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ABSTRACT 

A He-filled on-line mass separator system was built at the SuperHILAC and 

used to study the fusion products in the reaction 56Fe+ 141Pr. The new 

neutron-deficient isotopes 194At and 195At were produced in this bombardment 

as three- and two- neutron-out products, respectively, and were identified by 

the a.-a time-correlation technique. The measured a energies and half lives are 

7.20±0.02 MeV and 180±80 msec for 194At, and 7.12±0.02 MeV and 200±100 msec 

for 195At. 
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I. INTRODUCTION 

Often scientific knowledge can be obtained and advanced only after a 

series of scientific and technical barriers are overcome with much patience. 

The Curies, pioneers in nuclear chemistry,_. obtained polonium after incompar-

able efiort and determination [1]. Continuous progress in understanding the 

subatomic world has been taking place throughout this century in the hands of 

dedicated people (2]. Among such developments, the searches for and the stu-

dies of unstable nuclides certainly have been undertaken just as enthusiasti-

cally as in the earlier days utilizing the foremost techniques available at the 

time, and we have come to know the existence and the properties of more than 

2000 nuclides [3-5]. By far the most efiective means to produce heavy nuclides 

today is to obtain them as fusion residues in heavy ion reactions [6]. The 

development of heavy ion ·accelerators which are. suitable for inducing· such 

reactions in recent years has been remarkable, and machines which are capa-

ble of accelerating any elements up to uranium with sufficient energy and 

intensity are n~w available [7]. · The great instability of nuclides expected to be 

produced by their usage naturally calls for far improved capabilities of detector 

systems in turn (8,9]. To meet this requirement, we have constructed the 

detector system SASSY (Small Angle Separator SYstem) based on the principle 

of the gas-filled magnetic separator, emphasizing detection speed with a 

minimal sacrifice in detection efficiency. The equipment has been operated for 

heavy elements including trans-actinides with respectable projectile rejection 

of 1:1012 while maintaining 35 percent transmission for fusion residues. The 

time required for this separation is in the order of one microsecond for the typ-

ical fusion residues of our concern, and consequently the activities whose half 

life are in this order can be studied by this equipment. 
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It was an amusing coincidence that the first new nuclide detected in the 

SASSY testing stage was an isotope of polonium, differing from the Curies' origi

nal by 18 neutrons [10]. As a natural extension, we began searches for new iso

topes in the nearby region. In the Po work, unfortunately, the large electron 

capture branch as well as the relatively long a half life of the daughter 188Pb, 

made the genetic a-a time correlation method difficult for the assignment pur

pose ih our equipment. Learning from this experience, we proceeded with the 

experiment described in this work keeping the necessary properties of the 

daughter for correlation work in mind. As a result, we identified 194At and 195At 

positively by genetic a-a correlation [11]. The experimental procedure and the 

properties of. isotopes produced as well as the configuration of the first operat

ing detector system used until the early part of 1982 are described. 
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II. EXPERIMENTAL APPARATUS 

A. General concept 

Our detector system consists of beam line, target section, dipole magnet, 

quadrupole doublet and detectors with their electronics, when it is viewed 

sequentially from upstream {Fig.1). It measures 4.0 m from target to focal 

plane and the entire system downstream from the target is filled with 1.0 torr 

He gas. Projectiles accelerated in the SuperHILAC first collide with a thin tar

get of less than 1.0 mg/cm2 • Fusion residues emitted close to 0 degrees, keep

ing their specific momentum obtained in the collision [12], will be greatly 

separated from pr,ojectiles and scattered target atoms according to the. 

differences in their magnetic rigidities, while they traverse through the gas-

tilled dipole magnet. They are then focused in the quadrupole magnet onto the 

focal plane further down stream where the electronic detectors are located. 

This massive quadrupole section also serves as an effective shield for the follow-

ing detector section against the high background noise generated at and 

around the target area. The processes up to this point can be regarded as a 

stage of filler [13], whose purpose is to suppress an otherwise overwhelming 

background, such as projectiles, to a level tolerable for the subsequent elec-

tronic detectors while allowing the fusion residues to pass through freely. The 

ion-optics have been designed with the aid of code BELIN [14], and one of the 

calculations which indicate the focusing characteristic of the optics is shown in 

Fig. 2. The separation speed is determined by the ftight time of the fusion resi-

due from the target to the detectors, and for the reaction used in this work it is 

0.5 J.LSeC. 

The fusion residues and the few background particles which manage to 

pass through the magnetic optics then go through time of fiight detectors for 

their velocity measurement and finally implant themselves into an array of sur-

face barrier detectors for measurement of total kinetic energy and studies of 
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subsequent alpha decay, if any. The velocity and kinetic energy information 

are effectively used to further discriminate fusion residues from background 

particles in the data reduction stage, and final assignment of nuclides is made 

by use of a. energies and their genetic time correlations whenever possible. 

B. Beam line and target section 

The projectiles from the accelerato.r go through the beam line before 

reaching the target section. While the primary function of this section is to give 

the projectiles the final tuning so that they form the 6 mm diameter circular 

image over the target, the following devices to control projectile characteristics 

have been installed as well. A set of Al foils next to the target can degrade the 

projectile energy by small steps and a series of heavily copper-plated electro

meshes 1 m upstream from the target attenuate the projectile intensity when 

the energy measurement has to be performed at the surface barrier detector in 

the dipole magnet. The beam wobbler 1.5 m upstream from the target, made 

from a 3 phase motor winding, continuously displaces the beam image over the 

target in circular fashion to prevent hot spots from the beam being too concen

trated, thus allowing the target to withstand a higher average tlux. Although 

the pressure of this section is normally kept below 10-6 torr by differential 

pumping, any pressure surge detected at the vicinity as an indication of window 

breakage triggers a local "slammer" valve within 20 msec to protect the 

accelerator from a helium surge or from broken target fragments. 

