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This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thcreof, nor any of their 

, employees, makes any warranty, express or implied, or assumes any legal liability or responsi- 
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 

' process disclosed, or represents that its use would not infringe privately owned rights. Refer- 
ence herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom- 
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 

, United States Government or any agency thereof. 
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ABSTRACT 

The most recent mass measurements using the Time-of-FIight Isochronous 
(TOFI) spectrometer ate presented. The masses of 8 neutron-rich nuclei are 
reported for the first time. Good agreement between these results and a previous 
TOFI experiment is observed except for the most neutron-rich isotopes of 
vanadium through iron where the present results are more bound and in better 
agreement with theory. An unreasonably low two-neutron separation energy for 

Ni suggests the presence of a high-lying, long-lived isomeric state in this 
nucleus. These results are contrasted with the latest shell model calculations and a 
variety of mass model predictions. In general good agreement is found, however, 
an enhanced binding-energy region centered around 51Ca and Sc persists. The 
neutron-excess dependence of neutron and proton pairing energies in the f7,2 shell 
are found to be considerably weaker than those obtained in a global fit. 
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INTRODUCTION 

With the advent of time-of-flight recoil spectrometers (TOFIl' at LAMPF and 

SPEG2' at GANE), numerous mass measurements for neutron-rich nuclei have been 

reported (see Fig. 1). This work has greatly extended our knowledge of the nuclear 



mass surface and provided us with a first glimpse into the nuclear structure of these 

exotic nuclei. Moreover, given the systematic nature of these measurements, we have 

been able to test and provide new data with which to improve nuclear mass models 

whose accurate predictive capabilities are crucial to our understanding of nuclear 

astrophysical processes. Herein, we report on the most recent TOH results which 

extend our mass measurement up to "Ni. 
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Fig. 1. A part of the chart of the nuclides highlighting the mass measurements of the 
TOFI or SPEG spectrometer groups. Stable nuclei are indicated in black; nuclei which 
are unstable with respect to one or two nucleon emission are shown by unboxed, 
shaded squares (mass measured) or by Xs (proved unstable by particle identification 
(PI) experiments); numbered boxes denote nuclei which have been observed in PI 
spectra; proton and neutron driplines are given by bold lines up to the limits of 
experiment and beyond this by dotted lines using the mass predictions of Ref. 3). 

TOFI MEASUREMENTS 

As in previous TOFI experiments a 700-pA, 800-MeV proton beam and a 1 
2 nat mgkm Th target was used to produce the exotic recoils of interest via target 

fragmentation and fission reactions. With TOFI tuned to be isochronous, a precise 



determination of the ion’s time-of-flight through the spectrometer serves as a direct 

measure of the ion’s mass-to-charge ratio. Each mass line is uniquely identified 

according to charge and atomic number via additional measurements of the ion’s 

velocity (measured in the second half of the transport line), stopping power, and total 

kinetic energy (the latter two are measured in a Bragg curve gas ionization counter 

located at the exit of TOFI). See Seifert et al? for a discussion of experimental details. 

The resulting data analysis yielded the masses of 39 neutron-rich isotopes 

extending from %a to ”Ni with the masses of 67Fe, Co, and 70=72Ni being reported 

for the first time. Contrasting this work to the previous measurements of Tu et al., a 

systematic Particularly discerning are the 

measurements of 5 9 - 6 0 ~ ,  61-62Cr, and 6sFe which fall outside of the two standard 

deviation envelope. By a careful re-examination of the Tu et al. data we discovered that 

this data set was more sensitive to our calibration procedures than we had estimated. 
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deviation is noted (see Fig. 2). 
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Fig. 2. The difference between the previous TOFI measurements of Tu et aL4) (filled 
circles) and the present work. The dark and light shaded areas indicate one and two 
standard deviation envelopes, respectively, for the present work. A comparison to 
other measurements as given in Ref. 5) are indicated by open circles. 
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Moreover, the present data is better correlated to the known mass surface without the 

use of any ad hoc terms. Consequently, we have a higher degree of confidence in the 

present data over those reported earlier and in the five deviant cases mentioned above 

the present measurements supersede those of Tu et aL 

DISCUSSION 

A comparison to other measurements is also shown in Fig. 2; noteworthy 

deviations are evident for "Sc and aNi. In the case of s2Sc the present work 

reproduces our previous result extremely well. This supports the supposition that the 

P-endpoint measurements of Huck et d6' result in a QP value which is too low. For 

68Ni we find our results are -1.6 MeV less bound than four previous reaction 

measurements which agree amongst themselves to within 100 keV. Careful scrutiny 

of our 68Ni result, derived from a weighted average of four different charge states and 

50,000 events, showed no inconsistency. Given the large discrepancy with the 

previous measurements and the unrealistic sharp dip in the two-neutron separation 

energy trend which our measurement of 68Ni would cause, we are led to conclude that 

our measurement of 68Ni was contaminated by the presence of a high-lying, long-lived 

isomeric state. A reasonable candidate lying at an excitation energy of 2.85 MeV 

vy2=0.85 ms, Jn=5-, [py2-1gg,J particle-hole state) has recently been reported7). To 

account for our result, this isomer would need to be populated with a cross section that 

is approximately equal to that of the ground state. 

Comparing our latest results to theory, we have confirmed an enhanced binding 

energy region (relative to shell model, Garvery-Kelson mass relationship and other 

mass models) centered around 51Ca and Sc as first reported by Tu et aL4' Recent 

large basis space fp shell model calculations') indicate that the size of these 

enhancements range from 1.0 to 1.8 MeV. Although full fp shell model calculations 

reduce the size of this discrepancy slightly (-0.3 MeV in the case of %a), the question 

of whether these binding energy enhancements arise from excitation into the ggD 

subshell (via a deformed intruder) remains open. Further investigations are needed. 

52-54 



Contrasting our results with four commonly. used mass models (Moller-Nixg', 

Tachibana et aL lo), J&ecke-Masson3', and the extended Thomas-Fermi calculations of 

Aboussir et al.") - see Fig. 4 of Ref. 5), leads us to the satisfying result that the 

predictive quality of these models consistently improves as one progresses from Ti to 

Ni neutron-rich isotopes. With the revelation of the systematic problems associated 

with the measurements of Tu et al. for the most neutron-rich isotopes of V through Fe 

(as mentioned earlier), these new measurements have restored our confidence in using 

these models and their ability to predict the masses of even more neutron-rich species 

which are involved in the astrophysical r-process. 

Finally, we have re-examined neutron and proton pairing energy trends in the 

proton f7,2 and neutron fp shells. From a global fit of pairing energies, Vogel et 

and Jensen et aL13) suggest that pairing energies have a neutron-excess (I) dependence 

of the form AA'" = a - b12 where I = (N-Z)/A. Given the systematic decrease of 

pairing energies with increasing mass as well as the strong correlation of I with mass 

along the valley of p-stability where most the data exists, a localized test of pairing 

energies was warranted. Our results are shown in Fig. 3. Although of less accuracy 

than the measurements lying closer to stability, our results have extended the I2 range 

by a factor of -2. Fining these results to the functional form mentioned above leads to 

a considerably smaller neutron-excess dependence than that of the global fits (see 

insets). We remain unconvinced that pairing energies are intrinsically neutron-excess 

dependent. The traditional A(MeV) = 12 explains the data just as well. 
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Fig. 3. Plot of the relative neutron-excess squared versus neutron (top) and proton 
(bottom) pairing energies multiplied by A"3. The open circles represent the data 
known previous to our measurements (their error bars have been increased by their 
rrns scatter); the filled circles represent the data from this work. 


