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ABSTRACT

A Recoil Mass Spectrometer (RMS) is (o be built that will carry out a broad rescarch program
in heavy-ion science. The RMS will make possible the study of otherwise inaccessible exotic
nuclei. Carcful attention has been given to mateh the RMS to all the beams available from the
HHIRF accelerators, including those beams with the highest energy, as well as massive parti-
cles for use in inverse reactions. The RMS is to he a momentum achromat followed by a split
electric-dipole mass spectrometer of the tvpe operating at NSRL at the University of
Rochester. The RMS is essential for many of the proposed experiments on short-lived and/or
low cross-section products. The spectrometer design is discussed, with examples and compar-

isons with other spectrometers given. Detector arrays to be used with the RMS are also dis-
cussed.

2.1 INTRODUCTION

For many years scientists have studied nuclei far off stability, both via their radioac-
tive decays and in-beam y-ray spectroscopy. (Several reviews!-3 have examples of work
relevant to this discussion.) As the regions of known nuclei are pushed out to more neu-
tron deficient nuclei, the cross-sections for their production in heavy-ion reactions are so
small (< a few mb) that they are difficult or impossible to study by traditional in-beam -
ray techniques. However, there are important physics questions to be answered by studies
of these lighter nuclei. New ways have been sought to identify them.

Several groups have responded by recognizing the power of a Recoil Mass Spee-
trometer (RMS). The Daresbury RMS* is operational (vielding exciting results); the RMS
at Legnarod (LNL), Italy, and the RPMS® at MSU are becoming operational; and others,
such as Argonne National Laboratory’s Fragment Mass Analyzer? (FMA) and Texas A&M
University’s MARS project,8 are being built. \
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where the first successful RMS of the current design was developed,” studies of nuclei far
from stability that have production cross-sections ~1 mb have been underway for several
years, This spectrometer was combined with a segmented neutron detector!? and Ge
detectors to produce a powerful tool for in-beam spectroscopy. These in-hcam v-ray re-
coil-mass coincidence studies were the first ones done. As noted by the Daresbury group
when these results were first reported,!! the results clearly justified their large effort. In-
cluded in the initial studies were the identification for the first time of levels!? in 73Br and
the extension to higher spins of the known bands in a number of nuclei? 12 in this region.
The success of these studies strongly encouraged the expansion of the research with the
Rochester RMS.

Nevertheless, the Rochester RMS had limitations, including the energy of the accel-
erator, which limited the range of the nuclei far off stability that could be reached. This
has been improved with the upgraded energy of the Rochester tandem, but there are still
regions of heavy nuclei far from stability that will not be accessible because of beam en-
ergy. More importantly, the rigidity of the Rochester RMS was not designed to cover in-
verse reactions, where one uses a heavy projectile on a light target. The inverse reactions
are important when very-low cross-section products are to be studied, because kinematic
focusing can increase their intensity through the RMS by large factors and because the
high-velocity recoils allow Z identification in a aE detector, both of which can make the
difference between success and failure in an experiment. Thus, the idea for an RMS, which
would be connected to the higher-energy accelerators at the Holifield Heavy Ton Rescarch
Facility and which would be capable of separating products in inverse reactions, was born,

The key design features which were established for the RMS to be operated at
HHIRF were the following: 1) To match as well as possible the RMS rigidity to the beams
and energies available from the HHIRF accelerators, especially including those for inverse
reactions. 2) To make the solid angle as large as possible to study very-weak reaction chan-
nels. 3) To make the spectrometer flexible to cover broad ranges of different research a-
reas, both for now and for the future. The RMS achieves these goals, and it will be an im-
portant facility in the world for research with such devices.

22  SPECTROMETER DEVELOPMENT

The recoil mass spectrometer desceribed here is designed to analyze heavy nuclear
products from a heavy-ion-induced reaction. Several papers!3-15 give reviews of spectrom-
eters used in nuclear physics, including recoil miass spectrometers. The intent here is not to
reproduce those discussions but to point to the important factors that make an RMS, and in
particular the RMS being constructed for HHIRF, unique in its abilities. Comparisons
with specific spectrometers are made to emphasize particular points.

