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Abstract

The recently commissioned Recoil Mass Spectrometer (RMS) at the Holi�eld Ra-
dioactive Ion Beam Facility (HRIBF) is described. Consisting of a momentum sep-
arator followed by an E-D-E Rochester-type mass spectrometer, the RMS is the
centerpiece of the nuclear structure endstation at the HRIBF. Designed to trans-
port ions with rigidities near K=100, the RMS has acceptances of � 10% in energy
and � 4.9% in mass-to-charge ratio. Recent experimental results are used to illus-
trate the detection capabilities of the RMS, which is compatible with many detectors
and devices.

Key words: Recoil Mass Spectrometer, gas detectors, moving tape collector,
proton radioactivity, beta decay, gamma spectroscopy
PACS: 07.75.+h, 29.30.Aj, 29.30.Ep, 29.30.Kv, 29.40.Cs

1 Introduction

Our understanding of nuclear structure has been enhanced over the last decade
through the expansion of in-beam -ray spectroscopic studies along the N=Z
line [1{4], the explosion of work to delineate the proton drip line [5{9], and
the identi�cation of the excited states of proton-unbound nuclei [10{13]. Very
neutron-de�cient nuclei provide fertile testing grounds to discriminate between
theoretical models [14{19] which usually are based on the nuclear structure
observed closer to the valley of stability. However, many issues remain unre-
solved. Clear experimental evidence of neutron-proton pairing in the mid-mass
nuclei has not been found. The e�ects of coupling to the nearby continuum
in proton-unbound nuclei and changes to the underlying nuclear structure of
these nuclei need to be explored. The properties of the ground and excited
states of the nuclei along the path of the astrophysical rapid-proton capture
process must be determined so that we can gain a better understanding of
the rates which govern this process. These are just some of the projects where
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recoil mass spectrometers can be employed to learn valuable new nuclear struc-
ture information and its inuence on the world around us.

Central to many of these studies has been the use of recoil mass spectrome-
ters [20{24] in combination with new multi-detector arrays, such as double-
sided silicon strip detectors (DSSD) [25], large Ge detector arrays [26{28],
and highly-e�cient, charged-particle detector arrays [29,30]. The keys to such
studies is high detection e�ciency and the suppression of background from re-
action channels produced with many orders of magnitude larger cross-sections.
A recoil mass spectrometer physically separates reaction products as a func-
tion of energy and mass-to-charge ratio (A/Q). Speci�c recoil products may
be physically implanted into DSSDs or transported to a counting station via
moving tape collectors (MTC). Detectors, such as DSSDs, use their high gran-
ularity and variable thickness to increase the e�ective number of detectors in
a given area while reducing the count rates per e�ective detector. Gamma-ray
spectroscopy typically uses the detection of multiple  rays to discriminate
between products produced with fusion-evaporation reactions and those pro-
duced with transfer and Coulomb excitation mechanisms. By correlating data
from various detector systems located at the target and focal plane, enhance-
ments in detection selectivity can be achieved such that nuclei produced and
detected at a rate of a few events per day may be identi�ed[5{8].

Even with these technical advances, there is a limit to the improvement of de-
tection sensitivity since many reaction channels are open in a given compound
nuclear reaction. Ultimately, the best suppression of the many \uninteresting"
channels is achieved by not producing them. Through the use of radioactive
ion beams (RIBs), the nuclei at the furthest edge of stability may be pro-
duced with su�cient absolute and relative total cross-section to be e�ectively
studied. For example, the �-delayed protons following mass identi�cation may
be used to identify 125Nd in the RIB reaction 58Ni(69As,pn)125Nd. All similar
reactions using stable beams will also produce much more of the �-delayed
proton emitter 125Ce, which hinders identi�cation. However, RIBs also bring
with them their own problems such as low intensity and a potentially high
background caused by the radioactivity of the beam. Detection systems must
be able to cope with this background problem. High granularity of detection
systems coupled to a recoil mass spectrometer which has very good primary
beam rejection is necessary to take advantage of the promise of RIBs. This ar-
ticle describes the Holi�eld Radioactive Ion Beam Facility's (HRIBF) nuclear
structure endstation which is centered around the new Recoil Mass Spectrom-
eter (RMS).
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2 The HRIBF Recoil Mass Spectrometer

The HRIBF RMS is a spectrometer which combines a momentum separator
with the traditional mass separator to provide superior primary beam rejection
with highly e�cient transport of reaction products. This spectrometer is able
to be run with higher beam intensities using reactions with inverse kinematics
than most other devices of its kind. The RMS, shown schematically in �g. 1, is
designed to transport ions with magnetic rigidities up to K =ME=Q2 = 100.
The RMS contains seven quadrupoles, two sextupoles, three magnetic dipoles,
and two electrostatic dipoles. Details of the optics and design criteria of the
RMS may be found in refs. [31{33]. Initial commissioning results may be found
in ref. [34] and the results of some early experiments may be found in ref. [35].
The spectrometer most similar to the RMS may be MARS [36] at Texas A&M
which combines a momentum separator and a Wien �lter.

