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EXOTIC NUCLEAR REACTIONS IN THE LIGHT ELEMENTS* 

, M. S. Zisman, G. KeKelis, D. K. Scott, and J. Cerny 

Department of Chemistry and 
Lawrence Berkeley Laboratory 

University of California 
Berkeley, C~lifornia 94720 

October 1976 

Abstract 

Mass measurements of nuclei far from B-stability are particularly 

interesting in that they provide important tests of the various theories 

employed to predict the limits of nuclear stability. We have studied a 

number of exotic nuclear reactions on light targets, normally employing 

heavy ion beams from the LBL 88-inch cyclotron. Counter telescope exper-

LBL-5098 

. h b 1 h f h . 10. d lments ave een emp oyed to measure t e masses 0 suc nuclel as Ll an 

25 . 9 9 8) 26 (7. 8 ). . 1 Ne Vla the Be( Be, Band Mg Ll, B reactlons, respectlve y. However, 

due to the detection problems associated with measurements of extremely low 

yield nuclear reaction~, further experiments involving both the four neutron 

8 
transfer (a, He) ~eaction and the "double charge exchange" reactions 

11 11. ' 
( B, Ll) [for T 

z 
= -2 nuclei] and (180 ,18Ne ) [for T = +3 nuclei] 

" Z 

are being pursued with a high-resolution magnetic spectrometer system. 

. . l ' d f' . . . h 58. ( 8 ) 54. d In partlcu ar studles of neutron- e lClent nuclel Vla t e Nl a, He Nl an 

24 11 11. 24 
Mg( B, Ll) Si reactions will be discussed, along with results of the 

24,26 18 18 24,26 . . 
Hg( 0, Ne) Ne reactlons, WhlCh populate neutron-excess nuclei. 
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I. Introduction 

The topic of "exotic reactions" is a broad one and probably means 

different things to 'different people. Most of the examples I will discuss 

today involve work done at the LBL 88-inch cyclotron by the group headed 

by J.Cerny. A majority of the exotic reaction work in our group involves 

the use of such reactions to explore unknown regions of the Chart of the 

Nuclides, t.hat is, nuclei far from the valley of B-stability. SLIDE 1 shows 

a portion of the Chart of the Nuclides up through the titanium isotopes. 

The black squares represent stable nuclei, while the shaded squares represent 

nuclei for which accurate mass measurements have been made. Nuclei with 

known masses but which are nucleon unstable are indicated by shading but 

no box. The work I will mention today involves mainly mass measurements of 

, 25 26 10. 
neutron excess nuclei e.g. Ne, Ne, Ll, although I will mention a few 

reactions which probe the neutron deficient side of stability. 

Our interest in mass measurements of nuclei far from stability is 

to use the ,results to test in a very sensitive fashion the mass predictions 

of various theoretical models. In particular, we will compare our results with 

1 
predictions based on the theoretical approaches of Garvey and Kelson , Jelley 

2 3 
et al. and Cole et al. The Garvey-Kelson approach, which is based on an 

independent-particle model, assumes that the single-particle wave fUnctions 

and residual interaction matrix elements do not change rapidly with mass 

number. This allows them to generate a mass equation composed of sums and 

differences of neighboring nuclear masses such that all two-body interactions 
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(pp, pn, nn) cancel. This approach is fairly general, and can be done for all 

nuclei with N ~ Z except N z = odd. An example of the type of equation one 

employs, using the so-called "transverse" mass relation (T) is shown in SLIDE 2. 

The second approach, due to Jelley et al., starts with the simple 

shell model expression of Goldstein and Talmi
4 

which relates the mass of a nucleus ' 

with "m" protons in shell j and "n" rieutrons in a higher shell j' to that of 

a doubly closed shell nucleus M by means of three interactions (see SLIDE 2). 
o 

In this equation V(TIjm) and V(Vj,n) represent the kinetic energy, mutual 

intera'ction, and interaction with the core of the protons and neutrons,' 

respectively, and V(jm,j,n) represents the. residual proton-neutron interaction. 

Jelley et al. then implicitly include the effects of configuration mixing in 

this expression by allowing the V (71jm) and V (Vj' n) to be separate parameters 

for each value of m or n. This is equivale~t to replacing the first three 

terms in the simple shell model expression with a sum of arbitrary functions 

of the number of protons and neutrons, U(Z) and WeN). Furthermore, if one 

accepts the restriction of no odd-odd nuclei (that is, m·n = even), then the 

pn residual interaction can be expressed in terms of an average interaction 

V(ji,jk)' where i and k now label a particular pair of shell model orbitals 

outside the core. We can see by comparing this equation to the one from the 

Garvey~Kelson approach that the two ideas are fairly similar, differing 

only in the way in which the residual interaction is parameterized (that is, 

the modified shell model approach takes explicit account of the shell 

structure). In fact, if one compares the two approaches on their ability to 

predict known masses (2 ~ Z ~ 17), one finds that the Garvey-Kelson equation 

gives an rms deviation of 220 keY while the modified shell model gives 200 keY. 