The target and the beam window located at the entrance of the dipole mag

net separates the He gas from the vacuum in the beam line. The vacuum tight 

beam window and target with its backing are mounted at the end of a cylindri

cal block which is inserted in the target chamber as a unit. Cold nitrogen gas 

from an LN tank is introduced to the 3 mm space between the beam window and 

the target to cool their inner faces continuously during bombardment. 
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C. Magnetic system 

The entire magnetic system, dipole and quadrupole sections, including the 

detector section, is completely filled with the He gas. To ensure the purity of 

He gas in the magnetic system. a controlled amount of high grade He is intro-

duced continuously in the dipole magnet close to the target section and is 

exhausted at the location close to the focal plane of SASSY. The exit gas is con-

tinuously pumped away by an Heraeus pump. The He pressure is maintained 

well within 1 percent of the desired value by use of a needle valve at the injec-

lion point actuated by an MKS Baratron. For the beam intensity measurement, 

we electrically insulated the entire chamber between the dipole gap to make it 

act as a faraday cup. 

1. · Dipole magnet 

The dipole magnet produces up to 12 kgauss of homogeneous magnetic 

field in its 7.0 em pole face gap. The 90 em effective length is enough to give a 

23 degree deflection to the heaviest element. The principle of operation of 

gas-filled separators resembles in certain ways that of the more familiar p spec-

trometers which are momentum separators for electrons. The equation of 

motion of an ion, with its mass m and charge q moving with velocity v perpen-

dicular to the applied homogeneous magnetic field B. is common to all magnetic 

separators of this type and is given by the following expression [15]. 

Bp = mv 
q 

(1a) 

-. where the left hand term, commonly referred to as magnetic rigidity, which is 

the product of the applied magnetic field strength B and the radius of curva-

ture of the moving ion p. implies a direct measure of the quantity to the right, 

that is momentum, mv, divided by the charge q. Whereas in an electron spec-

trometer which operates in high va.C'I.Lum, the magnetic rigidity becomes a 
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linear measure of the electron's momentum due to the known value of electron 

charge q8 , in an ion separator operated in a similar manner, this simple conclu-

sian unfortunately can not be drawn. This is because the ionic charge qian gen-

erally is not a single value.d quantity but rather various integral multiples of q8 • 

The unpredictability of q,on in vacuum, for example, stems from its sensitivity to 

the subtle variation of the medium where each ion happens to pass before its 

entrance to the vacuum, such as the chemical and physical characteristics of 

the target and even to the way it is produced, that is the nature of the nuclear 

reaction involved. This large fluctuation in qion seriously impedes the transmis-

sion efficiency as well as literally destroying the function of the separator. The 

way to greatly reduce this qi.on variation without slowing down the separation 

speed appreciably is to fill the dipole magnet gap by a thin gas of appropriate 

composition and pressure [16; 17]. The various integer-valued charge states 

then become a well defined distribution characterized by the mean charge state 

q, due to the large number of charge-changing collisions the ions experience 

with the surrounding gas atoms. If we represent this equilibrated distribution 

by its average charge value q, Eq.1a will be replaced by 

Bp=22.7x103 Av/vo ga.uss·cm 
q(Z.A.v.Zm.Am·P) 

(1b) 

expressed in atomic units with Z.Zm.A.Am the atomic number and mass of ion 

and gas respectively , p pressure of the gas and v 0= c/137 (2.18x108 em/sec). 

If we use the following widely used one-parameter semiempirical expression 

which applies adequately to the gaseous medium for q <0.3xZ [18], 

- _!. 
!I..= a. x ..:E....z 2 

Z 1Jo 

where a. is an open parameter, and recognize that 

(lc) 
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Z= _ __;;_A.;..__~ ~ ...4_ 
2 2.5 

1.98+0.0155A 3 
the Eq. ( 1 b) becomes 

l.. 
Bp"' A 2 

which indicates that the magnetic rigidity indeed becomes a measure of mass A 

as long as Eq. lc holds reasonably well, and this furnishes the basic operational 

principle of ion separation. 

2. Experimental determination of magnetic rigidities 

As we have seen in the previous section, our primary concern now is to 

know the dependence of q on Z, A, v, Zm, Am, p with greater accuracy, which is 

most crucial for the successful operation of the separator. This dependence 

has been extensively studied for fission fragments [19,20], and various theoreti

cal and multi-parameter serrtiempirical formulas. [21.:.23] have been suggested·· 

for its prediction. For lanthanide elements, however, a departure from these 

predictions was observed, suggesting the stronger role of the atomic shell 

effects in the velocity range of our concern [24-26]. Since this discrepancy is 

likely to exist for higher Z elements and its magnitude was difficult to ascertain 

a priori by existing theories, we decided to obtain the values of magnetic rigidi-

ties for heavy elements, including trans-uranium elements, empirically. 

We used 1.0 torr of He as the filling gas as usual and elastically scattered 

various target atoms ranging from Sm (Z=62) to Cm (Z=96) with 20Ne and 40Ar 

beams from the SuperHILAC to obtain values of B which made them traverse the 

optical axis. To minimize the velocity dispersion in the target, most of the non-

radioactive targets were made by sputtering from their metal foils, and their 

thicknesses were kept below 50 JJ.g/ em 2. The radioactive ones were prepared by 

electrode position. 
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.As for lhe choice of the filling gas Zm• we used He exclusively in our experi

ments. This is because magnetic rigidities of ions in He have been observed to 

be relatively independent over a wide range of ion velocities [19], and its low Z 

discourages multiple-scattering of ions, which would lower the high transmis

sion efficiency of the separator [27]. The gas pressure p has been known to 

affect the resolution of the separator significantly, largely through two coun

teracting aspects [19]. Although higher pressure contributes to better resolu

tion through a narrower charge distribution width because of an increased 

number of charge changing collisions, excessive pressure will lead to a rapid 

increase in multiple scattering which hinders the resolution. Therefore one 

needs to determine the optimum pressure for the experiment. We studied this 

effect in the reaction 48Ca+ 166Dy, and determined the optimum value to be 1.0 

torr. The transmission efficiency at this condition was measured to be 35 per

cent by directly comparing the activity caught immediately after the targ.et 

with that collected at the focal plane. The full widths at half maximum of the 

image size at the focal plane were 7.5 em. horizontally, and 2.2 em. vertically. 

