could offer clues to the reaction mechanism. Little is 

known about the mechanism for three-neutron transfer reactions, although 

some descriptions have been attempted l , , u ) . It is not possible for three 

neutrons to form a cluster in a state of maximum spatial symmetry, coupled 

to spin zero (as apparently assumed in ref.26), and hence their transfer as 

a cluster is likely to be suppressed Z 1 ) . It is more likely, therefore, 

that at least one neutron is transferred independently. The other two 

neutrons could be transferred either sequentially or as a cluster. An 

analysis of the * ,Ca( 1 ,0, l ,0) s oCa reaction " ) , together with shell model 

calculations for 5 0Ca " ) , suggests that in two-neutron transfer, the 

neutrons are transferred to the lowest available orbital, namely the 2p . 

In three-neutron transfer, the odd neutron can reasonably be assumed to 

determine the spin of the final state by transferring into the 2p3 , 2p,/2 

or f orbital (considering just the low-lying states). If it is assumed, 

finally, that the two coupled valence neutrons in the projectile are 

transferred together, the initial orbital of the odd neutron can be 

specified for both the (l80,l50) and (l*C,llC) reactions. In table 4 the 

relevant transitions for the odd neutron are given along with the 

corresponding allowed angular momentum transfers. The parity selection rule 



a;rrcxirearior. "' has beer, applied. The relative strengths civer. i: --:>. 

final column were deduced using two results froc single-r.-:.eor. trar.sff:-

a the total cross sectior. increases vith the transferred angular --T--:..-

. and :'b spin-flip transitions are suppressed in he a*.-.- ior. trans^:-

reactions "'".'. The predictions of this simple and intuitively reasrr.aile 

picture are interesting: if the mass excess of "Ca deduced from the ::;?;-: 

work is correct, then the 1.2- and 1.5- MeV states are rrost naturally 

associated vith the 1/2* and 5/2" shell model states tfig.9) and the 

relative strengths of peaks are predicted correctly for both reactions ..the 

ground state being too weak to observe in i,1*C."C'/) . If. or. the other 

hand, the mass excess deduced from the (**'C."C) study is correct, then the 

tvc excited states that were observed in both studies lie closest in 

excitation energy to the 3/2" and 5/2" sneli model states. in this scr.err; 

the 1 ••'2" first excited state is missing from the (*"C."C spectrum bur 

tould be identified vith the lowest state observed in ''C.*:C. . The 

predictions for the relative strengths of the 3/2" and 1,-1- states are the* 

exactly opposite to the measurements, for both reactions 

5. Conclusions 

Th« lowest-lying level in "Ca observed in the present work has bee:. 

measured to have a reaction Q-vaiue of -13.9C1C.C-* MeV in *"Ca.'":G."C "'Ca 

implying a mass excess of A - -23.9510.0- MeV for this level. This mass 

excess is 1.0110.11 MeV less negative than the tentative value fcr the rrc. 

state mass excess recently reported ; > from a study of the reaction 

*: CaC C .""C):"Ca. There is good agreement, however, for the mass excesse; 

.Teasured for the two excited states that were seer, in both experiments 7': 

suggests that the calibrations in the experiments are consistent. *n ?~r.'.; 

uity retrains in what value to adopt for the ground state rr.ass excess cuv 
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the difficulties in identifying the ground state peak in the experimental 

spectra. Either the peak identified here as the ground state is actually ar. 

exciced state (and the ground state is too weak to be seen) or else the 

previously assigned ground state peak was in fact due to a contaminant 

reaction. 

The uncertainty in the mass excess means that detailed comparisons 

between the experimentally determined level scheme and the existing shell 

model calculacions are not appropriate at this stage. In any case, a lack 

of knowledge of che reaccion mechanism would make such comparisons 

difficult. A simple qualitative descripcion of Che reaction, which could 

assise in this direction, has been put forward. A first test of its 

validity would be provided by a definitive mass measurement of 5 1Ca. 