• 

• 

• 
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3 
The third approach, that of Cole and co-workers, is the most fundamental 

of the three (but probably the least accurate). Their technique is simply to 

use sd~shell matrix elements (calculated, for example, with the Preedom-Wildenthal 

interactionS) and then diagonalize the whole sd-shell matrix with the Giasgow 

shell model code. While this technique is somewhat less likely to. give really 

accurate masses, it has the advantage,of being able to predict level schemes 

and JTI values rather than simply gr~und state masses. 

In spite of the fact that all these models predict moderately well the 

ground state masses of known nuclei, differences do arise as one goes farther 

and farther from stability. This is illustrated in SLIDE 3, where we compare 

the experimental mass excesses of sd-shell T z 
(N~Z)/2 =S/2 nuclei with 

predicted masses of the various models. As is clear from the slide, the modified 

shell model calculations of Jelley et~. do a considerably better job than 

the other models, yielding an rms deviation of 260 keV, compared with 620 keV 

for Garvey~Kelson and 1200 keV for Cole et al. The improvement compared with 

experiment of Jelley et al. is presumably due to taking better account of 

configuration mixing in these calculations. 

In order to reach more and more unstable nuclei, of course, one must 

make use of increasingly exotic reactions, and because of the greater and 

greater mass tr~nsfers required, these reactions generally involve the use of 

heavy ions as projectiles. Since the cross sections for such reactions tend 

to go as the reciprocal of how interesting they are, and the Q-values become 

progressively more negative, the study of exotic reactions is well-suited to a 

cyclotron where both high energy and high intensity heavy ion beams are 

available. Furthermore, the normal problems associated with heavy ion detection 

and identification are aggravated by the low cross sections and the need to 

be particularly careful to exclude all "background" events arising from less 

intersting (and hence higher cross section) competing reactions. 
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II. "Scattering Chamber" Experiments 

The first group of experiments I will discuss today are those employing 

"standard" solid state detector systems. In order to do an adequate job of 

identifying low yield reaction products, detector telescopes consisting of four 

counters were employed -that is each telescope contained two thin transmission 

(6E) counters, a stopping (E) counter for the particles of interest, and finally 

a reject counter to eliminate any events passing through the other three counters. 

SLIDE 4 shows the identification scheme we employ with our power-law identifier. 

One generates the identification functions "A" and "B" with the indicated counter 

combinations, and compares them. If they agree to a preset percentage, output 

"c" is.used to identify the particle type. This technique makes it possible to 

eliminate those events which might mis-identify due to possible anomalous energy 

loss in one of the detectors. 

A. 
26 7. 8 25 

Mg( Ll, B) Ne 

One reaction we have studied using such a detector system is the 

26 7. 8· 25 
Mg( Ll, B) reaction, which forms the T = 5/2 nucleus Ne. Note that reactions 

z 

of this type are not simple transfer reactions. (7Li ,8B), for example, requires 

that two protons be removed from the target nucleus while one neutron is added. 

For this reason we term such rea·ctions "nuclear rearrangements," in contrast with 

the more usual pickup or stripping reactions commonly employed in nuclear 

spectroscopic studies. 

Reactions such as (7Li ,8B) which involve detection of outgoing 8B particles 

are particularly favorable for counter telescope studies. As is illustrated in 

the particle identification spectrum shown in SLIDE 5, the problems with identi-

8 7 9 
fying low yield B's are considerably simplified by the fact that both Band B 

8 
are particle unstable and hence do not appear near the B region of the spectrum. 

Another advantage of 8B detection is that 8B has no bound excited states. 

'. 

• 
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Thus, there is no confusion in the energy spectrum over which peaks are due 

to excitation in the outgoing rather than the final nucleus. Finally, since 

8 
B is the lightest particle-stable Tz = -1 nucleus, it is particularly 

suitable for producing highly neutron-excess nuclei. 