Various spectrometers (principally magnetic in character) have been used since the
discovery that radioactive decay involved the emission of particles that could be manipu-
lated by fields. Although the need for high-quality spectrometers dates from the early de-
velopment of accelerators, it was not until the late 1940's that modern spectrometers began
to be designed. There has always been particular interest in determining the Z or element
number of the reaction products. The Z cannot be determined by electric or magnetic de-
flection alone; however, in an inverse reaction, detectors capable of determining Z within
one unit can be used at the focal plane of the spectrometer, Omitting Z from further
discussion, the properties that can he deters
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the recoil (g = Qe), its velocity (v), and its mass (m) are the parameters that determine its
path through a spectrometer. Magnetic devices disperse in momentum (p/q), and electric
ones disperse in energy (E/q). A combination of these two element. leads to a focusing of
lines of constant m/q on the focal plane of a spectrometer. This is, in essence, the ap-
proaca taken with the development of the current family of recoil mass spectrometers,

The direction of the development has been influenced by several problems that
must be solved to provide good identification of the nuclear products. The direct identifi-
cation of the products has been limited by two problems. First, the reaction products and
the elastically-scattered beam particles usually both lie in the forward direction. For a sim-
ple particle detector, this gives a high gross count rate that masks the low count rate of the
reaction products. The second problem for detectors alone is that, for the more-massive
recoils (4 ~ 100), the energy resolution of the detectors is insufficient to determine mass
using time-of-flight and direct-energy measurements.  Highly-developed magnetic
spectrometers, such as those discussed in the review!3 by Enge, allow analysis of the
heavier fragments by dispersing across the focal plane, depending on various properties,
but they still have inadequate beam rejection at 0°. Devices such as beam filters or
velocity selectors have heen developed to separate the products of interest from the heam,
but they leave the balance of the analysis to downstream detectors, which still lack energy
resolution for heavy fragments. Only in recent years has there been an effort to combine
the beam-rejection function and the anulysis function into a single "recoil spectrometer.”

Some discussion of the most current efforts in the field are needed for comparison
to the spectrometer discussed here. A velocity filter (SHIP)!'¢ is included in the discussion.
SHIP is included for its success in the limited class of experiments for which it was de-
signed. Three full-recoil spectrometers [University of Rochester,? Daresbury RMS,# and
the Laboratori Nazionali di Legnaro (LNL) RMS at Padova, TtalyS] and a reaction separa-
tor [RPMS at NSCL, MSU7) will be discussed, as they are working systems or are under
construction. The FMAT at ANL will be discussed in conjunction with the Legnaro device,
as they are virtually identical. Several spectrometers will not be discussed, but are impor-
tant to the current work in nuclear physics. LLARA17 is being built at Munich, MARS? at
Texas A&M; also, the LISE!8 and SPEG!Y spectrometers are in use at GANIL.

2.2.A  Designs with Velocity Filters

The present SHIP is a velocity filter (QQQEDDDDEQQQ) at the Gesellschaft fiir
Schwerionenforschung, Darmstadt, FRG. It is the most outstanding example of a beams-
separation device for heavy-ion physics. The beam rejection ranges from 1012=108 with an
acceptance of 2.7 msr and a dispersion of 2.2 mm/%. As can immediately be seen, the fi-
nal identification of the reaction products is almost totally dependent upon the detector at
the focal plane.20 SHIP has rigidity (£, = 20 MV = 10 MeV/q, By = 12 kG-m = 69.5
MeV-nucleon/q? ) in the range being discussed for thc proposed spectrometer. The out-
standing success of the work at GSI with SHIP is an excellent illustration of the matching of
the spectrometer to the facility and the program for which it is planned. SHIP was built
primarily to search for new elements, including super-heavy ones, and to explore particle-
decay modes of nuclei very far from stability. These could be identified by implanting the
recoil products in a charged-particle detector and xtudymg their particle-decay modes. In-
verse reactions cannot be used at SHIP.

