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Abstract

The mass of the nucleus 'Li has been determined from a measurement of
the Q-value of the reaction 1*C(}!B,!'Li)!*0 at E/A = 32 MeV. The results

indicate a two—neutron separation energy of So,(11Li) = 295 + 35 keV.
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Since the discovery in 1985 [1] that the interaction radius of the nucleus ''Li is much larger
than that of other nuclei in the same mass region, a great deal of work, both theoretical and
experimental, has been directed at understanding the structure of this nucleus. Experiments
that have been carried out towards this end have included measurements of the Coulomb
dissociation cross sections of ''Li {2,3] as well as measurements of °Li fragments, singly [4.3]
and in coincidence with neutrons [6-8], from the breakup of !'Li. The evidence from these
experiments indicates that 'Li consists of a °Li core with a “halo” of two loosely bound"
neutrons, the matter radius of which extends well beyond the radii of other nuclei with a
similar mass. In parallel with these experimental efforts several theoretical models have
been developed which treat !'Li as a three-body system comprising a °Li core and two
neutrons (9-15]. It has been shown in two-body models {16,17] that the radius, and even
the existence, of a neutron halo is intimately dependent on the binding energy of the halo
neutrons. In one of the simplest models, Hansen and Jonson have demonstrated in Ref. [17],
by treating ''Li as a quasi~deuteron consisting of a °Li core coupled to a dineutron %n, that
the wave function of 'Li decays exponentially with a decay length given by p = A/\/2uB
where 1 and B are the reduced mass and binding energy of the system. Three-body models,
such as those described in Refs. [9-15] also predict a sensitive dependence of several ''Li
observables on the binding energy of the two halo neutrons. Clearly, it is essential for the
understanding of the halo phenomena that the ' Li mass be known as accurately as possible.

There is however, some uncertainty on the value of the mass of 'Li as can be seen in
Table I, which lists all of the measurements. In 1975, Thibault et al. [18] reported the first
measurement of the mass of !'Li. In their measurement, lithium ions were produced by 24
GeV protons incident on iridium foils in a target—ion source. The ions were then accelerated
by a DC voltage through a series of slits and magnetic elements into a shielded counter.
The 'Li mass was deduced by comparing the voltages necessary to transport °Li and ''Li
through identical trajectories of the optical system. In 1988, Wouters et al. [19] measured the
mass of ''Li nuclei produced from fragmentation reactions of 800 MeV protons on a thorium

target. The mass of the fragments was determined using the TOFI spectrometer at LAMPFE.



The substantial disagreement between these measurements as well as the magnitude of their
uncertainties limits their usefulness in theoretical calculations. The value frequently used
is the more recent, but unpublished, result of Kobayashi et al. [20]. They measured the
QQ-value of the pion double charge-exchange reaction on ''B.

In this paper we present a measurement of the Q-value of the **C(!'B,'"'Li)**O reaction.
The experiment was performed with an E/A = 32.137 + 0.024 MeV, 'B3* beam from the
K1200 cyclotron at the National Superconducting Cyclotron Laboratory which was focused
onto a self-supporting '*C foil, 0.450 mg/cm? thick. The reaction products were analyzed

_with the A1200 fragment separator set to an achromatic mode [21]. The A1200 focal plane
detectors consisted of a position sensitive parallel-plate avalanche counter, a 0.5mm thick
Si position-sensitive detector, and a scintillating plastic stopping detector. Redundant and
unambiguous particle identification was obtained by combining the energy loss signal from
the silicon detector with the total energy signal from the plastic and with the time-of-flight
information obtained from the scintillator signal relative to the cyclotron rf. The absence of
long-lived reaction products with rigidities similar to that of the !'Li particles made particle
identification and the elimination of background quite simple.

The focal plane was calibrated with the reaction “C(!!B,!°Be3*)!*N, where both the
15N ground state and the 5.3 MeV doublet appeared in the focal plane at the same time as
the ''Li production reaction (Fig. 1). Uncertainty about the relative strengths with which
the states of the unresolved *N doublet ( Eex = 5.270 MeV and 5.299 MeV) were populated
contributed only a small amount to the total uncertainty of the final measurement. The
beam energy, measured from the well-known Q-value of the reaction *C(*!'B,°Li)'®0, was
determined to be E/A = 32.137 + 0.024 MeV. The uncertainty in the beam energy reflects
the uncertainty in the measurement of the known (!!'B,°Li) Q-value. The contribution of
this beam energy uncertainty to the uncertainty of the !'Li mass measurement is given in
Table II along with that of other sources of error. The contribution labelled “field integral”
refers to the correction for the fact that the bend angle of a charged particle through a dipole

magnetic field depends on the path integral through that field, whereas the A1200 field is
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measured with an NMR probe at a single point in the dipole. The dependence of this path
integral on the field as read by the NMR probe has been measured, and the uncertainty
given in Table II reflects the uncertainty in that measurement.

