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The SPEG Mass Measurement Program at GANIL

H. SAVAJOLS
GANIL, BP 5027, 14076 Caen cedex 05, France

Abstract. The measurement of masses (or binding energy) of nuclei far from stability is of fun-
damental interest for our understanding of nuclear structure. Their knowledge over a broad range
of the nuclear chart is an excellent and severe test of nuclear models. This is why considerable
experimental and theoretical efforts have been and are invested in this domain. Here we want to give
a description of direct mass measurements combining high-resolution time-of-flight determinations
and accurate momentum measurements in a spectrometer. This very fast and direct method was
developed at GANIL with the high-resolution spectrometer SPEG. The mass measurements realised
and scheduled provide important first indications of new regions of deformation or shell closures
very far from stability.

Key words: atomic mass, nuclear binding energy, mass spectrometer, time-of-flight.

1. Introduction

The precision required in a mass measurement is highly variable. In some applica-
tions the binding energy must be known with a precision of a keV or better (QED,
QCD). Very far from stability, the mass predictions diverge to the level of MeV.
Hence measurements at this level of accuracy or somewhat better, of the order of
100 keV, will provide significant constraints. Nonetheless, direct mass measure-
ments corresponding to a determination of the binding energy with an error of
100 keV need a high resolution and a high precision. Indeed, for a nucleus of mass
A = 100, a precision of the order of 1-107% is necessary. By a time-of-flight method
this level of accuracy requires a relatively long flight path (~100 m) to a high
resolution spectrometer. The SPEG technique has no significant lifetime limitation
and can be employed with very low secondary beam intensities (0.01 particle/s).
Therefore mass measurements of very exotic nuclei, located close to the drip-line
in the mass region of A ~ 1040, are accessible.

The following discussion is divided into four main parts: (a) the production
of exotic nuclei far from stability for mass measurements, (b) the SPEG method,
(c) some results, and (d) the future of the SPEG mass measurement program.

2. Production of nuclei far from stability

At GANIL, nuclei far from stability are produced following the reaction of an
intense heavy ion beam (10'3 pps) at intermediate energy (50-100 A MeV), on a
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production target. The dominant mechanism in this energy domain is the fragmen-
tation of the projectile. The projectile like fragments are then selected in flight by
the beam line «-shaped spectrometer and transported to the high-resolution spec-
trometer SPEG [1]. The energy of the fragments are of the order of a few GeV. The
power of this process for the production of exotic nuclei stems essentially from the
concentration of the cross section within a very small angular and velocity range as
the incident beam energy increases. This production mechanism is well suited for
achieve a high transmission in a spectrometer, that may at the same time provide
the selection of nuclei of interest. Predictions of cross-section are incorporated
in codes, such as LISE [2] or as INTENSITY [3], which include selection by a
magnetic spectrometer. Such codes are very useful for preparing an experiment, to
define the most suited reaction and the magnetic and eventually electric parameters
of the spectrometer.

Typically, projectile fragmentation of “**3Ca and ®*Ni has been used to measure
masses of very neutron-rich nuclei. The fragmentation of a "*Kr beam was used to
measure masses of proton-rich nuclei near the N = Z line.

To increase the transmitted yield of exotic nuclei, a dedicated device called
SISSI [4] has been constructed. It consists of a set of two superconducting solenoid
lenses of very short focal length (0.6 m). The first solenoid is used to focus the
incoming beam in a spot of 0.2 mm on a fast rotating target. The second provides
an increase in the transport line angular acceptance. A large acceptance angle of up
to £80 mrad is achieved with a small emittance of 167 mm mrad due to the small
beam spot. This allows to transport the secondary beam with a standard beam line.

In order to have a broad range of reference masses which is a crucial point in a
direct mass measurement, the production target rotating at around 2000 turns/min
in the SISSI device has steps of different thickness. In the last mass measure-
ment the tantalum target was divided in three parts, i.e., 89% has a thickness of
550 mg/cm? for the nuclei of interest and 10 and 1% has a thickness of 450 mg/cm?
and 250 mg/cm? to produce heavy reference masses with suitable count rates.

3. Experimental procedure

The method used is a direct time-of-flight technique (Figure 1). The power of this
approach comes from the coupling of the projectile fragmentation as a produc-
tion method to the high-resolution spectrometer SPEG. The very broad elemental
and isotopic distributions resulting from such reactions combined with the fast in-
flight electromagnetic selection can provide the mapping of an entire region of the
nuclear mass surface in a single measurement.