The RMS has three focal planes: (i) the momentum dispersed focal plane
inside quadrupole Q3, (ii) the achromatic focal plane after the momentum
separator, and (iii) the A/Q dispersed focal plane at the end of the 25 m
ight path. A further useful concentration of all the mass-separated products
may be obtained after (iii) if the RMS is run in the converging mass mode
solution discussed later. Unless otherwise designated, the term focal plane will
refer to the A/Q focal plane (iii) at the end of the spectrometer.

2.1 Physical Description and Modes of Operation

The target position of the RMS, see �g. 2, is 75 cm away from the �rst (ver-
tical focussing) quadrupole Q1. Provision has been made to accomodate a
large Ge detector array (including GAMMASPHERE [28]) and other detec-
tors with the RMS. The angular acceptance of the RMS is asymmetric with
a designed horizontal acceptance of �30 mrad and vertical acceptance near
�110 mrad. For comparison, the Daresbury Recoil Separator [21] (DRS) and
Atlas Fragment Mass Analyzer (FMA) [22] are reported to have symmetric
angular acceptances of approximately �45 mrad.

The �rst magnetic dipole D1 (together with Q1-Q2) results in a momentum-
dispersed focus inside Q3. Here, a unique capability of the RMS is the ability
to insert up to 7 thin rods, called �ngers, to intercept the primary beam
charge states which remain spatially well-de�ned. The transmission of reaction
products from fusion-evaporations reactions should not be seriously degraded,
as the products have a large distribution of momenta. The use of �ngers is
desirable when the beam has kinematic characteristics similar to the reaction
products of interest, such as in strongly inverse-kinematic reactions. Figure 3
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shows the results of an initial test of the �ngers done by measuring the count
rate of two charge states of the primary beam at the achromatic focus with,
and without, �ngers.

The second half of the momentum separator recombines the ions and focusses
them at the achromatic focus. Quadrupole Q3 matches the energy dispersion
caused by the two magnetic dipole sections. Sextupoles S1 and S2 are used to
correct for higher order aberrations of the image at the focal plane. The image
at the achromatic focus is typically a vertical bar more than 6 cm tall and
2 cm wide. The spatial distribution of ions at the achromatic focus is shown
in �g. 4. Experiments not requiring mass identi�cation may use this focal
plane and reduce the time-of-ight between the target and recoil detectors.
The beam pro�le may be changed to a more circular distribution from the bar
shape which is present when the full RMS is used.

The mass separator is a separated electric-magnetic-electric �eld arrangement
pioneered[20] at Rochester University. This particular combination of electric
and magnetic �elds, separating ions by energy and momentum, respectively,
produces an A/Q dispersed image at the focal plane which has no dispersion
in energy.

The focussing properties of the RMS can be varied to optimize di�erent ex-
perimental conditions by adjusting subsets of elements together, a \knob" to
produce a desired e�ect on the recoils with minimal impact on the other prop-
erties. For example, by adjusting a knob in the control program, the vertical
focus of the �nal image can be varied from one centimeter to several without
signi�cantly impacting the transmission or dispersion of the device. A sum-
mary of all knobs currently available and their functions can be found in table
1.

In addition, the entire mode of operation of the RMS may be changed from
the original diverging mass mode to the converging mass mode by switching
the polarities of Q6 and Q7. In the diverging mode, masses move away from
the optic axis after the �nal focal plane. The goal of the converging mass
mode is to have an A/Q-dispersed focus at the focal plane detector with no
signi�cant loss in mass resolving power over the diverging mass mode, and
have all masses converge into a single blob some 80 cm further down stream.
The size of this blob is some 2-3 cm full-width at half-maximum (FWHM).

One property of the ion optics is that once a desired mode of operation is
found for an ion travelling through the device, this mode may be extended
to any ion simply by scaling the magnetic �elds by the momentum-to-charge
ratio and the electric �elds by the energy-to-charge ratio. Thus, once the mode
and any knobs are selected, the user needs only to supply the mass, energy,
and charge state of the ion to be studied. To change the settings of the RMS,
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the theoretical GIOS [37] solution [31] is modi�ed by any knob settings, scaled
according to the mass, energy, and charge state of the desired ion, and adjusted
to the actual RMS �eld values by the calibrations which we have determined
experimentally. A ow diagram of the control logic is shown in �g. 5.