The RPMS at MSUS s by far he mrm rigid ()f the systems 1o be discussed. The
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vantage that it can be "tuned" to pass a certain velocity. The condition on this velocity i=
= E/B; thus, the electric field is not designed to have one value per product to produce
an orbit through the machine. High-rigidity ions will pass with a low dispersion, and low-
rigidity ions will pass with a high dispersion. This initially seems to be an excellent device,
but some high prices are paid for these properties. Following the wein filter are nine
quadrupoles and a dipole (QQQWQQQQQODQQQ). The chromatic aberration in this sys-
tem is large, and, if completely cancelled, the higher-order terms become a problem. This
spreads the line widths to the point that the mass resolution is 100 for 8% and 200 for £4%%
in aAE. This is for a recoil energy of a maximum of 30 MeV/nucleon. The solid-angle ac-
ceptance is 1 msr. Although a good system for fragmentation or reaction studies, it is lim-
ited for other studies. _
The RMS Daresbury* (QQOWHQQQOSSDQQQ) is very similar to the MSU design.
The velocity selector is separated into two parts, allowing the primary beam to be dumped
without striking the electric plates. The solid-angle acceptance is about 1 msr, and sex-
tupoles have been added to correct some of the aberrations. The velocity acceptance is
+2% with a mass dispersion of 10 mm/%. The use of an eiegant and complex detector at
the focal plane enhances the recoil identification, so the low mass resolution is somewhat
misleading. For spectroscopy work, the target is surrounded by an array of compton-sup-
pressed Ge detectors. Future plans call for the use of a Ge ball arrangement of twenty de-
tectors called Poly-TESSA. However, the 35-cm distance from the target to the first ele-
ment may present problems,

2.2.B Zero-Energy-Dispersion Designs

The discussion will now turn to the three other spectrometers and what can be
gained from their design and operation. The design of the RMS at Rochester,” the RMS at
Legnaro,’ and the FMA at ANLS are all based upon the same premise. 'This premise is
that by having a system with no spatial or angular energy dispersion, the energy aberrations
will not be present or be very large for the system. Thus, by having an energy focus, both
(x/6 ) and (/5 ) vanish (6 . is the fractional energy dispersion AL/FE). ‘The selection of
an electric dipole before and after a magnetic dipole (EDE) is the configuration used to
produce an energy focus.

The differences between these spectrometers involve how the higher-order correc-
tions are applied and how the intermediate optic constraints result in different focusing and
beam rejection. All designs use a split-cylindrical electrostatic deflector. The magnetic
dipole separates the two parts of the electric deflector. The high separation of the reaction
products and the elastically-scattered beam particles is achieved because of this configura-
tion. The momenta of the beam particles and the fusion reaction products (or p/q) are
very close, while their (£/q) are quite different. The electric deflector disperses based
upon energy (E/q), thus allowing beam and reaction-product separation to be a maximum,
The immediate criticism of this design is that the primary beam strikes the first positive-po-
tential deflection plate in the system. However, the Rochester RMS has been working in
this manner for several years with no problems, so this is not considered to be an issue.

The Legnaro spectrometer has heen designed to minimize and correct for higher-
order aberrations as much as possible. (This is not true of the Rochester spectromeier.)
The Legnaro design (QQESDSE) uses only the two quadrupoles to focus through the entire
spectrometer. No intermediate focus is formed. T hut, is an energy focus hut thls d()es not
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2. A Recoil Mass Spectrometer for the HHIRF Facility

the beam extent and also keep the hipher-order aberrations as small as possible. In the
dispersive plane the focus is quite good, but in the vertical plan the beam size is approxi-
mately 6 cm. The second-order corrections that are made are used in part to make the
mass-focal plane tilt go to zero. The Rochester design uses a quadrupole triplet for both
entrance and exit to the spectrometer (QQQLEDEQQQ). The final triplet both magnifies
the mass focus and the dispersion preceding it and also brings about a spatial focus at the
focal plane position.

The FMA at Argonne is virtually identical to the one at Legnaro in that it is a
QQEDEQQ configuration. The sextupoles present in the Legnaro design are replaced by a
curved poleface boundary on the central dipole. The final quadrupole doublet is used to
reduce the vertical beam size to approximately 1.5 em.

Several general comments on all three of these spectrometers can be grouped to-
gether. First, the high-beam rejection is based on multiple scattering within the spectrome-
ter if the beam strikes the first positive plate of the split electric dipole. For so-called nor-
mal reactions (projectile particle lighter than target nuclei), this will always work. [f the
beam does not strike the first electric dipole plates, this rejection is lost. If the energy of
the beam particles (E,) and the energy of the reaction recoils (E,) both lie within the en-
ergy acceptance of the spectrometer, both types of particles will be focused on the focal
plane if the rigidity of the spectrometer is sufficiently high to handle the recoils. Obviously,
the energy of the recoils can never excced the energy of the beam particles, so this case
need not be considered. Between the two extremes of £y >>E and E, ~ E_ avery large
variety of reactions, focusing conditions, and beam rejection levels can be devised. The net
result is that not all or necessarily even a large number of reactions, particularly inverse re-
actions, can be used in a spectrometer of this type.