The results of our experiment are shown in SLIDE 6. Two different 

angles were studied. The top of the 91ide shows data at 8£ = 10° while the 

bottom is a sum of the 10° spectrum and a 15° spectrum which was kinematically 

corrected to 10°. The ground state cross section for this case is about 

350 nb/sr. The excitation energies are based on an energy calibration from 

h 26 (7, 10 )23, h' h b d' t e Mg Ll, B Ne reactlon w lC was 0 serve slmultaneously. The resultant 

, d f 25, d ' graun state mass excess or Ne lS compare wlth theory and with other 

experimental work in SLIDE 7 .. Agreement between our result and the 8-decay 

6 . 9 18 25 endpoint measurement of Goosman and Alberger , who studled the Be( O,2p) Ne 

reaction at 44 MeV, is quite good. Comparison with theoretical predictions 

shows rather good agreement with the modified shell model (M) and with 

the un truncated shell model calculations (G) of Cole et al. (using the 

Preedom-Wildenthal interaction). However, the Garvey-Kelson transverse mass 

relation' (T) does not appear to work so well here; this large discrepancy, 

h ' h 1 f 24, 1 d ' W lC a so occurs or Ne, lS apparent y ue to poor cancellatlon of the 

appropriate two-body interactions . 

A second comparison of our results with theory can be made in terms 

25 
of the Ne level scheme. SLIDE 8 shows the theoretical results from a full 

sd-shell diagonalization along with our observed levels. Of course we are 

not able to obtai~ spins and parities from our data, but the calculated level 

spacing is consistent with what we observe experimentally. If one makes the 

reasonable assumption that several of our peaks are unresolved doublets 

(since our experimental resolution was about 300 keV), or the equally reasonable 

assumption that not all of the levels in the residual nucleus will be strongly 

populated, then the agreement is in fact rather good. 
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Be( Be, B) L1. 
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I would like to move on now to another counter telescope experiment 

which allowed us to measure the mass of 10Li. The reaction we employed was 

9 (9 8) h' h " (1 2) Be Be, B , w 1.C 1.S aga1.n a rearrangement - p+ n process. This experiment 

was particularly interesting since the 10Li mass is very useful when employing 

the Garvey-Kelson mass relation to predict the mass excesses of other light 

1 , h 11, 7 nuc e1. suc as L1.. The experimental setup we used is indicated in SLIDB 9. 

Because of the low yield, as well as problems arising from a l2C target 

impurity, it was necessary to employ a kinematic coincidence technique. 

, 10, k 8 b b d h ' 1 However, S1.nce L1. was nown to e un oun , t e reco1. breakup cone was 

expected to be rather large (it turned out to be ~ 9°), which necessitated 

using a-large solid angle recoil detection system (15 msr). Unfortunately, 

the l3Brecoils at the same angle, which arise from the l2c impurity, are even 

- - 10 
more unbound than the Li's, so even a kinematic coincidence is not sufficient 

to completely eliminate the l2c problem. On the other hand, 9Li and l2B do 

have rather different dE/dx values and it is possible to separate them in a 

, 'A ( 12 9 -, ) reco1.l counter telescope w1.th an 11 ~m uE counter which stops B but not L1.. 

By this means, both a total separation from the intense lOB group (see SLIDE 9) 

, 12 
and a total separation from the C contaminant l'-1ere possible. 

Our experimental results are indicated in SLIDE 10. In the center of 

8 
the slide we show the spectrum of B singles data, while in the lower part we 

show the 8B events having a coincident recoil event [8 1 = 14°, 8 ,= 33°]. 
te Reco1.l 

In this latter spectrum we see the 10Li ground state peak, with a cross section 

of about 30 nb/sr.The calibration in this case cannot be easily done with 

the (9Be ,8B) reaction since it tends to have ,cross sections which are impractically 

small.~herefore we obtained our primary calibration by using the (6Li ,8B) 

40 28,' - 16 
reaction on targets of Ca, S1., and O. These reactions were done with a 

6Li (2+) beam having the same magnetic rigidity and charge-to-mass ratio as the 
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9Be (3+) beam, that is, E(6Li ) = 2 9 
3E( Be), so that the cyclotron and external 

beam transport system could be left untouched (except for a small change in 

the cyclotron frequency). An additional calibration point, shown at the top 

12 9 S 
of the slide, comes from the C( Be, B) reaction. As mentioned, the ground 

state cross section is quite low (~200 nb/sr), but there is a fairly strong 

S 
peak at about E( B) = Sl MeV. There 'are four states known in this region 

[E = 3.4S, 3.54, 3.6S, and 3.71 MeV] which lie sufficiently close together 
x 

to make the observed peak position uncertain to only ± 120 keV. Fortunately, 

h 1 d f lO . d k' . . . t e calcu ate energy 0 the L~ groun state pea lS not too sensltlve to 

this uncertainty since the peak lies fairly close to the (6Li ,SB) calibration 

. points. 