The ability to scale the components of the RMS by these simple algorithums
permits the �eld settings of the RMS elements to be computer-controlled
through the use of ADCs and DACs. All magnetic devices have Hall probes
installed on a pole-surface, and the power supplies are adjusted until the cor-
rect �elds are obtained. Magnetic dipoles are adjustable to within one part
in 8000 (�0.2 G) and all other magnetic elements are adjustable to one part
in 800 (�2 G). The electrostatic dipoles are monitored by current through a
6 G
 resistor chain, and settings are controlled by 16-bit ADCs and DACs.

2.2 Commissioning and Performance

The RMS was commissioned by using an alpha source, accelerated beams from
the 25-MV tandem, and products from fusion-evaporation reactions. Initially,
a 244Cm alpha source of several tens of �Ci was placed on the optic axis at
the achromatic focus and several E-D-E solutions were found which focussed
the alpha particles onto the optic axis which coincided with the center of the
position sensitive avalanche counter (PSAC) located at the focal plane. Each
solution was then examined for steering of the alpha particles when the last
two quadrupoles Q6-Q7 were energized. The solution which had produced no
steering, ie., ions were traveling along the optic axis through the quadrupole
�eld regions, was chosen as a calibration point. The quadrupole doublet Q6-Q7
solution was set for the most tightly focussed image.

The alpha source was then moved to the target position (again on the optic
axis) and a smaller PSAC was placed at the momentum focal plane inside Q3,
and later, at the achromatic focus. In each case, the calibration points of the
magnetic dipoles were taken as the �eld which directed the alpha particles to
the center of the detector. The quadrupole doublets Q1-Q2 and Q4-Q5 were
set to produce a double focus vertically and horizontally. The sextupoles and
Q3 were not set during the tests with the alpha source.

After the initial calibrations were determined with the alpha source, the RMS
was commissioned with a 110 MeV 32S beam on a 300 �g/cm2 target of 58Ni
and a 220 MeV 58Ni beam on a 60Ni target of 300 �g/cm2. Initial settings were
based on the results with the alpha source and with theoretical values used
for quadrupole Q3 and the sextupoles. Mass separation was achieved from
the very beginning. The knobs (including those involving the sextupoles) were
used to obtain the optimum �eld values based on transmission and shape of
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the separated masses. Quadrupole Q3 was scaled individually based on the
same criteria. New "best" values for each knob were determined and the knob
coe�cients were recalibrated such that knob values of 0 produce the expected
optimized solution.

The �nal settings of the magnetic dipoles D1 and D2 were determined by
using charge states of a 90 MeV 58Ni beam passed through a carbon foil at
the target position and physical interception of the ions along the optic axis.
The �rst magnetic dipole �eld D1 was calibrated by �nding the �elds where
charge states 12 and 25 were intercepted by a �nger inside quadrupole Q3.
The second magnetic dipole �eld D2 was calibrated by transporting the same
charge states through 1 and 5 cm diameter collimators at the achromatic focus.

The �nal settings of the mass separator section of the RMS were obtained
by using a fusion-evaporation reaction and an ionization chamber after the
�nal focal plane. The electrostatic dipole ED1 was adjusted until there was
no energy dependence observed in the mass position across the focal plane.
Calculations with the ion-optics code GIOS [37] had suggested that the no-
energy-dispersion condition depended most sensitively on this �eld setting.
The magnetic dipole D3 and second electrostatic dipole ED2 were adjusted
until the central ions were delivered to the optic axis with the appropriate A/Q
acceptance. The image of the focal plane of the fusion evaporation reaction
products from the 58Ni + 60Ni reaction is shown in �g 6. The mass resolution
obtained from the projection of the recoils onto the horizontal (A/Q) axis is
approximately M=�M = 450.

This spectrum (�g. 6), taken in singles but with the requirement that four
position signals be present, is dominated by reaction products, and there is
very little evidence of scattered beam reaching the focal plane despite the sym-
metric kinematic reaction. Figure 6 also shows an example of primary beam
suppression, provided by the RMS in the case of an inverse kinematic reaction.
The low quantity of scattered beam reaching the focal plane of the RMS is
expected to signi�cantly reduce the background associated with radioactive
ion beams and their decay products in focal plane experiments.