As a result, the values of magnetic rigidities obtained for each element are 

plotted as according to Z in Fig. 3. For comparison, a prediction by Eq. 1c is 

plotted as a dashed curve, using a =0.28 to fit the data. Whereas the prediction 

by Eq. 1c represents the general trend of magnetic rigidity well, one may notice 

the periodic fluctuation of experimental values. Although this discrepancy can 

be partly explained by the introduction of Bohr-Lamb criteria [22], which take 

into account the ionization energy of the most losely bound outer electron in 

the ion, the rather serrated dependence obtained using the relativistically 

corrected Hartree Fock calculation [28,29] as compared to the smoother 

appearance of the empirical result suggests a significant contribution from 

inner electrons to the mean charge if. A refinement to account for this 

behavior is under way [30]. 
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D. Detectors and electronics 

The detector section to study neutron deficient astatine isotopes is set up 

with a pair of avalanche counters for the time of fiight measurement and an 

array of ten silicon surface barrier detectors at the focal plane {Fig. 4). The 

fusion residues are embedded near the surface and their total kinetic energy at 

impact as well as the energy of successive a decays and their event times are 

recorded on magnetic tape by a PDP15 computer. 

1. Avalanche counters 

A pair of position-sensitive avalanche counters, similar to the one 

described in Ref. 31, were constructed for the time-of-fiight measurement. 

Each has effective area of 8.9 by 17.8 em and they are placed 122 em apart. A 

counter consists of a center tungsten mesh anode, which collects fast moving 

electrons for timing signals, and two silver coated formvar windows, .which act 

as cathodes and enclose the counter gas, pentane. Silver is evaporated in 

striped fashion, one vertically and the other horizontally for two dimensional 

position sensitivity. By connecting these stripes to a resistor chain and taking 

the amplitude ratio of the pulses extracted from each end of the chain, the 

position of ion passage is obtained. The 8 mm spacing. be.tween the windows is 

filled with pure pentane gas, slowly introduced from the bottom and exhausted 

at the top, maintaining the pressure equilibrium between the pentane and He 

outside. This procedure reduces the strain on thin windows ( <15 J.Lg/ em 2), 

which are constructed to be as thin as possible for the reduction of ion scatter-

ing. The timing resolution is less than a nano second which amounts to less 

than 1 percent of the velocity of our fusion residues. The position resolution is 

about 6 mrn which is the spacing of the silver stripes and this value is better 

than the magnetic rigidity resolution. 
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2. Surface barrier detectors 

A horizontal array of ten 21 by 13 mrn rectangular silicon surface barrier 

detectors is placed at the focal plane. In order to minimize the detection 

inefficiency, which comes from the detector casing and inactive edges, they are 

arranged to overlap their borders. The energy resolution was 50 keV for a par

ticles and about 15 percent for the 50 MeV recoils. 

3. Electronics 

All information processed in the SASSY electronics can be divided into 

either analog or digital information (Fig. 5 ). The analog information consists of 

a, recoil or fission energy from the surface barrier detectors and the time of 

flight, the position and the energy loss from the avalanche counters. This is 

first serially converted by a multiplexer and then sequentially digitized by an 

ADC and finally sent to the PDP15 through an interface. The digital information 

consists of the crystal identification numbers, the millisecond clock which 

records the time from the beginning of the experiment, and the microsecond 

clock which resets at every beam burst of the SuperHILAC. All events which 

take place in the SASSY detectors are tagged by these two clocks. This digital 

information is fed directly into t~e interface together with the corresponding 

analog information. Since the system dead time, which mainly comes from the 

time required for the sequential digitization of analog signals, exceeds 400 

}.LSeconds for each event, we installed an additional ADC and a microsecond 

clock which independently processes the a signals whenever the main ADC is 

busy. This auxiliary circuit helps to reduce the detector dead time down to 3 

J.LSec for a particles, and together with the gas-filled separator front end makes 

it possible to truly detect nuclides whose half lives are in the order of 

microseconds. 
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III. DATA HANDLING 

A. On-line monitor 

While all data fed into the computer are stored on standard magnetic tapes 

for complete reduction after the experiment, the capability of an immediate 

access to most of data through a CRT screen has been valuable. This on-line 

monitor was used for the energy calibrations of the detectors prior to each 

experiment. During the experiment, we monitor its progress, as well as the 

state of the operation of each component, for fast corrective action if neces-

sary. The data monitored at present are a, recoil and fission energy spectra 

from each surface barrier detector, vertical and horizontal location as well as 

dE/ dZ of ions which go through the avalanche counters, the time of fiight spec-

lra, and delayed a spectra. We can construct a two dimensional plot from any 

two parameters listed above, with arbitrarily set channel windows in each of the 

parameters. This helps us to analyze an event using several characteristics 

recorded in different detectors. For example, the two dimensional plots made 

up with the time of fiight and the recoil energy were used extensively to 

differentiate true fusion recoils from various backgrounds. 

B. Off-line data reduction 

Mainly due to the memory size limitation of the computer, all of the infer-

rnation which involves the time correlations have to be extracted .,ff-line from 

magnetic tapes. At this stage of data reduction, all spectra are handled in the 

full 1024 channel resolution as they are stored in the memory, and they are 

individually gain shifted by internal and external calibration sources. The 

presently available off-line programs are ones which produce a spectra with 

gain correction, a a-recoil time-correlation program which looks for fusion 

recoil candidates preceding specified a events, and an a-a time-correlation 

program which searches for daughter a candidates following the specified a 
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mother. 