9 9 S 10 . 
Based on this calibration, the ground state Q-value of the Be( Be, B) Ll 

reaction is -34.06±0.25 MeV, which corresponds to a 10Li mass excess of 

33.83±0.25 MeV. This makes 10Li unbound by 0.SO±0.25 MeV, compared with a 

7 
Garvey-Kelson prediction of 0.26 MeV unbound. [r should comment here that we 

10 ' 
are making the tacit assumption that the observed Li peak is in fact the ground 

state. This assumption, seems justified based on simple particle-particle, 

hole-hole theorems, in which 10Li should have a spectrum like that of l2B , 

where the first-excited state is at 0.95 MeV. Furthermore, the observed width 

of the peak, r ~1.2±0.3 MeV, is about what one would expect for a state 
c.m. 

unbound to neutron emission by about SOO keV.J 
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III. Spectrometer Experiments 

As is probably clear from the examples I have shown, the use of solid 

state detector systems is becoming more and more difficult as one goes to lower 

cre-ss section reactions, both because of solid angle limitations and because 

of problems with being .,able to do adequate particle identification. For this 

reason we have begun (as have many other groups) to use a magnetic spectrometer 

system at LBL to continue our explorations with exotic reactions. 

A somewhat outdated schematic of the Berkeley spect,rometer is shown in 

SLIDE 11. The spectrometer is a "QSD" type (quadrupole, sextupole, dj,pole) with 

a solid angle of about 2 msr. The focal plane detection system consists of 

a Borkowski-Kopp type of position-sensitive proportional counter 60 cm long backed 

bY,a second proportional counter for dE/dx measurements. 9 The detector stack is 

backed by a plastic scintillator and light-pipe combination which is used for 

both time-of-flight (TOF) measurements and a measurement of the residual 

particle energy. Not shown in this slide is a "time-zero" detection system
lO 

located just upstream of the spectrometer entrance collimator. For our 

2 
"standard" system we have 'used a thin plastic scintillator (NEllI, 'U50]1g/cm to 

lmg/cm
2

) foil coupled to a pair of fast (RCA 8850) phototubes. 

Particle identification in this system is made by measuring four 

parameters for each event: magnetic rigidity (Bp), dE/dx, TOF, and E. As an 

example, SLIDE 12 shows identification spectra from the "double charge exchange" 

232 11 11 . 232 [ 
reaction Th( B, Ll) U at 114 MeV. I should point out that "double 

charge exchange" is not meant to imply anything about our knowledge of the 

reaction mechanism - it is probably safer to think of this as a (-2n+2p) process.] 

At the top qf the slide TOF (IX M/Q) is plotted vs. b.E/b.x (0: M
2

Z
2

/Q2) . As can 

be seen, the llLi group is close to the 7Li (2+) group but, at least in this 

t, 
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case, is cleanly separated from it. In the bottom half of the slide TOF 

is plotted 
2 

vs. E (<rQ 1M). h 
11 . . 

Here too teLl group 1S well-separated from 

LBL-5098 

7L · (2) N h b f' 1 . . d' t 11. 1 +. ote tat, ecause 0 1tS arge r1g1 1 y, L1 tends to appear in 

a relatively low-traffic area of the two dimensional displays. [Before 

leaving this slide it is worth noting also the situation with respect to 

8He detection, which we will discuss shortly. In the upper plot we" see that 

8He (2+) is completely degenerate with 4He (1+). However, in the lower plot we 

see that even our relatively crude E measurement is enough to nicely separate 

them. ) 

24 (11 11 .)24 . A. Mg' B, L1 Sl 

Based on the successful ~etection of llLi as outgoing particles in a 

reaction from a heavy target, we were encouraged to use the same technique to attempt 

to measure the mass of the T 
z 

-2 nucleus 24Si by means of the 24 (11 11. ) Mg B, L1 

reaction, again at 114 MeV. Unfortunately, we encountered some very difficult 

problems. The main problem had to do with "tails" on the TOF peaks due to 

random events in the time-zero system. Furthermore, the 7Li (2+) energies are 

h h d · 232 h much lower here t an for t e correspon 1ng T case. This puts the detected 7Li (2+) 

particles very high into the continuum where the cross sections are fairly 

large. 
. 24 11 11. . 

SLIDE 13 shows a spectrum of the Mg( B, L1) react10n (Q ~ -57 MeV) 

There is no evidence for a peak near the predicted ground state; an 

upper limit for its population can therefore be set at :$ 3 nb/sr. Furthermore, 

if one were to assign the 24Si ground state to the group just below the predicted 

24 
ground state, then the level scheme, which should be similar to its mirror Ne, 

would not be reasonable. 
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58 ° ( 8 ) 54 ° Nl. a, He Nl. 