The question of a change in the structure of the calcium isotopes near 

A-51 or 52, and che possible doubly magic nature of 5 2Ca remain unresolved. 

There is a strong case for a re-measurement of the mass of 5 1Ca. If a 

definitive resulc is to be achieved by means of another three-neutron 

transfer study, it is apparent that substantial improvements in the 

experimental parameters muse be sought. A higher beam energy could assist 

by providing an overall increase in che reaction cross section, but the most 

obvious improvement would be to develop a hyper-pure (>99.5% isotopically 

enriched) **Ca target. Alternatively, a direct time-of-flight measurement 

for s lCa nuclei produced in fragmentation reactions could be undercaken. 
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Table 1 

Experimental results and theoretical predictions for the mass excesses of 
5 1 Ca and adjacent neutron-rich nuclei. (Values in MeV; other theoretical 
predictions « u -.abulated in ref. 20). 

Reference LCa 52 Ca 32 Sc 

Experiment: 
Present -33.9510.04 

previous •34.9610.10*> 35.75±0.33b) -41.4510.25b! 

MOller and Nix c ) 

Uno and Yamadad> C 
L 

Janecke" 
Comay and Kelson 0 

•33.05 
•33.5610.90 
-35.84±0.61 
•35.15 
•35.24+1.10 

•30.81 
•31.1310.94 
-33.67±0.72 
-32.82 
•32.8611.50 

•38.59 
•38.6410.76 
-40.4810.70 
•39.76 
•39.7310.86 

a) 

b) 

e) 

d) 

• > 

f) 

Ref. 3: **Ca( 1*C, uC) 3 1Ca 
Deduced form £-decay end-point energies given in ref. 10. 
Ref. 21: Yukawa-plus-exponential model with shell and pairing 
corrections. 
Ref.22: Macroscopic model with shell corrections. First valur is for 
constant shell term (C) and second value for linear shell term (L), as 
defined in the reference. 
Ref. 23: Transverse Garvey-Kelson relation, general solution to 
homogeneous partial difference equations. 
Ref. 24: Transversa Garvey-Kelson relation, iterative extrapolation and 
ensemble averaging. 

http://�34.9610.10*
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Table 2 

Contributions to the estimated error in the 5 1Ca mass. 

Source of Uncertainty Contribution fkeV> 

Centroid for 4 8 C a ( i a O , 1 5 0 ) 5 l C a 19 
Dispersion ca l ibrat ion f i t 12 
Centroid for *° C a ( l 8 O , 2 0 N e ) 3 8 A r 13 
Spectrometer angle (±0.25*)*' 21 
Absolute beam energy (10.OS HeV) 8 
Energy l o s s in t a r g e t s 6 ' 16 

Total (added in quadrature)0' 38 

Gives a calibration uncertainty mainly due to difference between 
masses of target nuclei in calibration reaction and s lCa reaction. 
Uncertainty estimated as 20% of correction for difference in energy 
losses of 2 0Ne and 1 S 0 ions. Includes contributions from the 
estimated errors in the target thicknesses and the calculations of the 
specific energy loss z s >. 
Experimental uncertainties in masses of nuclei other than 5 1Ca were 
negligible. 
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Table 3 

Excitation energies for levels in 5 1Ca, as measured in the present 
work. Labelling as in fig.5. 

Level Excitation energy MeV 

0 O.OO 
1 1.24 ± 0.04 
2 1.94 ± 0.04 
(3) 3.58 ± 0.O4 
4 4.04 ± 0.O4 
(5) 5.91 ± 0.04 
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Table 4 

Predicted relative population strengths for 3 1Ca states according to 
the simple picture described in the text. The states are characterized 
as strong (S) or weak (V). The allowed angular momentum transfer is 
determined by i and j coupling rules and parity selection, with the 
brackets indicating that a spin flip is required. 