When these time-correlation programs are used, the existence of the 

accidental correlations and their consequences, in particular, the effect to the 

apparent half life obtained from tlie raw data, have to be considered. The 

accidental correlation inevitably arises due to our uncertainty when we pick 

the correlation pair in the environment where background and interference 

exist. For example, we adopted the convention of searching for the correlation 

pair which satisfies the requirements with the shortest time interoal between 

the two. There is, of course, no guarantee we select the truly correlated pair by 

this method. In fact, there are two sources of error which can be readily con-

sidered. One is caused by missing the true mother, for example due to the sys-

tern dead time, and the other is caused by a not truly correlated event taking 

place in between the true pair as an interference. The effect can be significant 

especially in the a-recoil correlations where the recoil rate is high. 

As an example, we consider a case where we have an a event and look for a 

possible mother recoil. I(t )dt, which is the differential probability of finding a 

mother candidate in dt with time t before the a event, will be given by the fol-

lowing expression, 

!{t)dt = ke-A' P(O)Xdt + ke-A' P(O)rdt + (1-k )P(O)rdt (2a) 

where k is the efficiency of the detector system, X the decay constant of the 

mother, and r the recoil rate of possible mother candidates. If we assume the 

recoils are randomly distributed, P(O) which is the probability of finding no 

recoil over an interval of time t, will be the Poisson distribution [32], 

(rt )0e -n 
P(O) = O! :;: e-n 

and Eq. 2a will become, 

{2b) 
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The first term on the right is the probability of finding the true mother, the 

second that of finding the wrong mother due to the random event taking place 

after the true mother event, and the last term that of finding the wrong mother 

due to the real mother being not detected at all because of the system dead 

time. The final decay formula can be obtained from Eq. 2b 

(3) 

This means we need two corrections to the raw data in order to obtain the true 

decay constant A for the mother. First we subtract the effect from the second 

term of this expression, which appears as a long lived component in the raw 

data, and obtain Aobs· Finally we obtain the true decay constant, A, according 

to, 

Aofls =A+ r (4) 

In ex-ex correlations, while this last correction is often negligible due to the 

low rate of ex events, the events, which escaped the detection due to the 2 rr 

geometry of the ex detectors, are equivalent to having the large system dead 

time, and will possibly lead to significant amount of accidentals. Therefore the 

number of the accidental events, which is vital for the assignment of nuclides 

based on the genetic ex-ex correlations, must be estimated. 

When we express the probability of finding n accidental events in time t 

after a mother event by P(n ), the probability of finding any number' of acciden-

tals will be expressed as follows, assuming the Poisson distribution, 

P = P(l) + P(2) + · · · = e-R(R + ~
2 

+ ... ) = 1-e-R 

Nd. 
R= -t 

T 

(5) 

where Nd. is the number of events in the daughter channels, t is the search time 

used for the correlation, and T is the duration of the experiment. Therefore, 



14 

the total number of accidentals, Na.cc• for a Nm mother will be, 

(6) 

This formula will be reduced to the familier expression [33], 

Na,r;c = (7) 

if R<<l. Finally for the detector array used in this experiment, the total 

accidentals are the sum of accidentals in each individual detector as calculated 

above. 

;; 
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N. EXPERIMENT 

A. Strategy 

15 

When we attempt to synthesize new nuclides, there are generally three 

areas of concern which can make experiments difficult, namely production 

cross section, decay mode and half ille of the nuclide. Especially when the 

accelerator availability is limited, each of these points has to be considered 

carefully. Fortunately, due to the fast detection speed of our equipment, the 

half life of nuclides did not arise as a serious threat. In fact, we experienced 

cases wher~ shorter lived nuclides can be identified more positively. Therefore 

we focus on the optimization of the production cross section and identification 

efficiency through the selection and the production methods for nuclides. 

1. The choice of nuclide to be produced 

For practical and realistic reasons, we allow ourselves the consumption of 

approximately one shifl {8 hours) worth of accelerator time to identify each 

new nuclide. This consideration just about excludes all those unstable against 

(J, 1 or fission as far as the choice of nuclides are concerned, either due to the 

lack of the signature the radiation provides or the inability to obtain a highly 

efficient electronic detector for the radiation [34]. Even among the remaining 

a emitting nuclides, which populate themselves on the neutron deficient side of 

elements ranging from lanthanides to trans-actinides, those at neither the high 

nor low Z end will be promising candidates when their production cross sections 

are considered. This situation can be illustrated, for example, by plotting the 

proton binding energies and fission barriers [35] for the lightest known 

nuclides of this region (Fig. 6). The rapid fall-off of fission barriers for Z above 

90 implies severe fission competition [36] and the negative proton binding ener-

gies appearing towards the low Z elements indicate that nuclides of this region 

have been well searched for already. So our choice narrows down to the region 
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of the neutron deficient a emitters of moderately heavy elements [37-40]. 

Among these a emitters, those with non a-active daughters need to be assigned 

by, an argument such as, the shape of the excitation function used in our previ

ous Po work. It has to be realized, however, the construction of a convincing 

excitation function does require the accumulation of a relatively large number 

of a events for several bombarding energies, which naturally requires the 

extended bombardment time. 

Ultimate confidence in an assignment, as well as the reduction of the dura

tion of the bombardment, can be achieved when we select an unknown a 

emitter whose daughter is a known a emitter. If one can establish the genetic 

correlation between them, very few valid events are necessary for a positive 

assignment [ 41]; in fact, in the recent discovery of one atom of element 109 at 

GSI, the time correlation of a single decay chain was used as a valid argument 

· [ 42]. When the lirriitation of the apparatus is considered, however, we realize 

that only carefully selected mother-daughter pairs can be successfully 

assigned by this method. This is because the validity of the assignment will be 

based on a statistical argument, such as whether the number of the observed 

correlations is significant or not when the accidental correlations are taken 

into account. Therefore we are required to invest special effort in reducing the 

number of the accidentals to obtain meaningful results. 