Because of the difficulties associated with using the 6T =-2 
z 

(11 11 0) ° 1 d fO ° 1 ° d °d d B, Ll. reactl.on to popu ate neutron- e l.Cl.ent nuc el., we ecl. e to 

LBL-5098 

look at a more common way of making similar exotic nuclei, that is (a,8He). 

26 8 22 ° 11 The Mg(a, He) Mg reactl.on (Q ~ -45 MeV) was first studied by Cerny et al. 

in 1966 and remeasured
12 

in 1974 in order to measure the 8H~ mass excess. 

, 13 14 
More recently, several groups [Robertson et al. (MSU), Tribble et al . 

• 
( ') 15 ° .. 16 ] Texas A&M , Kouzes and Moore (Prl.nceton), Janecke et al. (U of M) have 

been looking at such reactions, and have successfully measured the masses 

8 20 8 
of both C and Mq by means of the (a, He) reaction. 

With so much competition in the light mass region, it seemed 

worthwhile ,for us to look at the (a,8He ) reaction in a mass reqion somewhat 

heavier than our normal experimental territory. A case which should be 

o ' 0 ° 1 k h 1 54 ° b f 58 ° ( 8 ) l.nterestlng l.S to 00 at t e nuc eus Nl. y means 0 the Nl. a, He 

reaction at 110 MeV. This T z -1 nucleus has not yet been studied although 

it is only two neutrons removed from "doubly magic" 56Ni. There exist several 

54 ° 17 
mass predictions for N1.[Mueller et al. , using the Garvey-Kelson mass 

18 
relation; Harchol et al. , using Coulomb displacement energies] which give 

virtually identical results. Moreover, we were encouraged by the results 

15 64 ° ( 8) ° of Kouzes and Moore who reported a cross section for the Nl. a, He reactlon 

+20 
(Q = -31. 8 MeV) of 34_

10 
nb/sr at E

lab 
= 58 MeV. By way of orientation, 

34,nb in (a,8He ) is large! 

, 58 8 
Our attempts to measure the Ni(a, He) reaction were initially hampered 

by the ,time-zero system described earlier. ~he difficulty was related to 

the extremely high count rates in the time-zero phototubes due to neutron 

background in the scintillator/light cone arrangement which was, of necessity, 
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close to the Faraday cup. [Most of our measurements are made at 8
1ab 

= 5 to 10°.] 

To alleviate this problem, we decided to construct a new time-zero system which 

would be less neutron~sensitive -- a thin ayalanche counter, patterned after 

19 
the Darmstadt design. SLIDE 14 shows a schematic of the counter, which is made 

up of five aluminized-polycarbonate windows: two for gas containment and three for 

electrodes. The counter typically runs with propane gas at a pressure of '\, 10 Torr 

and about +1000 V on the anode. During actual experiments, this counter performed 

, 8 
well as part of a He detection system at count rates in excess of 1 MHz. 

To make sure that the new system was operating properly, we first looked 

f h 26 ( 8) , at a spectrum 0 t e Mg a, He reactlon. The results, shown in SLIDE 15, 

indicate how well the system is working. Aside from the ground state and 1.25 MeV 

2+ state, there is essentially no "background" at all. We find a .cross section 

of about 13 nb/sr for the ground state transition, in good agreement with the 

10 nb/sr reported earlier. Unfortunately, the results from the 58Ni target were 

. 58 8' 54 
SLIDE 16 shows. our Ni(a, He) Ni spectrum, containing data not so pretty. 

from three angles added together, after 52000 ].lC. Although we have succeeded in 

reducing the background level to '\, 1/2 nb/sr-MeV over a 20 MeV excitation region, 

we find no evidence for states in 54Ni . An upper limit for population of the 

54 'd b f h d . < 1 b/ Nl groun state can e set rom t ese ata at _ n sr. 

24,26 (1818 )24,26 C. Mg 0, .Ne Ne 

The last type of reaction I would like to discuss is another of the 

"double charge exchange" type: 
18 18 

( 0, Ne). [As before, this terminology is 

not meant to imply anything specific about the reaction mechanism.] This 

reaction, which populates very neutron excess nuclei, has several advantages 

d " d d h" h 18 b over many of the others I have lscusse to ay. For one t lng, teO earn 

can be produced in a straightforward manner in the cyclotron ion source 
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(compared with such beams a's Li, Be, and B) thus insuring relatively good 

beam(~ 200-300 nA) on target. Secondly, the Q-values for reactions of this 

type, even those leading to very neutron excess nuclei, tend to be relatively 

modest compared with the -60 MeV Q-values one finds for (a,8He ) or (llB,llLi) 

reactions, for example. 