With the RMS operating in the diverging mass mode, a focal plane is produced
which is independent of energy and is approximately 36 cm in length with a
mass dispersion of �43 mm/%. The measured A/Q acceptance is �4.9% and
the energy acceptance (FWHM) is approximately �10%. For comparison, the
FMA [22] has an A/Q acceptance of �3.5% and an energy acceptance of
�20%. The reduction in energy acceptance is a result of our larger (6 m bend
radius) electrostatic dipole deectors which, however, permit the acceptance
of recoils with larger electric rigidities. In the converging mass mode, the
mass resolution, A/Q acceptance, and energy acceptance are comparable with
the diverging mode while compressing the physical size and separation of the
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masses by approximately a factor of two. In this mode all mass groups converge
to a point some 80 cm from the PSAC along the optic axis. The spatial
resolution of the ions at this point is poor and is on the order of 2-3 cm FWHM.
The converging mass mode of operation may become the most common since
detector sizes may be smaller, detector array geometries may be tighter, and
higher detection e�ciencies may be obtained by the convergence of multiple
charge states of the same mass to one location.

2.3 Spectrometer E�ciency

The e�ciency of a recoil mass spectrometer is dependent on many parame-
ters including the physical construction, alignment, and design of the device.
These things conspire to induce aberrations of second and higher orders which
ultimately limit the ability of building a machine to transmit ions far removed
from the central trajectory. Once a spectrometer is constructed and commis-
sioned, the reaction kinematics, reaction channel, and target thickness domi-
nate the ultimate performance of the device. For example, the mass resolution,
transmission e�ciency and beam rejection capabilities of a spectrometer, three
often quoted measures of performance, are signi�cantly di�erent if one uses
reactions such as C + Pb or Pb + C. Clearly, the Pb beam is more similar
to the A�220 reaction products than the C beam and will be transmitted
further through the device. Thus, while the beam rejection may be poor for
the Pb beam case, the kinematic focussing of such an inverse reaction ensures
a high collection e�ciency of recoil products with a narrow energy spread.
Target thickness also plays a major role when discussing total e�ciency of
a device. In addition to multiple scattering degrading the mass resolution, a
thick target will produce an energy distribution in the products which may
fall outside spectrometer acceptance. In short, an in�nitely thick target results
in an e�ciency of zero while an in�nitely thin target produces an e�ciency
corresponding to the charge state distribution transmitted (neglecting losses
from the evaporation process and charge exchange in the vacuum with residual
gas). In practice, for a production target which is typically 300-1000 �g/cm2,
the e�ciency of the RMS when using a symmetric reaction and detecting two
charge states of a given mass is on the order of 5%.

Figure 7 contains data taken in  coincidence mode with and without the
RMS. By gating on the -ray transition energy of 595 keV,  rays correspond-
ing to two reactions, 83Y+3p and 80Sr+�2p, are found. By determining the
ratio of events in coincidence with the RMS, the overall detection e�ciency
of the RMS in these reactions may be measured. Note that they are di�erent,
presumably due to the larger recoil cone produced by evaporation of alpha
particles.
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2.4 Charge-reset Foils

The RMS target chamber allows the use of a charge reset foil approximately
10 cm from the target. Ions, as they leave the target, may lose their equilib-
rium charge state distribution if they have isomers which decay by internal
electron conversion in a vacuum. It has been shown [38] that an ion which
undergoes internal conversion may change charge state by as many as 5 units.
The purpose of the reset foil, typically 20 �g/cm2 carbon, is to reintroduce
a charge state equilibium to the ions before they enter the RMS. The close
proximity of the foil to the target makes this reset technique e�ective only for
those ions with nanosecond isomers. A position further away from the target
would result in mass resolution degradation due to multiple scattering and the
resulting change in the trajectory of the ions as they pass through the foil.

The RMS uses two types of charge reset foil frames which are shown in �g.
8. A rectangular frame with 3 mm sides may be used in most experiments
which do not depend on target area detector systems. The other frame is
comprised of a thin tantalum strip of thickness 0.175 mm and width 1.75 mm.
The strip is formed into a square shape approximately 30x30 mm2 and results
in a very small cross-section, which minimizes its ability to act as a catcher for
Coulomb-scattered RIBs and as a blocker of charged-particle detectors placed
at forward angles.

The large-area carbon foils, evaporated on glass slides, are oated onto warm
distilled water dripped slowly into the vessel containing the slides. The foil is
caught on the knife-edge of the frame and the water is heated and evaporated
from the oat container. Care must be taken to prevent bubbles from forming
under the foil. These foils are extremely delicate and only about 50% survive
the mounting process. A traditional type of frame is also available with a few
millimeter-wide sides and has an area of 12.5x25 mm2.