As obtained earlier, the value of the accidental correlation Nara is given by 

Eq.7. Since Nacc is proportional to Nm.. Nd. and t, the number of events in the 

mother channels, those in the daughter channels, and the search time, and 

inversely proportional to T. the duration of the experiment, we should minimize 

N",., .Nd and t, and maximize T to reduce Nacc. Although T is determined by the 

accelerator time for this type of experiment and can not be altered in practice, 

Nm. .Nd. and t can certainly be minimized by the appropriate selection of the 

mother-daughter pair, the nuclear reaction involved, the experimental 
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procedure and the de~ector array characteristics. The selection of a short 

half-lived daughter, for example, allows us to use a correspondingly short 

search time t, which is advantageous. Nm and NrJ can be minimized by selecting 

a mother and daughter whose a energies are unique among the neighboring 

nuclides, and by chosing nuclear reactions which do not produce a large 

amount of the daughter nucleus directly via an-out reaction channels. The use 

of high purity targets, both chemically and isotopically, also helps to reduce the 

direct production of the daughter by unwanted reaction channels, and reduces 

as well the possibility of creating nuclides whose a energies might interfere with 

the nuclides in question. The use of high energy resolution detectors, which 

allows a narrow a energy window, and position sensitive detectors, which 

effectively reduce the size of the individual detectors to that of their spatial 

resolution, can reduce Nm and NrJ [39.40]. 

As a final choice of nuclide, neutron deficient astatine isotopes· were 

selected. Their proton binding energies indicate moderate stability against 

proton emission and their relatively high fission barrier of 10 MeV should 

ensure suitable production cross sections. In particular, 194At is recognized as 

possessing the ideal characteristics for a-a time-correlation work. Its daughter 

190Bi does have a large a branch with a unique energy among its neighbors and 

its relatively short half life ( <10 sec) can be handled comfortably by the experi

mental apparatus. 

2. The choice of the nuclear reaction to be employed 

There are three reasons that 06Fe+ 141Pr was chosen over the conventional 

reactions with Ne projectiles where light astatine isotopes have been produced 

in reactions involving a large number of evaporated neutrons [ 43]. First a 

weakly excited and rather neutron-deficient compound nucleus is formed in 

this reaction. This low excitation energy is known to be advantageous to optim-
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ize the production cross section where the neutron evaporation has to compete 

against other reaction channels [ 44,45] such as charged particle emissions in 

this highly neutron deficient region [ 46-48]. Second, this low excitation energy 

discourages the production of a large number of unwanted nuclides by limiting 

the energy available for these reaction channels, thus reducing the number of 

accidental correlations. Third, the higher velocity fusion residues in this reac

tion reduce the effect of multiple-scattering in the gas filled separator and 

cause it to operate with higher efficiency. 

To select the best target projectile combination from the limited data we 

had, all stable nuclides whose natural abundance exceed 1 and 5 percent for 

target and projectile, respectively, and yield 197 At as a compound nucleus were 

selected as the feasible candidates. The excitation energies when these combi

nations are fused at energies corresponding· to their coulomb barriers. were 

obtained using nuclear proximity potentials [ 49;50] and Q values from Ref. 35 

then plotted as the dashed line in Fig. 7. The ones which include the extra 

energy expressed in Ref. 51 are shown in the figure as the solid line. The pro

jectile Fe and its associated target Pr can be seen as one of the best combina

tions for the attainment of low excitation energy. 

B. Experimental procedure 

1. Target preparation 

Since 141Pr is the only stable isotope, the possibility of nuclide production 

from isotopic impurities was eliminated. Small Pr fragments were cut from a 

chemically pure metal block and vacuum evaporated in a tungsten boat onto a 

1.85 mg/cm2 Havar target backing foil. Since relatively fast oxidation was anti

cipated [52], the evaporation took place shortly before the experiment and the 

finished 600 J,J.g/ em 2 target was stored in an Ar atmosphere until the .bombard

ment. We used a 1.85 mg/cm2 .Havar foil for the beam window of this 
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experiment. The 3 mrn space between the target and the beam window was 

swept by a continuous flow of nitrogen gas, for cooling, during the bombard

ment. 

2. ProjecWes 

56Fe projectiles were delivered from the SuperHILAC at 34 pulses/sec with 

a beam width of 3.5 msec. The beam energy was measured to be 280 MeV out of 

the accelerator and its half width was 2 MeV. We obtained an average of 1011 

ions/sec during the bombardment. En~rgy was changed by replacing the Al 

degrader foils in the beam line. The optimal energy for the isotope production 

was determined from the prediction of the neutron evaporation code JORPLE 

[53]. 

3. .Magnetic opti.cs 

Since we were searching for considerably neutron deficient astatine iso

topes, a mass correction to the value of the previous magnetic rigidity calibra

tion for ,8-stable isotopes (Fig. 3) was necessary. Obtaining A=211 to be a ,8 

stable form of At by Green's expression [54], the mass ratio of the expected 

nuclide, 194At to this value, ie.194/211, was multiplyed by the Bp value found in 

Fig. 3, and the magnetic field strength was reduced accordingly. Since we 

located the fusion residues and their a activities in the avalanche counters and 

surface barrier detector array approximately at the optical· axis, no further 

adjustment of the magnetic field strength was carried out. 

Our standard 1.0 torr He pressure was used in this experiment. The detec

tor system efficiency should be close to the optimum value at this pressure. 

This is based on studies, of the pressure effects on the efficiency in the reaction 

46Ca+ 164 Dy, done before this experiment. 
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4. Detector calibration 

Prior to the experiment, the surface barrier detectors were calibrated by a 

2 12Pb-212Bi-212Po source for a energies and by a 252Cf source for the recoil and 

fission energies. The time-of-flight system was also calibrated by the 252Cf 

source. 
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V. RESULTS 

A. The identification of 194At 

To establish the production of 194At as well as to obtain its properties, vari

ous on-line and off-line codes mentioned earlier were u~d. To give a clear pic

ture of what took place in our detector system, and how these codes were used, 

we here present in detail the events in sequential order as they appeared in the 

electronic detectors, using the case of 194At as an example. The experiment was 

carried out at a projectile energy of 255 MeV in its laboratory frame. 