The beam line from the exit of the «-spectrometer and the focal plane of the
SPEG spectrometer is doubly achromatic. In such a device, the mass is deduced
from the relation

mou
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where B, is the magnetic rigidity of a particle of a rest mass my, charge g and
velocity v and y the Lorentz factor. This technique requires only a precise deter-
mination of the magnetic rigidity and the velocity of the ion.

The time-of-flight (ToF) is measured using a pair of microchannel plate detector
systems located near the production target (start signal) and at the final focal plane
of SPEG (stop signal). The flight times are typically of the order of 1 ps for a path
82 m long. The intrinsic resolution of the start and stop detectors are of the order of
100-200 ps (FWHM) leading to a time-of-flight resolution of A¢/t ~ 2-107*. One
crucial problem in direct mass measurements is to eliminate systematic errors in
the time-of-flight determination due to differential nonlinearities of the electronic
chains, i.e., time-to-amplitude and analog-to-digital converters. For that purpose,
we use time signals from a precise high-frequency clock uncorrelated with the
beam. The period used is TC = 80 ns. Time differences from such signals and both
start and stop signals are measured for each nucleus. These time differences are
random, and differential nonlinearities are then averaged over the whole range of
TACs and ADCs. According to this technique, determination of the time-of-flight
follows the relation

Tyor = Ty — Tstop +N-TC+ T(),

where T and Tip are the time differences, N is the number of TC periods and
Ty is a constant.

The magnetic rigidity 6 of each ion is derived from two horizontal position
measurements. The first measurement is performed by a thin position-sensitive
microchannel plate system located at the dispersive image planes of the analysing
magnet, i.e., at the conventional target chamber where the dispersion in momen-
tum is big (10 cm/%). The second is made by two drift chambers used after the
spectrometer. Thus reconstruction trajectories of each ion is possible and we accu-
rately determine the value of the magnetic rigidity independantly of the object size.
A momentum resolution of 10~* is commonly achieved.
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The identification of each ion arriving at the focal plane of SPEG is achieved
by the measured flight time and the energy loss and total energy signals from a
detector telescope. The telescope consists of four cooled silicon detectors of typ-
ical ticknesses of 50, 300, 6000 and 6000 um. The energy loss signal is obtained
by summing the signals from the first two elements of the telescope, while the
total energy signal is obtained by summing all first three detectors. The last silicon
detector is used in anticoincidence.

A number of points should be considered carefully. The population of isomeric
states with lifetimes of the order or greater than the flight time through the system
(~1us) is a potential problem, as the resolution of the system is not sufficient to
resolve the typical mass difference between the ground and isomeric excited states.
The contribution of such states will lead to a systematic shift in the measurement
towards less bound masses. For 32Al an isomeric state in a ratio of about 2%
has been found [8]. As a check that the deduced masses are not affected by the
existence of isomers, the device includes the detection of delayed y-rays by a 4
Nal array surrounding the telescope.

A mass resolution of 2—4 - 10~* is obtained from the combination of the time-
of-flight and the magnetic rigidity measurement. This corresponds to +3 MeV of
the mass excess, for a nucleus A = 40 the final uncertainties range from 100 keV
for thousands of events (nuclei relatively close to stability) to 1 MeV for tens of
events (nuclei approaching the ends of isotopic chains).

As noted above, a large number of nuclei (~100) are transmitted in a single set-
ting of the beam line and the spectrometer (Figure 2). The nuclei with well-known
masses and with adequate yield provide a calibration from which the unknown
masses are derived. Such a large number of reference masses over a wide range
of Z and A is particularly important for providing final mass determinations with
precisions of the order of 107%. In the last mass measurement experiment [24],
only masses where three or more independant and compatible mass determinations
were available were used as references.