3 The Detectors of the RMS

Many detector systems and devices have been developed for use with the
RMS and are listed in Table 2. These systems may be located at the target
position and the various focal planes of the RMS. Working in combination
with each other, the high selectivity required to study nuclei far from stability
is achieved.
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3.1 RMS Focal Plane Detector | Position Sensitive Avalanche Counter

The focal plane detector is the Position Sensitive Avalanche Counter (PSAC)
similar in design to the detector descibed in ref. [39]. This isobutane-�lled gas
detector is comprised of �ve wire planes which are separated by �3 mm and
has an active area of 36 x 10 cm2. The wires are separated from each other by
1 mm, resulting in an overall transmission of approximately 90%. The physical
arrangement with respect to the beam is cathode - horizontal (x) position -
anode - vertical (y) position - cathode. The high voltage planes and x position
plane are electrically segmented in half to reduce signal attentuation. Position
is derived through time delay lines with adjacent pairs of wires leading to each
tap of a 20 ns passive delay chip (2 ns per tap delay). Fast timing ampli�ers
and constant fraction discriminators are used, and �2 mm position resolution
(FWHM) has been measured by using an alpha source and a mask with 1-
, 2,-, 3-, and 4-mm-diameter holes. Gas pressure is maintained at 3-4 Torr
and voltages are set so that 40-50 mV (x200, ORTEC 820) ampli�ed signals
are present after passage through the 180 ns of the x delay line. The windows
are made of commercially available MylarTM foils of 0.9 micron (�120�g/cm2)
thickness and are wire supported. Count rates of up to 10k have been sustained
although e�ciency su�ers in local areas with high count rates. The loss appears
to be caused by a lowering of signal gain either by depletion of the electrons
within the gas and/or sparking resulting in deposits on the wires. Typically,
the anode signals remain above disriminator thresholds indicating an ion has
passed through the detector but the lower amplitude position signals do not
cross the discriminator thresholds. "Holes" may appear in the focal plane
spectrum as can be seen in �g. 9. In any case, higher gas ow or less-focussed
ions can improve performance at high count rates. After use with high count
rates, the wire planes may be rejuvenated by cleansing the wires with a soft
sponge moisened with alcohol, suggesting that deposits are being formed.

A recent improvement to the focal plane has been the installation of three col-
limators for physically blocking the ions before reaching the PSAC. Presently,
the focal plane has two side collimators on linear vacuum feedthroughs and
one central collimator which can be lowered from above into position by a
linear-rotating vacuum feedthrough. Although large enough to be used in ei-
ther mode, these collimators have been primarily used with the converging
mode so that only two charge states of one mass are transmitted to the focal
plane detectors.
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3.2 Ionization Chamber

A position-sensitive split-anode ionization chamber has been developed for
HRIBF by Daresbury Laboratory and can be seen in �g. 10. The anode is
split [40] along the direction of the beam into three segments of 58 mm, 50
mm, and 202 mm. The 8 mm of the �rst anode is placed over the reentrant
window and provides a uniform electric �eld region inside the gas volume.
Thus, the ionization for energy loss measurements is collected from two 50
mm anodes which may be added together. The total energy of the ions may
be obtained by adding the signals from all three anodes. The ion chamber is
also segmented horizontally into 8 sections of 51.5 mm so that in applications
with localized, very high counting rates, pile-up and signal degradation can be
minimized. These sections may be electrically bridged together to act as one.
Our typical con�guration is to split the ion chamber in half, as is done with
the PSAC. The re-entrant mylar window has a 6 cm x 35 cm area and can be
operated with up to 40 Torr of isobutane gas. The chamber has strip electrodes
on the sides and back spaced at 5 mm intervals, and the window support wires
have voltages applied to them to ensure perpendicular �eld gradients between
the cathode and grids.

The cathode and Frisch grid are separated by 120 mm. A position-sense grid,
which is held to ground through 200 k
 resistors on either end of the delay
line, lies between the Frisch grid and the anodes and is separated from each
plane by 10 mm. Under operating conditions the voltages on the planes are:
anode +8 V/Torr; position grid 0 V/Torr; Frisch grid -4V/torr; and cathode
-28V/Torr.

The energy loss of ions has been measured with several fusion-evaporation
reactions just above the Coulomb barrier. The data shown in �g 10 identifying
transitions in 79Y [4] reveal su�cient Z resolution in the energy-loss signals
to di�erentiate neighboring isotopes at N = Z � 40. In addition,  rays from
the neutron-de�cient isotope, 125Ce (Z=58) were identi�ed with the ionization
chamber by using the \centroid-shift" method [41].