1. Time-of-flight spectra 

All ions which traverse the magnetic optics appear first at the time-of

flight (TOF) detectors as in Fig. B. In this reaction there are three peaks 

observed. The one around 150 nsec strongly suggests the presence of the 

fusion residues, where their TOF was calcula:ted to be 144 nsec for the co~-. 

pound nucleus 197 At. This, however, does not necessarily indicate the produc

tion of the new isotope, which is expected to be produced as an xn-out product 

since other charged-particle-out products, such as p- and a- out products, 

have a flight time similar to the xn-out case. The highly attenuated projectiles 

and scattered target atoms can be observed in the spectra also. The projectile 

rejection at this bombarding energy is 3.6x1012
: 1. 

2. Recoil energy spectra 

After the passage through TOF detectors, the recoil ions implant them

selves into the surface barrier detectors where their energies are measured. 

Better differentiation of fusion residues against the backgrounds can be 

obtained when this recoil energy information is combined with the previously 

described TOF spectra. The matched pairs are represented in the two dimen

sional density plot in Fig. 9, and the gross recoil energy spectra are shown in 
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Fig. 10. The peak at 70 MeV agrees well with the kinematically required value of 

72 MeV for the fusion residues. To ensure this assignment, we correlated the 

recoils with the 6.84 MeV a events of a known isotope 194Po which was produced 

abundantly in this reaction as a fusion residue. The resultant strong correla

tion after the subtraction of accidentals by Eq. 6 clearly indicates the validity 

of this assignment. For the future a-recoil time-correlation work, the fusion 

residue candidates are finally defined as the ones which simultaneously satisfy 

the TOF and recoil energy requirement as indicated in the box in Fig. 9. 

3. a spectra 

The gain corrected a spectra were obtained by use of the off-line reduction 

program. Since the fusion residues are embedded in the crystals, a energies 

obtained from their decays include the energies of the accompanied host 

nuclei, which recoil in the opposite direction, as well as the a energies. The 

contribution of this recoil energy unfortunately is not well known, due to the 

uncertainty of the energy defect, so the final a energy was calibrated internally 

by prominent a active isotopes 191Bi {6.32 MeV), 195Po (6.61 MeV) and 194Po (6.84 

MeV) produced in the bombardment. The resultant a spectrum is shown in Fig. 

11. A new 7.20 MeV a line was observed. 

4. a-recoil time correlation 

To obtain the half life of the nucleus associated with this 7.20 MeV a line, 

we searched for the recoil candidates which met TOF and energy requirements 

and preceded the a events by not more than 1.0 sec (Fig. 10). We chose the pair 

with the shortest lime interval when there was more than one candidate, and 

the result is summarized in Fig. 12. The half life of this activity was determined 

from these lime intervals and was found to be 180±80 msec by the code "Max

imum Likely" [55] taking account for the correction (r=0.19/sec) by Eq. 4. 



23 

5. a-a time correlation 

An a-a time-correlation program was used to determine the daughter of 

the 7.20 MeV a activity. We searched for all a events that occurred within 10 

sec after the mother events. Fig. 13 shows the result of this search. Since they 

contain accidental correlations, we must estimate their magnitucfes. We calcu

lated the accidentals by Eq. 6 for each crystal and their sum is plotted in Fig. 

13. It is evident that there are a significant number of 6.45 MeV events greater 

than the estimated accidentals. From the time intervals of 7.20 and 6.45 MeV 

events, a daughter half life of 5±2 sec was determined. Recognizing that 190Bi is 

the only isotope which satisfies these properties, we assign the 7.20 MeV activity 

to its mother, 194At. Since 8 observed correlations is 3.7 standard deviations 

away from the estimated accidentals of 2.35, the error probability of these 

correlations is est~mated to be less than 0.1 percent. 

B. The identification of 195At 

The identical identification procedure as previously described for 194At. was 

carried out for 195At. Another new a line {7.12 MeV) observed at a slightly lower 

projectile energy of 249 MeV {Fig. 14) was determined to belong to 195At from 

the observed strong a-a correlations to its known 191Bi daughter energy of 6.32 

MeV (Fig. 15). A 13 sec daughter search time was used for this correlation and 

the resultant 1.4 correlated events around 6.32 MeV a energy were found to be 

3.6 standard deviations away from the estimated accidentals of 5.51, and the 

error probability of these correlations is estimated to be less than 0.1 percent. 

The a-recoil code previously used in the 194At case gave the half life of this 7.12 

MeV a activity 200 ± 100 msec (Fig. 16). 
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VI. DISCUSSION AND CONCLUSIONS 

The properties of the astatine isotopes identified in this work were exam

ined from the context of the available systematics and predictions. They were 

then utilized, together with those of known isotopes in this region, to overcome 

in either straightforward or evasive fashions, the difficulties associated with the 

production of new nuclides in this region such as instability against proton 

emission, possible short half life and unmanageably low production cross sec

tion. The detector system performance was also evaluated in order to point out 

the desired improvements which could enlarge its capability. 

A. The properties of 194 At and 195 At 

While the ex decay energies of 194At and 195At observed in this work agree 

well with the a energy systematics (Fig. l 7), and support the validity of their 

assignments, they provide an excellent testing ground for the applicability and 

validity of various nuclear mass predictions [56]. A better mass prediction in 

turn can be used to determine the location of the proton drip line to grP.ater 

accuracy as well as to improve the partial ex and proton half life predictions and 

the production cross section estimates, which are all vital for experimentation 

leading to the future extension of nuclides in this region. As can be seen in Fig. 

18, the prediction by Liran and Zeldes agrees very well with the absolute value 

as well as the trend of ex energies of neutron-deficient astatine isotopes. When 

we calculate the proton binding energies for these isotopes using their mass 

prediction, it can be seen that protons in 194At as well as 195At are already 

slightly unbound which suggests a possible proton decay mode for the further 

neutron deficient At isotopes (Fig. 19). In the context of ease of synthesis, to 

avoid instabilities against proton emission, we should probably not pursue odd

prolan nuclei of astatine isotopes much farther but shift our emphasis lo 
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even-proton nuclei like radon where the proton drip line extends down to 

A= 193. In· the following half life and cross section predictions, the calculations 

for Rn isotopes are included. 