Since the (~80,18Ne) reaction is a 16T 1=2 reaction, we can hopefully 
z 

use it to explore a class of light nuclei which are relatively unknown: T = +3 
z 

22 20 28 21 34 22 
nuclei [of which at present only 0, Na, and possibly Si are known). 

To test the feasibility of this reaction, we have looked initially at the 

24 (18 18 ) 24 18 
Mg 0, Ne Ne reaction using a 124 MeV 0(4+) beam. Our results are shown 

in SLIDE 17. 
24 

Here we find a cross section for the Ne ground state (Q = -14.1 MeV) 

f b 800' bl h 1 k d h 26M (180 18N )26 . . h h o a outn sr. We t en 00 e at t e g " e Ne reactlon, Wlt t e 

result shown in SLIDE 18. In this case, not surprisingly, we find higher 

background and lower cross sections, on the order of 100 nb/sr. At present 

26 
there is no 'other experimental information available on Ne. The predicted 

location of the ground state, indicated in the slide, is based on a mass excess 

obtained from an average of the modified shell model and Garvey-Kelson predictions. 

From these very preliminary data, it appears that the mass excess of 26Ne is roughly 

0.6 MeV better bound than predicted by these models. We are in the process of contin~ 

, 26 18 18 ' 
uing ,our study of the Mg( 0, Ne) reaction with a somewhat modified detection 

system in order to improve the quality of the data and should have a final value 

in the near future. 

The present status of our knowledge o~ T 
z 

= +3 masses in the sd-shell is 

, d' 1 d' '1 f 26 summarlze ln SLIDE 19, inc u lng our tentatlve va ue or Ne. Although the 

22 28 
recently-measured 0 and Na masses are well-predicted by the average of the 

GarVey-Kelson and modified shell model (220 only) mass relations, the 26Ne 

mass is rather far off. However, I should re-emphasize that this is only a 

.' 

'~ 
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preliminary value at present. It is worth noting on this slide how few 

experimental points exist, compared with the corresponding slide for T 
z 

nuclei I showed earlier. One way we hope to alleviate .this problem is 

+5/2 

indicated on SLIDE 20, where we list the Q-values for population of various p- and 

d h 11 T +3 t 1 ·· h (18 18 .) s -8 e = or grea er nuc e~ v~a teO, Ne z reaction. Except for the 

very light targets, the Q-values are relatively constant and not highly 

negative. This gives us hope that all of these reactions can be studied 

with cross sections not very di~ferent from the ~ 100 nb/sr we find for the 

26 18 18 . Mg( 0, Ne) react~on. Also included in this slide are Q-values for the 

(180 ,140 ) reaction, which is another way of making very neutron-excess nuclei. 

Here too, one finds relatively modest Q-values, averaging about -18 MeV. 

This four-neutron transfer reaction has already been utilized successfully 

by Hickey and collaborators
20 

to measure the mass of 220. In that case they 

found a rather respectable cross section of about 450 nb/sr at 8
1ab 

= 10°, 
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IV. Concluding Remarks 

I hope by now that I have given you some feeling for the myriad of 

possibilities available for mass measurements with heavy ion induced exotic 

reactions, as well as an appreciation of how difficult some of these 

measurements can be. Hopefully, the combination of a versatile heavy ion 

machine such as the LBL 88-inch cyclotron coupled to a good magnetic 

spectrometer system will be equal to the task! 



~ 

'. 

o 0 

-15- LBL-5098 

Footnotes and References 

* Work performed under the auspices of the u.s. Energy Research and Development 

Administration. 

l. G. Garvey and I. Kelson, Phys. Rev; Lett. 16, 197 (1966) ; G. Garvey, 

W. Gerace, R. Jaffe, I. Talmi, and I. Keison, Rev. Mod. Phys. 41, Sl (1969). 

2. N. Jelley, J. Cerny, D. Stahel, and K. Wilcox, Phys. Rev. C 11, 2049 (1975). 

3. B. Cole, A. Watt, and R. R. 
\ ' 

Whitehead, J. Phys. A 2., 1399 (1974) . 

4. S. Goldstein and I. Talmi, Phys. Rev. 105, 995 (1957) . 

5. B. Preedom and B. Wilden thaI , Phys. Rev. C ,§., 1633 (1972) • 

6. D. Goosman and D. Alburger, Phys. Rev. C 2., 1133 (1973) . 

7. C. Thibault and R. Ka~isch, Phys. Rev. C ,§., 1509 (1972) ; 

C. Thibault and R. Klapisch, Phys. Rev. C ~, 793 (1974). 

8. A. M. Poskanzer, S. W. Cosper, E. K. Hyde, and J. Cerny, Phys. Rev. Lett,17 

1271 (1966); J. Bowman, A. Poskanzer, R. Korteling, and G. W. Butler, 

Phys. Rev. C ~, 836 (1974). 