From these references we estimate in each case the systematic uncertainty in-
troduced by the method. A mass is then deduced from an interpolation done by
a Taylor series between the references. The terms of this series reflect the small
inaccuracies (or adjustments) in the method. A typical development for the mass
determination is

3
mgy = Z(Oll(l + 8)Tv01)/_1 + 052) + Ol3A + oy Z + 055]\42 + 056%,

where the first four terms could be considered as a first order adjustment. The last
two terms are higher order corrections. The fifth term corresponds to the difference
in the time collection of ions in the silicon telescope. The last term corresponds to
effects related to energy loss of particles in the emisive foils of microchannel plate
detectors or entrance foils of both small drift chambers. The constants o;—o are
adjusted for known nuclei. Mass uncertainties include statistical, calibration and
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Figure 2. Transmitted nuclei, identification matrix Z vs. time-of-flight (ToF).

extrapolation errors. Of course the farther away the extrapolation, the bigger is the
extrapolation error.

4. Results of mass measurements

The first mass measurement with SPEG took place in 1986. Since then many
experiments have been performed in the region of light and medium nuclei. In-
deed, the limit for obtaining reasonable mass determinations with present detector
technology is A ~ 80.

On the proton-rich side, the fragmentation of a "Kr beam on a Ni target has
been used to reach nuclei near the N = Z line in the mass region A ~ 60-80
SPEGY98 [5]. These masses are important for providing input for astrophysical
modelling for the rp process and for information on the nuclear structure in a region
of high deformation. As more than 200 nuclides are produced in this fragmentation
reaction, with high yields for nuclei close to the stability, it was necessary to purify
the secondary beams. The method is based on the stripping of the ions in a thin foil
located the two dipole stages of the «-spectrometer. It allows the selection in terms
of atomic number Z, and does not increase beam emittance. The mass excesses of
70Se and 7' Se have been determined with a precision of ~5.107° [5]. These results
agree well with the estimates of Audi and Wapstra based on systematic trends.
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Figure 3. Two neutron separation energy S, as a function of the neutron number N for
neutron-rich nuclei in the vicinity of the N = 20 shell closure.

On the neutron-rich side, efforts were made to measure masses near the N = 20
and N = 28 shell. Indeed, the evolution of shell closures far from stability is a
subject of much actual debate. Deformations, shape coexistence or variations in
the spin orbit strength as a function of the neutron to proton ratio could provoke
the modification of magic numbers. The more natural observable that may probe
this change in the standard shell ordering is the separation energy of the last two
neutrons, S,,,.

Around N = 20, two groups using different time-of-flight recoil spectrome-
ters, the TOFI [6] and the SPEG systems, dedicated mass measurements in that
region. Figure 3 shows the S,,-values as a function of the neutron number in the
vicinity of the N = 20 shell closure collected in the SPEG86 [7], SPEG87 [8] and
SPEGI1 [9] campains. The results of Ne, Na and Mg isotopes exhibit an anomaly
around N = 20. An overbinding, corresponding to an increase in the two neutron
separation energies, at the neutron sd-shell closure is observed, where a decrease
would be expected. Additionally, a much lower than expected excitation energy
was determined for the first 2* state in Mg [10, 11]. This overbinding is related by
the breaking of the N = 20 magicity where an island of deformation is observed.
These results have been confirmed by Coulomb excitation [20] and theoretical
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Figure 4. Experimental S;,, values in the region of the N = 20 and N = 28 shell closures.
The circles correspond to values from [25], the bold circles to values for which the precision
was improved and the full circles to masses measured for the first time.

calculations [13-19]. It is commonly accepted that this island of deformation is
due to the mixing with the next shell, the deformed intruder f7>.

More recently, the determination of the lifetime and of the deformation of
showed indications of a similar effect [22, 23] at N = 28. These were the motiva-
tions for a mass measurement experiment (SPEG99 [24]) to investigate the N = 28
shell closures for nuclei from Si (Z = 14) to Ar (Z = 18). The production of
these neutron-rich nuclei has been obtained by the fragmentation of a “*Ca beam
at 60 A MeV on a Ta target located in the SISSI device. Data we obtained and the
recently published [25] mass determinations allowed us to reanalyse unpublished
experimental results from SPEG91 [26], where the lack of reference masses did
not allow masses to be extracted for nuclei heavier than A = 37. Masses of 31
neutron-rich nuclei have been measured in the vicinity of N = 20 and N = 28
gaps. As can be seen on Figure 4, the precision for 19 masses was improved, often
by about a factor 2 or more. Twelve masses were measured for the first time, 8
of them with a precision of better than 1 MeV. The Ca isotopes show the typical
behavior of the filling of shells with the two shell closures at N = 20 and N = 28
(decrease of the S5, at N = 20, and a slowly decreasing in S,, as the 1f;/, shell is
filled). The K and Ar isotopes show a similar behavior. The Cl, S and P isotopes
however, exhibit a pronounced change of slope around N = 26.