From the observed a energies and half lives of 194At and 195At, their a hin

drance factors were calculated using a code in Ref. 57, assuming ground state 

transitions. Since the electron capture branches were not directly obtainable 

from our experiments due to the interferences from the directly produced 

proton-out products, they were assumed to be 10 percent according to Ref. 58. 

The results were 3.1 for 194At and 2.4 for 195At indicating both are allowed tran

sition. To estimate the isotopes which the microsecond capability of the equip

ment allows us to study from the half life consideration alone, the partial a half 

lives of further neutron deficient At and Rn isotopes were calculated with the 

code used above together with.the Qa. values obtained from the mass prediction 

by Liran and Zeldes. The ground state transitions were assumed in the calcula

tions, and the a hindrance factor for each element was assumed to remain rela

tively constant as observed for their known neutron deficient isotopes. The 

representative values used {2.3 for At and 1.5 for Rn) were obtained by taking 

the average values of the four lightest known isotopes of each element. The 

result shown in Fig. 20 indicates the potential a identification capability of 

SASSY down to A= 188 for At and A= 190 for Rn considering only their a half 

lives. 
• 

While electron capture becomes an increasingly improbable mode of decay 

and becomes practically negligible for these isotopes, proton decay becomes 

conceivable for odd Z nuclei of At. Although precise proton half life prediction 

in this region is not possible at present due to the lack of data concerning the 

proton decay of relatively high Z ·elements, certain amounts of information can 

be extracted from the analogy carried over from the extensively studied a 

decay theory and its systematics. In particular, Nitschke obtained a semi-
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empirical proton half life formula [59] equivalent to the Taagepera Nurmia for

mula for ex decay [60], using the available proton decay data of lanthanide ele-

ments. Using this expression, assuming Jpn= ~+, the partial proton half lives of 

At were estimated {Fig. 20). Notice the extremely fast decrease in: the proton 

half life as the reduction of A, one may realize that even for the wide detection 

time range of our system. 188At and 189At are the only candidates whose proton 

decay mode may possibly be observed. 

Probably the most severe limitation we will encounter comes from the low 

production cross section of these highly unstable nuclides. Thus it will be abso

lutely necessary to search for the best target-projectile combination for each 

nuclide to be produced. To find a suitable code for the production cross sec

tion, the excitation function for :saFe + 141Pr was constructed (Fig. 21). The 

neutron evaporation code JORPLE, although it reinforced the validity of the 

assignments for 194At and 190At by correctly providing the optimum projectile 

energies for xn out products within 3 MeV (252 MeV for 194At and 243 MeV for 

190At), failed to reproduce lhe excitation function for this reaction, which 

involves a large amount of charged-particle out products. The particle eva

poration code ALICE [61], on the other hand, has been found to reproduce the 

observed excitation function reasonably well if the values in the Woods-Saxon 

(r0 ,d) parameter space are fitted to the observation (Fig. 22). The best parame

ter values (r 0= 1.23 fm, d=0.75 fm) were found for the excitation functions of 

08Fe+ 141Pr, 08 Fe+ 142Ce, 84Kr+ 118Sn, 72Ge+ 127I and 08Fe+ 148Nd, all yield compound 

nuclei in the same vicinity for Po, At and Rn. Care has to be taken, however, 

when we extrapolate more than 3 Z away from At, since we found these parame

ter values have to be readjusted rather drastically for the reactions which yield 

compound nuclei of Ra, Ac [ 46], largely due to the discrepancy in the estimate 

of not well known fission competition in this region. Using ALICE and these 
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parameter values, the excitation functions which yield the future candidates, 

193At, 197Rn and 198Rn as reaction products were constructed from all conceiv-

able target-projectile combinations. For experimental feasibility, we restricted 

targets and projectiles to those that are stable and whose natural abundances 

exceed 1 and 5 percent respectively, and the reaction Q values obtained from 

the mass prediction by Liran and Zeldes were used in the calculation~ The 

results are summarized in Fig. 23 for 193At and in Fig. 24 for 197Rn and 198Rn. 

The peak cross sections for these isotopes in each reaction are plotted accord-

ing to the projectile Z. It can be seen that reactions which involve exceptionally 

neutron-deficient targets like 144Sm are definitely the most attractive candi-

dates. 

B. The evaluation of the equipment 

It· will be profitable ·to briefty review the characteristics of the equipment 

and to point out some of the most needed areas of improvement. The ,u.second 

detection speed virtually eliminates the concern about the half life of nuclides 

to be produced in the near future, and probably this is all that is required for 

the detection of nuclides in the vicinity of At down to a few neutrons beyond 

the proton drip line as far as their a half lives are concerned. Although the ion 

optical transmission efficiency of 35 percent goes down to a final 10 percent for 

a detection when the geometry of a detectors and their 2rr nature are con-

• sidered, the employment of the a-a time-correlation technique, which can be 

applied more effectively for the short lived nuclides, will reduce the number of 

events necessary to a few at most to make an isotopic assignment. Although we 

observed a better than 1012 rejection factor against the full energy projectiles 

in this experiment, this value can be improved further by several orders of 

magnitude if necessary by the insertion of a stripper foil and a set of collima-

tors in the dipole magnet. As a summary, the characteristic of our separator is 
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compared to that of the highly successful SHIP velocity filter at GSI in Table 1 

(8]. It can be seen that the performances are quite comparable in spite of their 

gross differences in construction and principles of operation. 