Second, the rigidity of these spectrometers is relatively low at 6 MeV/Q for the
Rochester RMS and 9 MeV/Q for Legnaro and Argonne machines. This puts an upper
limit on the reactions that can be studied with these spectrometers. Any reaction produc-
ing a recoil of ~5 MeV /nucleon cannot be studied in these systems (even assuming Z = N
and complete stripping). Thus, rigidity is important if the spectiometer is to cover a broad
range of reactions.

The discussion has been centered on comparing the design of velocity filters or

other recoil mass spectrometers to the design presented here. Some comments compariny

a RMS with more traditional magnetic spectrometers (BRS, Q3D) or isotope separators
need to be made. The rigidity and dispersion desired can be obtained in these spectrome-
ters, but the beam rejection at D° and large solid angle are problems that cannot be over-
come together. Although mass separators can be made to have large acceptance, the
problems of different ionization efficiency for different reaction products, the loss of cor-
relation between information at the target location and the separator focal plane, and the
long hold-up time of the species in the ion-source are not present (and therefore not prob-
lems) in the RMS. Considering these spectrometers, separators, and the other RMS de-
signs discussed, the design effort here is for a spectrometer based upon the Rochester ap-
proach, but with significant improvements. Effort was made to remove the second-order

aberrations but without the loss in spatial focusing.  Rigidity will be high to match the
HHIRF accelerators as well as possible.
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2.3 DESIGN INTRODUCTION

Careful attention was given to match the RMS to all the beams available from
HHIRF accelerators, including those with the highest energy, and also massive particles for
use in inverse reactions. For the tandem, the highest energy for fully stripped nuclei would
be about 25 MeV/q for N = Z. For the electrostatic deflectors used in this design, the
maximum energy is about 15 MeV/qg or 7.5 MeV/nucleon for N = Z and fully-stripped re-
coils. This shows the need for the high rigidity. 'This last consideration is in contrast to
some present and proposed RMS facilities,

In designing any spectrometer, close attention must be given to the broad view of
what experiments are to be performed with the system. Initially, the primary expectation
for the RMS was to study exotic nuclei from normal reactions with 2 beam that was lighter
than the target nuclei. Some attention was given to inverse reactions but more in the na-
ture of those that would have the beam focused onto the focal plane. Since that original
design effort, inverse reactions have been reconsidered. The current view is that "all" in-
verse reactions must be handled by the RMS, and the case of the primary beam reaching
the focal plane is not acceptable. This is to say that the high beam rejection must work
equally well for inverse reactions. The kinematic advantage in using inverse reactions is
simply too large to lose for any reaction,

A completely new consideration for the spectrometer was the GAMMASPHERE
project.2l At the time the idea for GAMMASPHERE was formulated, none of the recoil
spectrometers was considered to be important to its mission. After some consideration and
the appearance of early results from experiments at Rochester and Daresbury, the impor-
tance of the RMS to GAMMASPITERE was seen. The problem was that none of the ex-
isting or proposed spectrometers could operate at the large image or object dlstdnccx re-
quired by GAMMASPHERE without significant loss of performance.

With these new conditions in mind, a modification to the RMS was sought that
would allow use of all inverse reactions, have large i image and object distances, and meet
the high rigidity needs of HHIRF. The result that is presented here is the spectrometer
that is currently being built for use at HHIRF.

The general description of the modification is that a momentum achromat has been
added to the front of the original RMS design. This is shown in the element layout in Fig. 1
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Figure 3. The reaction products and beam fm‘rticlcs for the reaction, 19GA(12C,41)163Yh, at the focal plance
the achromat. The most probable charge state for the beam is {49}, A pereent of the 14Yh would be stopped
with the beam, but this is a negligible amount.

sults from the focal plane being at a 70° angle to the beam axis, whereas the calculation is
for a plane perpendicular to the beam axis, The beam particles can easily be stopped,
while the reaction products are passed with only a small loss,