3.3 Double-sided Silicon Strip Detectors

The double sided silicon strip detectors [25,42,43] currently in use at the
HRIBF are 60 �m thick, 4 cm x 4 cm in size with 40 strips per side. One
such detector, Micron Semiconductor Laboratory's BB/1, is shown in �g. 11.
With this geometry the DSSD is comprised of 1600 pixels which act as individ-
ual silicon detectors. Two electronic circuits [42,43], provided by Edinburgh
University, are used per strip: low gain ampli�ers and leading-edge discrim-
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inators for high energy events such as implantation of the recoils and high
gain ampli�ers and leading-edge discriminators for lower energy events such
as proton and alpha radioactivity following implantation.

Although implantation events usually overload the high gain circuitry the
recovery time can be as short as 5 �s (7 �s is typical) and full energy decay
events may be identi�ed. Recently, ground state proton radioactivity in 145Tm
was measured[6] at the RMS with a half life of 3.5 (10) �s. After correction
for pole zero e�ects, the energy of the proton was measured to be 1.728 (10)
MeV, and the spectra are shown in �g 11. The thin pro�le of the DSSD to
beta events, allow reaction products with sub-microbarn cross-sections to be
studied. As is shown in �g. 11, a rare p5n evaporation channel was detected[8]
with an estimated cross-section of 13 nb. All data presented here were taken
in the diverging mass mode.

The DSSD is housed in a cube-shaped chamber with removable sides to provide
maximum exibility for various experimental conditions. A thick Si detector(s)
may be placed immediately behind the DSSD to detect and distinguish be-
tween � events and �-delayed proton events which are not stopped inside the
DSSD. Kevlar windows may be used with large planar X-ray detectors outside
the vacuum system to provide element identi�cation. Energy degrader foils and
alpha calibration sources are also available within the vacuum chamber.

3.4 Moving Tape Collector

The Moving Tape Collector (MTC) was designed and built [44] for the HRIBF
by Louisiana State University. The tape is aluminized 35 mm �lm approxi-
mately 30 m long, although lengths up to 50 m are supported. Transported by
a stepper motor along sprockets and stored in a large box similar to a printer's
ribbon cartridge, the tape may be moved at rates up to one meter per second.
Connected to the focal plane of the RMS with quick-connect clamp anges
the path of the tape may vary according to the experimental conditions. In
addition, the MTC can be operated in two modes. In collect mode, activity
is implanted onto the tape and moved to the measuring station. In take-away
mode, the point of implantation and measuring station coincide and the MTC
is used to remove unwanted activity.

Diodes provided at the front of the tape are used to de�ne the section of
the focal plane through which ions pass and are implanted on the tape. The
MTC can support a three-element Si detector array for pair spectrometry. A
subset of CLARION, CLover Array for Radioactive ION beams, consisting of
4 Clover Ge detectors, may be placed in close cross geometry (to date, 2 of the
Clovers may be equipped with BGO anti-Compton shields although our near-
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term plans incorporate two stations able to hold up to 9 Clovers with their
BGO shields) with the tape and Si array for beta spectroscopy experiments.
A close-up of the present detection station is shown in �g. 12. In two recent
experiments of N=Z nuclei, the beta-decay of 80Zr [45] and the decay of two
-decaying isomers in 66As [46] have been studied. The data are also shown in
�g. 12.

3.5 CLARION

The CLover Array for Radioactive ION beams (CLARION) Ge array, near-
ing completion, includes eleven Clover Ge detectors with BGO anti-Compton
shields. Ten of these detectors are segmented for improved Doppler-broadening
correction. These detectors, with their segmentation and add-back feature,
promise to enhance the detection of weak reaction channels because of their
high e�ciency (�150% relative to NaI in add-back mode) and improved reso-
lution despite the high recoil velocities typical of RMS experiments. The total
e�ciency of the 11 Clover Ge detectors has been measured to be 2.2% at
1.33 MeV. The array has been designed with new CAMAC-based electronics
consisting of ampli�ers, constant fraction discriminators, four high-resolution
14-bit ADCs, four low-resolution 12-bit ADCs (side channels and BGO en-
ergy), and �ve 12-bit TDCs all in a single, four-slot-wide, module. Included
in this package is front-panel readout compatible with FERA standard and
computer control of all functions such as thresholds, pole-zero, etc.