Since the §,, values correspond to a derivative of the mass surface, a more
direct way to see shell effects on nuclear masses is to substract the macroscopic
contribution. Here we have used the finite range liquid drop model (FRLDM) [27]
and have defined the shell correction as

44S

Shell correction = d My, — d MprLDM,
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where d M.y, is the experimental mass excess and d Mgy pm is the macroscopic part
of the FRLDM. The shell correction energy is plotted in Figure 5. As in Figure 4,
the qualitatively different behavior of the S and P isotopes as compared to the
Ca isotopes is clearly evident. The Ca isotopes show pronounced shell correction
minima around N = 20 and N = 28. The S and P isotopes do not exhibit such
effects at N = 28, and show a discontinuity in the slope at N = 26.

From experimental masses, two different independant observables, the S,,-va-
lues and shell correction, show the same behavior. These results are reproduced by
shell model [19] and relativistic mean field calculations [28]. The models predict
that deformed prolate ground state configurations associated with shape coexis-
tence are necessary to explain the experimental data. The existence of an isomeric
state in the *3S in the same experiment and its interpretation by shell model cal-
culations confirm the analysis of the masses and constitutes the first evidence of
shape coexistence in this region [29].

5. Future and perspectives

For both N = 20 and N = 28 shell gap studies far from stability, mass mea-
surements with SPEG have brought clear evidence on a change in the shell struc-
ture. This behavior is mainly associated with gain of binding energy through the
deformation which would have consequences to the drip line location.

A new measurement to extend mass beyond the N = 20 shell gap is scheduled
for the beginning of 2001 [30]. As can be seen in Figure 4, new results have
been obtained too, for Ne to Al isotopes. In particular, the steep decrease of the
Sh,-values for Mg may imply that the Mg isotopes may become unbound with re-
spect to two neutron emissions for a much lower neutron number than the predicted
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value of N > 28 in models [20, 31, 32]. The set-up will be optimized to get a large
amount of **3’Mg as well as 3°3?Ne. In this new experiment we also hope to be
able to extend our mass measurement around N = 28 for the Al, Si and P isotopes
(pseudo N = 26 shell closure) and get new mass data for lighter nuclei located at
the border of the drip-line (pseudo N = 16 shell closure) when going from O to F
isotopes.

A first improvement with respect to previous measurements will be an increase
of the current of the primary *3Ca beam, to at least an intensity of 7 epnA (instead
of 600 enA). To be able to work with the highest possible beam currents and
transmission we plan to use a thin degrador in the beam line a-spectrometer. This
wedge will help to remove light particles which were one of the beam intensity
limitations in the SPEG99 experiment. We will have to prove that this does not
introduce uncontrolled systematic errors.

A second improvement concerns the time-of-flight resolution. Recent develop-
ments (we initiated) concerning a new design of microchannel plate detectors give
us an intrinsic resolution of the order of 70 ps (FWHM), i.e., a gain of a factor ~3.
Another promising way is to use a “chemical vapour deposition” (CVD) diamond
detector [33]. A time resolution below 50 ps (o) and a single particle count rate
capability of 10% ion/s are achieved with this type of heavy-ion detectors [34]. We
could use this material as degrader and as a start signal in the beam line spec-
trometer. Therefore, we will gain about 20 m in the path length and improve our
time-of-flight resolution.

6. Summary

The direct time-of-flight method with SPEG is one of the important advances in
the last decade for the measurement of masses far from stability. The technique
has no lifetime limitation and can be used with very low event rates. Therefore,
this is at present the only method for measuring masses up to the neutron drip-
line in the mass region A ~10-50. The masses thus obtained provide a means of
identifying new nuclear structure effects that are well illustrated by our work in the
N =20and N = 28 region. Further studies of a more detailed and experimentally
complex nature, such as Coulomb excitation and decay spectroscopy, may then be
performed on selected nuclei.

Improvements in the technique, which are still possible, will give us a unique
opportunity to measure masses for nuclei at the limit of stability. The measurement
of nuclear binding energies far from stability provides an early stimulus for the
development of nuclear models.
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