The experiment consisted of two runs of approximately 50 hours each, separated by a
period during which the beam was refocused onto the target and the spectrometer field
setting was changed slightly. The production reaction cross section was determined from
the 149 counts obtained in two runs to be 24 nb/sr at 0° in the lab. The data from both
runs are shown Figure 1. The momentum spectra collected from the production reaction
“C(MB,'"Li)"*0O are shown in the bottom part of the figure. In addition to the primary
peaks, corresponding to the ground states of both !'Li and '*0Q, another peak, corresponding
to unresolved states in 1*0 near 6.3 MeV excitation energy, is seen in the data from the second
run. The momentum spectra from the calibration reaction *C('!B,!°Be3*)!35N*, collected
simultaneous to the production reaction data, are shown in the top portion of the figure.
The ground state and 5.3 MeV doublet states of **N were used as the primary calibration
points. Also seen in the calibration spectra are a cluster of *N and °Be excited states.
corresponding to a total excitation energy between 8.0 and 10.0 MeV, and the 3.37 MeV
first excited state of 1°Be, which shows marked relativistic broadening of its gamma decay
width.

When the statistical uncertainty, which comes from averaging the Q-value measurements
from the two runs, is added in quadrature with the estimates of the systematic uncertainties
from the other cdntributions to obtain the final uncertainty, the resulting measured Q-value
is -37.120 + 0.035 MeV. The deduced two-neutron separation energy for !'Li is found to be
San(MLi) = 295 £ 35 keV. As can be seen in Table I this result is in good agreement with the
previous measurements while substantially lowering the uncertainty. Using the existing four
measurements, the weighted best values for the !'Li mass excess and two-neutron separation
energy are 40.802 £ 0.026 MeV and 295 + 26 keV respectively.

We would like to thank Ed Kashy for his suggestions during the development of the

computer codes used in the analysis of the data reported here. We would also like to thank



the operations staff at the NSCL for the efficient running of the K1200 cyclotron. This work
was supported in part by the United States National Science Foundation under grant no.

PHY92-14992.



REFERENCES

* Present address: LPC-ISMRA. Caen, France.

! Present address: Cyclotron Institute,

! On leave from the Institute of Physical and Chemical Research (RIKEN), Hirosawa.

Wako, Saitama 351-01, Japan. College Station, Texas.

[1] I. Tahihata, H. Hamagaki, O. Hashimoto, Y. Shida, N. Yoshikawa, K. Sugimoto. O. Ya-
makawa, T. Kobayashi, and N. Takahashi, Phys. Rev. Lett. 55, 2676 (1985).

(2] T. Kobayashi, S. Shimoura, I. Tanihata, K. Katori, K. Matsuta, T. Minamisono, K. Sug-
imoto, W. Miiller, D. L. Olson, T. J. M. Symons, and H. Wieman, Phys. Lett. B 232,
51 (1989).

(3] B. Blank, J.-J. Gaimard, H. Geissel, K.-H. Schmidt, H. Stelzer, K. Simmerer, D. Bazin,
R. Del Moral, J. P. Dufour, A. Fleury, F. Hubert, H.-G. Clerc, and M. Steiner, Z. Phys.
A 340, 41 (1991).

[4] N. A. Orr, N. Anantaraman, S. M. Austin, C. A. Bertulani, K. Hanold, J. H. Kelley,
D. J. Morrissey, B. M. Sherrill, G. A. Souliotis, M. Thoennessen, J. S. Winfield, and
J. A. Winger, Phys. Rev. Lett. 69, 2050 (1992).

[5] T. Kobayashi, O. Yamakawa, K. Omata, K. Sugimoto, T. Shimoda, N. Takahashi, and
I. Tanihata, Phys. Rev. Lett. 60, 2599 (1988).