By gating the  rays detected at the target with focal plane detectors, signif-
icant enhancements in selectivity can be achieved. As was shown in �g. 10,
gating with the energy loss of the recoils in the ionization chamber and simple
manipulation of the spectra (portions of spectra subtracted from each other),
a \pure"  ray spectrum may be obtained which contains  rays which be-
long only to one nucleus. It is possible to correlate radioactivity events in the
DSSD with  rays detected at the target as is seen in �g. 13. Referred to in
the literature as recoil decay tagging (RDT)[10], this technique allows -ray
spectroscopy to be done beyond the proton drip line. Figure 13 reveals the 
rays assigned to 113Cs, which is a ground state proton emitter with a half life
of 18.3(3)�s.

4 Conclusion

The HRIBF Recoil Mass Spectrometer has been commissioned and is now
used routinely in experiments. It is performing as expected and is compati-
ble with many detectors. Recent work has concentrated on neutron-de�cient

13



nuclei beyond the proton-drip line and along the N=Z line. These studies
have enhanced our understanding of the nuclear structure of these nuclei by
revealing their decay properties and their excited states.

Operating now for almost three years, the RMS has been instrumented to do
the following types of experiments:

1) proton and � radioactivity
2) �-delayed proton decay with Z identi�cation - via X-ray detection
3) recoil- with Z identi�cation (ionization chamber and HYBALL)
4) recoil-
5) recoil decay tagging
6) �, �, and e+e� pair spectroscopy
7) -decaying microsecond-isomer spectroscopy with an extension to isomer
decay tagging

Expansion of the operation modes of the RMS may be developed in the future.
For example, experiments may be performed at the achromatic focal plane for
higher e�ciency and shorter time-of-ight. Other types of experiments will
become available as new detector systems come on-line and other techniques
are developed. The powerful combination of the CLARION, HYBALL, and
RMS detection systems will be referred to by the acronym CHARMS.
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Table 1
Summary of the knobs available for adjusting the tune of the RMS and the elements
they change. Elements which are weakly a�ected by a knob setting are listed in
parentheses.

Knob Function A�ected Elements

1 mass resolution Q4, Q5

2 vertical transmission through momentum achromatic focus Q1, Q2

3 second order correction (x=��E) S1, S2

4 second order correction (x=�E�E) S1, S2

5 target-Q1 distance Q1, Q2

6 mass dispersion (x=�m) Q6, Q7, (Q4), (Q5)

7 vertical focus Q6, Q7, (Q4), (Q5)

8 vertical transmission through mass separator Q4, Q5, Q6, Q7

Table 2
Detectors systems compatible with the RMS

Device/Detector Purpose

Position Sensitive Avalanche Counter (PSAC) Recoil position (A/Q)

Double-sided Silicon Strip Detector (DSSD) Charged-particle radioactivity

Ionization Chamber (IC) Z identi�cation

Moving Tape Collector (MTC) Beta radioactivity and transport

CLover Array for Radioactive ION Beams (CLARION) Gamma-rays

Subset of CLARION at �nal focal plane Gamma-rays

Large area X-ray detector (LOAX) X-rays

Large area silicon detectors Charged-particle and beta radioactivity

HYBALL (now being commissioned) Charged-particle detection
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Fig. 1. A schematic of the RMS. Areas (1) and (3) are the places where the primary
beam is usually deposited inside the RMS. Areas (2) and (3) are places where the
beam is deposited in similar mass spectrometers which do not have a momentum
separator. The RMS achieves superior beam rejection by moving the �rst beam-
dump away from the �nal focal plane. Beam is deposited in area (3) only when the
kinematic properties of the beam are similar to those of the products of interest. In
these cases, the �ngers may be used to intercept the beam and prevent its transport
to area (3).