Reaction lie. 2tA£t Qrtitii trinsftr Allowed I Strenech 

( 1 S 0 . 1 S 0 ) _ 3/2" ^ 1 / 2 " 2 P 3 / 2 2 S 

1/2" ^ 1 / 2 " 2 P l / 2 0 w 
5/2- ^ 1 / 2 - l f 5 / 2 2 s 

( x * C . l l C ) 3/2" ^ 3 , 2 ~ 2 P 3 / 2 0 . (2 ) w 
1/2" ^ 3 / 2 - 2 P l / 2 2 s 
5/2" ^ 3 / 2 - l f 3 / 2 ( 2 ) , 4 s 
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Figure Captions 

Figure 1. Schematic diagram of experimental arrangement. 

Figure 2. Focal plane position spectrum from the reaction 
t aCa( l ,O, 2 0Ne) 3 ,Ar. The ground state centroid defined the 

absolute position calibration. Other peaks are labelled with 

the excitation energy in MNe. 

Figuie 3. Singles focal plane position spectra from : "o.^O) 

reaction, accumulated with (a) a target enri 3d to 96% in 

*"Ca, and (b) a R t tCa target. The beam energ was 108 M*V and 

the mean observation angle was 14*. The fall off in intensity 

below 45 cm is due to the progressive masking, by the end of 

the detector window, of more of the angular i nnge for incident 

particles. 

Spectra recoil time-of-flight versus 1 S0 focal plane position 

(i.e. excitation energy) from the ( U0, I S0) reaction, 

accumulated with (a) an enriched *8Ca target, and (b) a n , tCa 

target. The r'light times expected for various recoils are 

indicated. 

Focal plane position spectra from the reaction 

* 8Ca( 1 80, l 50) J 1Ca for (a) the requirement time-of-flight 

>51.3 ns for the recoils, (b) the optimum two dimensional 

window in time-of-flight versus recoil energy, (c) an enlarged 

two dimensional window as described in the text, and (d) the 

Figure 4. 

Figure 5. 
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spectrum from the (:*0,IS0) reaction on carbon and oxygen in 

the * 8Ca target, obtained by gating on carbon and oxygen 

recoils in the recoil time-of-flight spectrum. The labelled 

regions of position in (c) indicate the position-gating 

employed to produce th? spectra in fig. 6. 

Figure 6. Spectra of time-of-flight versus energy for recoil nuclei from 

the ( X S0, 1 S0) reaction on the enriched **Ca target, showing the 

two dimensional window employ.--* to project the 5 1Ca position 

spectrum. Boch parameters have been corrected for kinematic 

spreads as discussed in the text. Panel (a) indicates the 

predicted centroids and extents for °Ca (shaded) and s lCa 

groups. The dashed line shows the region in which ' 2Ca counts 

can occur. The predictions allow for the average energy loss 

-0.8 MeV) undergone by recoils leaving the target. Panels (b) 

to (i) correspond to portions of the focal plane position 

spectrum as indicated in fig.5. In the analogous spectra for 

the n a tCa target data, there are no significant numbers of 

counts n the J 1Ca window region. 

Figure 7. Details of the two dimensional window in time-of-flight versus 

recoil energy that was employed to project the s lCa position 

spectrum. The predicted 5 1Ca coordinates and the one 

dimensional time-of-flight slice (t-o-f > 51.3 ns) are also 

indicated. 
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Figure 8. Comparison of focal plane position spectra from the reaction 
4 ,Ca( u0, 1 50) 5 lCa for two independent sets of data: (a) the 

data from an earlier experiment, with degraded targets (see 

text), and (b) the data from the present experiment as shovn in 

fig.5. 

Figure 9. Energy levels in 5 1Ca observed in the present work, compared 

with the results from a study of the * ,Ca( 1*C, uC) 5 1Ca 

reaction 3) and the results of shell model calculations 3 ) . 

The shell model ground state has been aligned with the ground 

state mass excess deduced in the present work. 
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