[6] K. Riisager, R. Anne, S. E. Arnell, R. Bimbot, H. Emling, D. Guillemaud-Mueller.
P. G. Hansen, L. Johannsen, B. Jonson, A. Latimier, M. Lewitowicz, 5. Matts-
son, A. C. Mueller, R. Neugart, G. Nyman, F. Pougheon, A. Richard, A. Richter,
M. G. Saint-Laurent, G. Schrieder, O. Sorlin, and K. Wilhelmsen, Nucl. Phys. A540,
365 (1992).

[7] R. Anne, S. E. Arnell, R. Bimbot, H. Emling, D. Guillemaud-Mueller, P. G. Hansen,



L. Johannsen, B. Jonson, M. Lewitowicz, S. Mattsson, A. C. Mueller, R. Neugart.
G. Nyman, F. Pougheon, A. Richter, K. Riisager, M. G. Saint-Laurent, G. Schrieder.
0. Sorlin, and K. Wilhelmsen, Phys. Lett. B 250, 19 (1990).

[8] K. Ieki, D. Sackett, A. Galonsky, C. A. Bertulani, J. J. Kruse, W. G. Lynch, D. J. Morris-
sey, N. A. Orr, H. Schulz, B. M. Sherrill, A. Sustich, J. A. Winger, F. Deak, A. Horvath.
A. Kiss, Z. Seres, J. J. Kolata, R. E. Warner, and D. L. Humphrey, Phys. Rev. Lett.
70, 730 (1993). |

[9] I. J. Thompson, Proceedings of Third International Conference on Radioactive Nuclear
Beams, East Lansing, Michigan, May 23-27, 1993, D. J. Morrissey, Ed., Editions
Frontieres, (Gif-sur-Yvette, 1993). |

[10] H. Esbensen, G. F. Bertsch, and K. Ieki, Phys. Rev. C 48 326 (1993).
[11] G. F. Bertsch and H. Esbensen, Ann. Phys. (N.Y.) 209, 327 (1991).

(12] M. V. Zhukov, B. V. Danilin, D. V. Federov, J. S. Vaagen, F. A. Gareev, and J. Bang,
Phys. Lett. B 265, 19 (1991).

(13] L. Johannsen, A. S. Jensen, and P. G. Hansen, Phys. Lett. B 244, 357 (1990).
(14] Y. Tosaka and Y. Suzuki, Nucl. Phys. A512, 46 (1990).

(15] J. M. Bang and I. J. Thompson, Phys. Lett. B 279, 201 (1992). For errata see Surrey
University preprint CNP93/4.

[16] K. Riisager, A. S. Jensen, and P. Mgller, Nucl. Phys. A548, 393 (1992).
(17] P. G. Hansen and B. Jonson, Europhys. Lett. 4, 409 (1987).

(18] C. Thibault, R. Klapisch, C. Rigaud, A. M. Poskanzer, R. Prieels, L. Lessard, and
W. Reisdorf, Phys. Rev. C 12 644 (1975).

[19] J. M. Wouters, R. H. Kraus Jr., D. J. Viera, G. W. Butler, and K. E. G. Lobner, Z.



Phys. A 331, 229 (1988).
[20] T. Kobayashi et al., KEK Report No. 91-22, 1991.

[21] B. M. Sherrill, D. J. Morrissey, J. A. Nolen Jr., and J. A. Winger, Nucl. Instr. and
Meth. B56/57. 1106 (1991).



FIGURES

FIG. 1. The data from the first and second runs {see text) are shown in the left and right
portions of the figure, respectively. The momentum spectra from the reaction *4C(1!B,19Be3+ )15\~
are shown in the top part of the figure. The ground state and 5.3 MeV doublet states of 5N were
used as the primary calibration points. Other features in the calibration spectra are a cluster of
15N and '°Be excited states, and the 3.37 MeV first excited state of 1°Be. The momentum spectra
collected from the reaction !*C(!!B,!!Li)!*O are shown in the bottom part of the figure. It is

important to note that both the calibration and '!Li spectra were collected simultaneously.



TABLES

TABLE [. Summary of existing measurements of the two—neutron separation energy of ' Li.

Reference Son(Li) (keV)
Thibault et al., 1975 [18] 170 £ 80
Wouters et al., 1988 [19] 320 £ 120
Kobayashi et al., unpubl. {20] 340 + 50
Present work 295 £ 35

TABLE II. Sources of experimental uncertainty. The four uncertainties listed are added in

quadrature to yield the total uncertainty.

Source of uncertainty ' o (keV)
statistics 18
beam énergy 23
field integral 11
15N excited state population in calibration 15
total uncertainty 35
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