Fig. 2. The target chamber of the RMS. The target is approximately 75 cm from
the �rst quadrupole of the RMS. Note the large fantail in the forward section of
the chamber. This 30 cm extension allows most of the scattered radioactive primary
beam to be dumped away from the center of the CLARION Ge detector array. The
14 cm radius chamber will hold a 95-element CsI charged-particle detector array
HYBALL and silicon strip detectors in the fantail. The two appendages below the
chamber are transfer tubes for changing targets and charge-reset foils without letting
the entire chamber up to air.
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Fig. 3. (Right) Pro�le of ions as determined by countrate at the achromatic focus
as a function of position of one �nger inside Q3. Two drops in rate are marked and
correspond to primary beam which has been stripped at the target to charge states
(Q) 23 and 24. (Left) A comparison of the normalized yield (with respect to Q=23)
of primary beam of Q=24 at the achromatic focus with and without 3 �ngers in
place. The reduction in rate suggests that a factor of 3 reduction in primary beam
transmission to the achromatic focus may be achieved. The data were taken with
a 220 MeV 58Ni beam passing through a natC target of thickness 150 �g/cm2 to
produce ions with a range of charge states.
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Fig. 4. The two-dimensional spatial image of ions at the achromatic focal plane
of the RMS using a beam of 85.3 MeV 28Si ions and a 54Fe target. The RMS
was tuned for A=79 recoils at 24 MeV with Q=15 and Q=14.5. The spectra on
the top are the images when the RMS is tuned to transmit ions to the �nal focal
plane. The spectra on the bottom are the images produced with vertical-focussing
quadrupole Q5 strengthened by 3.5%. The vertical bar becomes more circular under
these conditions and better �ts the square pro�le of the DSSD.
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Fig. 6. (Top) The two-dimensional image of the focal plane of the RMS in the 58Ni
+ 60Ni reaction. The mass resolution was measured to be M=�M = 450. Note
that this spectrum was taken in \singles" requiring coincidences only between the
anode and the position signals. Very little primary beam is transmitted through
the RMS. (Bottom) The energy-loss spectra from an ionization chamber at the �nal
focal plane by using the inverse kinematic reaction 58Ni + 28Si at 208 MeV. The
400 �g/cm2 target was supported by a 900 �g/cm2 Ta foil which faced the beam.
(a) The data taken with only the PSAC as trigger ie., all ions transmitted to the
focal plane. (b) Data taken as in (a) but with the additional requirement that a 
ray is detected at the target, e�ectively adding a time correlation condition. The
total amount of beam reaching the focal plane was approximately 56% of the total
events. These \uninteresting" events were further suppressed to 7% of the data by
requiring the detection of a  ray.
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Fig. 7. Two one-dimensional 595-keV gamma-gated spectra where the lower spec-
trum is also gated by the PSAC. The di�erence in yield for the 3p and �2p evapo-
ration channels between the mass gated and non-mass gated spectrum establishes
the e�ciency of the RMS, which is clearly reaction and channel dependent. See text
for discussion on the e�ciency of recoil mass spectrometers. Deadtime corrections
were made in hardware by electronically reducing the pure  coincidence rate by
a factor of 4 to match the recoil- coincidence rate. The reaction used was 58Ni at
212 MeV on a 28Si target of 400 �g/cm2 with a 900 �g/cm2 Ta front.

Fig. 8. A photograph of charge reset foils mounted on two di�erent frames. The
rectangular frame on the left has sides of approximately 3 mm in width. The square
frame on the right has a small cross-section to the beam to minimize the shielding
of detectors in the forward section of the target chamber and to minimize the
deposition of scattered radioactive beam ions near the center of CLARION.
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Fig. 10. (Top) The one-dimensional \pure" 79Y spectrum gated by mass and energy
loss in the ionization chamber. The data were taken with six Clover Ge detectors
from the CLARION array without Compton-suppression. The inset shows the -ray
yield as a function of energy loss for selected transitions from A=79 and Z=37,38,39
isotopes. The lower panel is data from GAMMASPHERE gated on transitions as-
signed to 79Y following identi�cation at the RMS. (Bottom) A picture of the top of
the ionization chamber.
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µ

Fig. 11. (Top left) Mass- and time-gated, one-dimensional, decay spectra from the
DSSD in the reactions 92Mo(54Fe,p4n)141Ho and 92Mo(54Fe,p5n)140Ho at 315 MeV.
(Top right) Same as above but for the reaction 92Mo(58Ni,p4n)145Tm at 315 MeV.
The other masses result from the isotopic contaminants (primarily 98Mo) in the
target. (Bottom) Photograph of the 40 strip by 40 strip DSSD (40 mm x 40 mm)
mounted on the back plate of a chamber. A new chamber incorporating a DSSD-Si-Si
telescope and kevlar window is now in use.
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Fig. 13. (Left) Photograph of six clover Ge detectors and �ve coaxial single-crystal
Ge detectors of one-hemisphere of the CLARION array at the RMS. Comprised
of a total of 11 Clover and up to 11 duet Ge detectors, the absolute photopeak
e�ciency of the system at 1.3 MeV is approximately 3.5%. (Right) Mass 113 gated
-ray spectra taken with an early implementation of the CLARION Ge array. The
data were taken in the reaction 58Ni + 58Ni at 230 MeV. Recoils were implanted
into a DSSD and those which emitted protons by ground state radioactivity (113Cs)
and �-delayed protons (113Xe) were detected and correlated with -rays emitted at
the target position. The more prevalent pure �-decay events were not observed in
the DSSD and these nuclei, primarily 113I, dominate the top spectrum. A portion of
the top spectrum was subtracted from the beta-delayed proton gated spectrum to
approximate a random background. No subtraction was necessary to produce the
113Cs spectrum.
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