2.3.A Target Location and First Quadrupoles

The general view of an experiment with an RMS is that the RMS is but one element
in the experiment. Detectors (Ge, Si, plastic, Nal, liquid scintillators, gas proportional
counters} in singles or various array configurations will be used with the spectrometer. A
variety of different detectors may be used at the focal plane for different purposes. How-
ever, detectors around the target itself are essential to most experiments, so the initial con-
sideration is the target location. The proposed use of GAMMASPHERE with the RMS
puts severe requirements on both the image and object distances. The physical distance
from the target position to the first spectrometer element (in this case a quadrupole) needs
to be as large as possible. The other considerations affecting the target location are the
solid angle subtended by the spectrometer and the magnification of the instrument. For
energetic reactions above the coulomb barrier, the strong forward focusing of the emiited
particles requires that particle detectors be placed between the target and the spectrome-
ter. In particular, this can be a problem for neutron detectors, as the size of the detector is
determined by the interaction distance of the neutron. The target distance chosen in the
present case is 75 cm. This gives good space for both y-ray and neutron detectors. More-
over, this distance with quadrupoles that have an aperture with a diameter of 20 e still
gives a large solid angle of 15 msr. The angular acceptance is not symmetrical, as the dis-
persive plane has an angular acceptance that is one-third that of the vertical plane, Any
slits used to define the solid angle of the spectrometer will be positioned at the entrance to
the first quddrupole The first lens is diverging in the dlspcrslv pldl]C dnd thL second lens
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2. A Recoil Mass Spectrometcer for the HHIRF Facility

The optics of the achromat are parallel-to-parallel in the dispersive plane. At the focul
plane of the achromat, the center of quadrupole #3 (Fig. 1), the dispersion is ~ 10 mm/%%
and the resolving power is ~350 at the full solid angle, 0 = 25 msr. The achromat is com-
posed of three quadrupoles and two dipoles. The dipoles are 50° in bend angle with both
dispersive in the same direction. The two entrance quadrupoles have 20-cm apertures, and
the third quadrupole has an aperture of 30 em. This achromat precedes a Rochester-style
RMS (i.e., a split electric dipole) that is basically the original design. |

The achromat is designed such that there is a focus formed between the
quadrupoles and the first electrostatic deflector. At this point the beam is completely re-
moved and an image of the target spot is reformed. Since the distance between the
quadrupole and the electrostatic deflector is 6 m, with this focus occurring 4.5 m after the
quadrupole, the achromat can be used independently of the rest of the RMS, This provides
a'momenrtum achromat of rigidity of 25 MeV/nucleon and a solid angle acceptance of 25
mST.

To understand the advantage and power of the addition of the achromat, consider

the following example of an inverse reaction at 5 MeV/nucleon: 136Gd on 12C. In this
case, 164YD is the reaction product of interest. For a RMS of the Rochester style, both the
primary beam and the reaction products pass through the first electrostatic deflector
unscattered. In the case of the 156Gd on 12C, the most probable charge states of the beam
actually result in M/Q ratios that are focused at the focal plane. This is shown in Fig. 2.as
calculated for the original design without the achromat. Charge states 47 and 48 reach the
focal plane of the RMS if they are not stopped in the achromat,
Figure 3 shows the beam particles and the reaction products for the 156Gd on 12C case at
the focal plane of the achromat. The most probable charge states are shown but without
being weighted. That is to say, an equal number of rays are used in each charge state
calculation, and the figure does not represent the most probable population of each charge
state. The reaction products clearly fill the space available at the focal plane, while the
beam particles are focused into lines. The change in height in the y plane for each mass re-
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2.3.B Electric-Magnetic-Electric Dipoles

The choice made for the present design is an electric-magnetic-clectric dipole cou-
fi.guration following the achromat. The physical dimensions of these elements are 20° elec-
trostatic deflectors with a radius of 600 ¢m and a separation of 10 ecm. The deflectors are
separated by a magnetic dipole with a 50.0° bend angle and a radius of 140 cm. The gap of
the magnet is 10 cm, with the pole faces having no curvature. The magnet is weakly focus-
ing with shim angles, a = b = 15°. The electric deflectors are planned to have initially a
maximum field of 40 kV/cm, which would yield an electric rigidity, Ep = 24 MV = 12
MeV/q. The final goal is to condition the plates to hold SO kV/em. This would give £7p =
30 MV = 15 MeV/q.