The most needed and effective improvement we can make is in the a detec

tor array itself. The equipment described in this work often did not have the 

capability to successfully correlate a mother-daughter a pair separated more 

than 20 sec due to interference from the directly produced daughter-like pro-

ducts which traversed through the separator unrejected. Conversion to a 

position-sensitive detector array will virtually eliminate this problem and 

extend the usa_ble correlation time to the order of an hour. The improvement 

of a energy resolution will be another significant addition. This is because the 

neutron deficient isotopes, which lie below the 126 neutron shell, have been 

observed to possess isomeric states (Fig. 17). In the vicinity of At, these states 

are assigned f'T= 1~+ for the odd mass Po and Pb isotopes, and f'T=1o- for the 

even mass Bi isotopes [ 4]. Realizing that these high spin states tend to be 

populated rather intensely by the heavy ion reactions such as the one 

employed in this work [62], the possibility thal the a activities assigned for the 

At isotopes can not be excluded as being a mixture of closely spaced ground 

and isomeric transition. The present detectors, which are designed for max

imum efficiency, simply do not meet the energy resolution requirements for the 

isomeric transition which often .produces counterparts as close as 50 KeV to its 

ground state, and detector modifications along this line are desired to be 

undertaken [ 40]. 

C. The hopes for future extension of nuclides in this vicinity 

We considered a few prospective methods to produce more neutron

deficient nuclides in this vicinity. If we stay close to reactions like Fe+Pr, 
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where we have gained some experience, probably the .first attempt should be to 

use a highly neutron-deficient target like 144Sm with some appropriate projec-

tiles. This combination should produce a somewhat more neutron-deficient 

compound nucleus with comparable excitation energY: to that of Fe+Pr. 

Secondly the use of neutron-deficient projectiles such as 54Fe from the unen-

riched ion source, for example, can be considered seriously when we recall the 

improved capability of the new injector installed at the SuperHILAC. Thirdly if 

we prefer to take a somewhat more adventurous route, we can always depart 

from reactions like Fe+Pr altogether and try something different. One such 

attempt comes from the recognition of the other minima appearing at the exci-

tation energy illustrated in Fig. 7. This often neglected minimum which is asso-

ciated with more symmetric target-projectile combinations, deserves more 

attention, since highly neutron-deficient systems ·can be reached (Fig .. 25) 

[63,64]. The somewhat suppressed cross section of 0.2 ,ubarn for 194At observed 

in the cross bombardment 84Kr+ 113In might be attributed to the extra projectile 

energy presumably needed for heavy less asymmetric reactions [51,65]. 

Although this may tend to discourage us to use these reactions extensively in 

the immediate future until the conventional reactions are all exhausted, one 

may realize that these are the only realistic reactions which may lead to the 

production of ultimately neutron-deficient proton emitters in this region. The 

production of nuclides in this vicinity by symmetric as well as ~symmetric com-
/ .. 

binations is currently under investigation [66] and we hope these reactions will 

extend the boundary of existing nuclides and bring us a deep.er understanding 

of these highly unstable nuclides which appear far oft' the stability line. 
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FIGURE CAPTIONS 

{1} SASSY over all view. 

{2) The BELIN plot indicating the focusing characteristics of SASSY . 

(3) The dependence of the magnetic rigidity on Z. The dashed curve indicates 

the prediction by Eq. 1c. The prediction according to the Bohr-Lamb cri

teria is shown as the solid serrated line. 

(4} Arrangement of electronic detectors used for the experiment. 

{5) Block diagram of the electronics. 

{6) The dependence of the fission barrier {solid line} and the proton binding 

energy (dashed line) on the most neutron deficient known isotopes of ele

ment, Z. 

{7) The excitation energy of 197 At in various target-projectile combinations 

from Ref. 34, 48 and 49 {dashed line). The one which includes the extra 

energy [60] is shown by a solid line. 

(B) Time-of-fiight spectra taken at E14b=255MeV. 

(9) The two dimensional density plot of time-of-flight against recoil energy. 

El.clb =255 MeV. 

{10} The recoil energy spectra at the same projectile energy. The recoil events 

which are time-correlated with the 194Po 6.84 MeV a after the subtraction 

of accidentals and those which are correlated with the newly discovered 

7.20 MeV a together with the estimated accidentals are included in this 

figure. 

(11) The a spectra taken at 255 MeV for the projectile energy. 

{12) The decay curve for the 7.20 MeV activity assigned to 194At. 

(13) The a spectra of events which are time-correlated with the 7.20 MeV a 

within 10.0 sec. The estimated accidentals are shown by the solid curve. 



(14) The a spectra taken at the projectile energy of 249 MeV. 

{15) The a-a correlation for 195At. 

(16) The decay curve for the 7.12 MeV activity assigned Eo 195AL 

{17) The a systematics of neutron-deficient isotopes of Po, At, ·Rn and Fr. 
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{18) The a energies of neutron deficient At isotopes and their comparison to the 

ones estimated from several mass predictions in Ref. 56. 

{19) Prediction of proton binding energies for the neutron deficient At isotopes. 

{20) The partial a and proton half life predictions for At and Rn isotopes. The 

open symbols indicate the nuclides beyond the proton drip line. 

(21) The excitation function for the reaction 56Fe+141Pr. 

{22} The excitation function generated by the ALICE code. r 0 =1.23 fm and 

d=O. 75 fm were used for this calculation. 

(23} The 193Al production cross sect.ion predicted by ALICE for various target

projectile combinations according to Z of the projectile. The correspond

ing targets are implied. 

(24} The production cross section predictions for 197Rn and 198Rn. 

(25) The most neutron deficient compound nuclides of At and Rn which can be 

reached, without difficulty, by various target-projectile combinations. The 

location of the next new isotopes are indicated. 
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SHIP SASSY 

Acceptances 

Relative Charge 20% 100% 

Relative Velocity 10% 40% 

Angle 30 30 

Halfwidth in 40 x 20 mm 50 x 20 mrn 

focal plane 

Beam Supression 1012 - 1017 1015. 

Transfer Supression 104 > 10 3 

Experimental 

efficiency for 

Alpha-decays 20% 15% 

Table 1: A comparison of the velocity filter SHIP 

and the gas-filled separator SASSY for fusion reactions. 

The data for both types of set ups are somewhat reaction 

dependenl. 
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