9. B. Harvey, J. Mahoney, F. Puhlhofer, F. Goulding, 'D. Landis, J. C. Faivre, 

D.Kovar, M. Zisman, J. Meriwether, S. Cosper, and D. Hendrie, Nucl. Instrum. 

Method,s 104, 21 (1972). 

10. H. Homeyer, J. Mahoney, and B. Harvey, Nucl. Instrum. Methods 118, 311 (1974). 

11. J. Cerny, S. Cosper, G. Butler, R. Pehl, F. Goulding, D. Landis, and 

C. Detraz, Phys. Rev. Lett. 16, 469 (1966). 

12. J. Cerny, N. A. Jelley, D. L. Hendrie, C. F. Maguire, J. Mahoney, D. K. Scott, 

and R. B. Weisenmiller, Phys. Rev. C 10,2654 (1974). 

13. R. Robertson, W. S. Chien, and D. Goosman, Phys. Rev. Lett. }i, 33 (1975); 

R. Robertson, S. Martin, W. Falk, D. Ingham, and A. Djaloeis, Phys. Rev. 

Lett~, 1207 (1974). 

14. R. E. Tribble, R. A. Kenefick"and R. L. Spross, Phys. Rev. C g, 50 (1976). 

15. R. Kouzes and W. H. Moore, Phys. Rev. C~, 1511 (1975). 



-16-

16. J. Janecke, F. Becchetti, L. T. Chua, and A. M. Van der Molen, 

Phys. Rev. C ll, 2114 (1975). 

17. D. Mueller, E. Kashy, W. Benenson, and H. Nann, Phys. Rev. C ~, 

51 (1975). 

LBL-5098 

18. M. Harchol, A. Jaffe, J. Miran, I. Unna, and J. Zioni, Nucl. Phys. A90, 

459 (1967). 

19. H. Stelzer, submitted to Nucl. Instrum. Methods. 

20. G. T. Hickey, D. C. Weisser, J. Cerny, G. Crawley, A. Zeller, T. Ophe1, 

and D. Hebbard, Phys. Rev. Lett. 37, 130 (1976). 

21. C. Thibault, R. Klapisch, C. Rigaud, A. M. Poskanzer, R. Priee1s, 

L. Lessard, and W. Reisdorf, Phys. Rev. C~, 644 (1975). 

22. D. Alburger, private communication. 

.. 

,.j : 

... 



o o o 

-17- LBL-5098 

Figure Captions 

Fig. 1. The light nuclei through the titanium isotopes. Stable nuclei are 

ind.icated by black squares; nuclei for which an accurate mass has been 

measured are indicated by shaded squares; nuclei for which only nucleon 

stability has been established are indicated by white squares. Nuclei 

which have known masses but are nucleon unstable, such as 10Li, are 

indicated by shading but are not ~nclosed in a box. 

Fig. 2. Examples of the types of mass equations utilized in the Garvey-Kelson 

and modified shell model approaches to calculating unknown nuclear masses. 

Fig. 3. Mass excesses of,sd-shell T = 5/2 nuclei compared with various 
z 

theoretical predictio~s. References to the individual expe~iments are 

given in Ref. 2. except for 
21

0 which was reported recently by G. Ball 

et aL, Phys. Lett. 60B, 265 (1976). 

Fig. 4. Identification scheme employed with a three-counter power-law identifier. 

Fig. 5. 
26 7. 8 

Particle identification spectrum from the Mg( L~, B) reaction at 

78.9 MeV. 

Fig. 6. 
26 7. 8 25 

Energy spectra from the Mg( L~, B) Ne reaction. The upper spectrum 

was measured at Slab = 10° while the lower spectrum is a composite of the 

10° data and a 15° spectrum kinematically shifted to 10°. 

Fig. 7 . 
25 

Comparison of experimental and theoretical values for the Ne mass 

. excess. 

Fig. 8. 
25 

Comparison of the measured Ne level structure with the predictions 

. 3 
of Cole et al. 

Fig. 9. (a) Experimental setup of kinematic coincidence used to study the 

9 9 8 10 . 
Be( Be, B) L~ reaction; (b) Particle identification spectrum from the 

9 9 8 10. 
Be( Be, B)L~ reaction. The cross-hatched area indicates events which met 

the kinematic coincidence requirement. 
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Fig. 10. 
12 9 8 13 . 