2.3.C Final Quadrupole Doublet ~

At this point, the system is a mass spectrometer. At the exit of the second electric
deflector, a triple focus occurs in the dispersive plane. By adding the quadrupole doublet, a
vertical focus can be obtained, the muss dispersion increased by changing the magnifica-
tion. These improvements have their price in other aberrations becoming larger, but some
of the worst of these can be corrected in the focal-plane detector.
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tyal mass. The central mass is A = 100 and the charge state is 15, The solid anele for this nlot js 6.8 msr, gnd,



Lo e e R e e AR R TR

1. D, Cole, T. M. Cormicer, and J. 1L Hamilton

In summary, the RMS will have the following characteristics:

a) alarge-acceptance solid angle of up to 1S msr

b) anenergy range (aE)of 3.5%

¢)  amass-to-charge ratio range (1m/q) of £5%

d) a good mass resolution (m/am ~ 770) (FWHM) at 10.0 msr and ~540
(FWHM) at 15.0 msr (Fig. 4 shows the focal plane resolution for 10.0 msr.)

e) a mass dispersion (x/6, ) of ~43 mm/% (6, = am/m or the fractional mass
deviation in percent)

f)  a magnification at the focal plane for the reaction products

g)  an excellent primary beam rejection (~ 1013 in most cases) at 0°

h) . alarge target-to-first-quadrupole distance of 75 ¢m

23] m

The spectrometer is to be comprised of seven quadrupoles, two electrostatic deflectors, and
three magnetic dipoles in a QQDSQSDQQEDEQQ configuration. The electrical rigidity

(Ep) is initially to be 12 MeV/q, with the design goal being 15 MeV/qg. The magnetic |

rigidity (Bp) for the dipoles is 20 kG-m (2 Tm) maximum with corresponding rigidity

- planned for the quadrupoles to match closely the spectrometer to the accelerators at

ORNL. :

The total transmission of the spectrometer is also very good, with approximately
90% of the reaction products reaching the focal plane at the 10.0-msr solid angle. Contin-
uing efforts to improve the spectrometer will occur during the cngineering-design phase
and with the establishment of the specifications. Final adjustments and refinements will
occur to the spectrometer as fabrication, assembly, and testing occur.

24  CONCLUSION

The field of heavy-ion physics is developing its own instruments to address the
problems and experiments unique to this area. A wide range of heavy-ion-physics experi-
ments can be done with an RMS, as suggested in Table I A list of some experiments pro-
posed for the HHIRF RMS is given in Table . Some of these experiments can be carried
out on other types of devices, but only an RMS can perform the many different experi-
ments. In particular, it is essential for many of the proposed experiments on short-lived
and/or low-cross-section products, To document this, since it became operational at
Rochester, the RMS has been used in 50-70% of all experimental running time of the ac-
celerator. The large solid angle, high beam rejection, large mass dispersion, farge enerpy
acceptance, and large mass resolution are combined into a device that has uses in nuclear-
structure studies (be it through traditional spectroscopy of radioactive decay, in-heam high
spin, or the new decay modes of exotic nuclei), reaction studices, fusion studics, and radionce-
tive-beam production. The RMS proposed here has the capabilities to perform these func-
tions. The design is new in the sense that a configuration was selected and caleulations
were performed to match the spectrometer to the accelerators at HHIRFE so that the ex-
perimental program outlined could be performed. The rigidity chosen is within the limits

of what can be produced today, but the capability of incorporating improvements is present
in the design.
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2, A Rccc;il Mass Spectrometer for the HHIRF Facility

Table I. Research with an RMS

Radioactive decay of proton- and neutron-rich exotic nuclei.
Generally inaccessible nuclei
~ Weak reaction channels (~ 1 mb)
Short half-lives (~ 104 ms)
Difficultly-ionized species (e.g., Zr, La, W, Ta)
Exotic decay modes—at (or past) pmt()n/ncutr(m drip lines
B-delayed particle emission
Super-heavy nuclei
Low-lying, excited-, and ground-state propertics

High-Spin studies of neutron- and proton-rich nuclei
Nuclei with weak reaction channels
Continuum ~-ray studies
Band structure of weakly-populated states
Alignment at high spins
Average internal conversion

Fusion studies
Measure fusion Cross- sections
Fuqlon resonance

Reaction studies
Quasi-elastic
Fragmentation
Massive transfer reactions
Resonances

Radioactive beams
Coulomb re-excitation of reaction products
NMR studies
Implantation at lattice sites
Characterize transport techniques
Atomic spectroscopy of highly-ionized atoms
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