(a) Spectrum of the C( Be, B) B reactJ.on. (b) Singles spectrum 

998 
of the Be( Be, B) reaction. (c) 

9 9· 8 
Spectrum of the Be( Be, B) reaction 

after applying the kinematic coincidence requirement. 
12 

Note how the C 

contaminant is effectively eliminated in this manner. 

. 
Fig. 11. Schematic diagram of the magnetic spectrometer system at the LBL 88-inch 

cyclotron. Not shown here is the newly installed time-zero system which is 

located just upstream of the spectrometer entrance collimator. 

Fig. 12. Particle identification spectra from the spectrometer focal plane 

232 11 11 . 232 . 
detection system .. These data are from the Th( B, LJ.) U reactJ.on at 

114 MeV. See text. 

Fig. 13. f h 24 (11 11 .) 24 . .. . Spectrum 0 t e Mg B, LJ. SJ. reactJ.on showJ.ng no counts J.n the 

region of the predicted ground state. Assigning the ground state to the 

group at channel 300 leads to an unreasonable energy spectrum compared with 

the 24Si mirror nucleus, 24Ne . 

Fig. 14. Schematic of the new time-zero system avalanche counter. 

Fig. 15. 
26 8 22 

Spectrum of the Mg(a, He) Mgreaction.at 110 MeV obtained with 

the time-zero system shown in the previous slide. 

F · 16 S f h 58 . ( 8 ) 54 . . d h 1 J.g. . pectrum 0 t e NJ. a, He NJ. reactJ.on, summe over tree ang es. 

Each count represents a cross section of 300 pb/sr. An upper limit of 
. 54 

~lnb/sr can be set for population of.the Ni ground state. 

Fig. 17. Spectrum from the 24M9(180,18Ne)24Ne reaction at E
lab 

26 (180 18 )26N Fig. 18. Spectrum from the Mg ., Ne e reaction at E
lab 

124 MeV. 

124 MeV. 

Fig. 19. Comparison of experimental and theoretical mass excesses of 

sd-shell T = 3 nuclei. 
z 

Fig. 20. Q-values for 180 induced reactions leading to very neutron excess 

light nuclei. 

f .. 
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GENERAL MASS RELATIONS 

A. Garvey-Kelson (T) 

M(N,Z)- M(N+2,Z-2) 

= M(N,Z-1) - M(N+1,Z-2) + M(N+1,Z) - M(N+2,Z-1) 

Example: 

M(25Mg) - M(25Ne) 

= M(24Na) - M(24Ne) + M(26Mg) _ M(26Na) 

Equivalent to requiring that 

M(N,Z) = g1 (N) + g2(Z) + g3(N+Z) 

B. Modified Shell Model (M) 

Start with simple shell model 

Mhrjm,vj'n) = MO + V(1Tjm) + V(vj'n) + V(jm,j'n) 

Including configuration mixing leads to "modified" equation: 

Fig. 2 
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Three counter particle identifier 

Reaction 

products 

AE2 AEI E 

Counters 

Different identification modes of the particle identifier 

A. 

B. 

ctr(s)used as 

II A E" ctr 

AE2 

AEI 

ctr (s) used as 

II E" ctr 

AEI+E 

E 

if the ratio AlB is within a chosen percentage, then 
the final output is' C 

c. AE2+AEI E 

M U B - 9885 

Fig_ 4 

LBL-5098 
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Fig. 5 
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" Comparison of 25Ne Mass Measurements With Theory 

Experimental Mass Excess: -2.18 ± 0.10 MeV (This work) 

-1.96 ± 0.30 MeV (Goosman et al) 

Calculated Mass Excess: -1.36 MeV (T) 
-2.12 MeV (M) 
-2.24 MeV (G) 

Fig. 7 

LBL-5098 
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Possibly Interesting Q-Values of 
180 I nduced Reactions 

I. (180 ,18Ne) 

Target Final T Q* <0> 
z (MeV) (nb/sr) 'i 

14C 14Be -+3 -43.8 . 
180 18C +3 -32.4 

22Ne 220 +3 -23.5 
26Mg 26Ne +3 -22.5 100 
30Si 30Mg +3 -21.2 
34S 34Si +3 -15.5 
36S 36Si +4 -24.0 

37CI 37p +7/2 -18.9 
40Ar 40S +4 -18.6 -

II. (180 ,140) 

Target Final Tz 
Q* <0> 

(MeV) (nb/sr) 

14C 18C +3 -31.3 
180 220 +3 -19.0 450 

22Ne 26Ne +3 -17.0 
26Mg 30Mg +3 -15.6 .. , 

30Si 34Si +3 -11.2 
36S 40S +4 -17.0 

*Based on Garvey-Kelson transverse 
mass equation. 

XBL768-10249 

Fig. 20 
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