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ABSTRACT 

The (a, 
8

Be) reaction was investigated on 
16o, 15

N, 
14

N, 
12

c, 

11 B, and 1 0B targets at bombarding energies between 63.2 and 72.5 

MeV with a 
8

Be identifier of high detection efficiency. Differential 

cross sections were measured from() = 20° ..;7Qo for solid targets 
c.m. 

and over a more restricted range for the nitrogen gas targets. An 

excitation function of the 12c(a, 
8

Be)
8

Be reaction at five bombarding 

energies between 63.2 and 67.3 MeV was obtained which conclusively 

demonstrated the direct nature of the (a, 
8

Be) reaction at high born-

barding energies. This reaction was found to proceed predominantly 

via a direct a-cluster pickup mechanism and to strongly populate only 

levels consistent with this mechanism. The angular distributions on 

spin 0 targets exhibited a strong dependence on the value(s) of L, the 

angular momentum transfer. Experimental distributions for L = 0 

and L = 2 transfers were both oscillatory, but with the latter showing 

a much larger strength at back angles. The distributions for transi-

tions where more than one L-transfer was allowed were approximately 

constant in magnitude with little structure. 
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A plane wave diffraction model was used to analyze the cross 

section data. This model which included finite-range and recoil effects 

adequately reproduced the L = 0 and L = 2 data from spin 0 targets. 

However, it failed to describe the shape of the angular distributions 

for transitions involving more than one L-transfer. The neglect of 

distortion in these calculations was investigated and found to be un-

important at forward angles (8 < 70° ). Using the above model, 
c.m. 

relative a-spectroscopic factors were extracted which are in qualita-

tive agreement with those of Kurath. 

.,. 



- 1-

I. Introduction 

'"' There has been much interest in whether significant clustering 

of nuCleons exists in light nuclei, especially in the form of a-like clus

ters. This idea of a-clustering was suggested in 193 7 by Wigner 

(Wi 3 7) to explain the mass systematics of light nuclei. More recently 

Wilkinson (Wi 61) concluded from an analysis of knockout and K me

son capture experiments that in the nuclear surface there is_ a higher 

probability of finding nucleons grouped together forming a-particles 

than one would expect .from isolated nucleons. The existence of a

clt1sters in the low-density surface region is possible because the 

Pauli principle plays a smaller role there and in fact the formation of 

a-clusters is favored because of the large internal binding energy of 

the a-particle. 

Moreover, in light nuclei, due to the small number of nucleons, 

a-clusters may occur throughout the nucleus. In fact for some light 

N = Z nuclei, Hartree-Fock calculations, which did not include any ex-· 

plicit assumption about an a-clustering effect, showed that the nucle

ons tend to group together in small clusters which. may be identified 

as a-clusters (Ri 68). Also, for light nuclei the a-particle model has 

been shown to be a successful method for describing the deformed 

ground states and rotational bands excited in a-transfer reactions 

(Br 66). Furthermore, it is well known that shell-model wave func

. tions can be rewritten in cluster form (Wi 58, Ph 60). Evidence for 

a-like four-body correlations (two protons and two neutrons with rel

ative quantum numbers S = 0, T = 0) is discussed in detail in Fr 63, 
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Bro 66, Ge 67, Ei 69, Wi 66, Ar 71, and Ar 71a. 

A very good experimental pro be which has been used recently 

to obtain information on the a-cluster wave functions of target nuclei 

is the a-particle pickup reaction. If the four nucleons are transferred 

in a single step process as a cluster having the internal quantum num

bers of a free a-particle, then such a reaction should selectively pop

ulate final states which closely resemble the ground state of the target 

nucleus minus an a-particle. The parity of the final state is Trf =(-1 )LTri' 

where Tri is the parity of the target and L is the orbital angular momen

tum of the transferred cluster. Thus unnatural-parity states can not 

be populated by direct a-cluster transfer on even-even targets. Among 

the lighter projectiles two possible a-cluster transfer reactions, ( d, 

6 Li) and (
3

He, 
7 
Be), have been extensively investigated to determine 

if they proceed via a direct a-cluster transfer (e. g., Be 70, Ga 72). 

A brief summary of these results is given below. 

The (d, 6 Li) reaction has been studied over a bombarding en

ergy range of 15-55 MeV (De 66, Ei 70, Ce 71, Gu 71, Me 71, Co 72, 

Ma 73, Be 72). Transitions to the ground state of the final nucleus 

seem to proceed mainly via a direct process at an incident energy of 

15 MeV (De 66). Also, at higher bombarding energies where many 

more final states can be observed, the experimental evidence gener

ally supports the assumption that the (d, 6 Li) reaction proceeds mainly 

through a direct a-cluster pickup (Be 70, Ga 72). It should be noted, 

however, that at 28 MeV (Co 72) this reaction on even-even 1p and 

2s -1 d shell targets systematically populated unnatural parity states 

.. 
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with large relative cross sections. This result suggests the presence 

of multistep processes, making questionable the extraction of a-cluster-

ing information with distorted-wave Born approximation (DWBA) cal-

culations. Nevertheless, experimental spectre scopic factors for some 

transitions have been determined by fitting the experimental angular 

distributions with ones calculated in both the zero -range and the exact 

finite-range DWBA theory. Exact finite-range calculations performed 

by Gutbrod et al. (Gu 71) using a zero-node wave function for 6 Li lead 

to experimental spectroscopic factors in good agreement with the pre-

dictions of the shell model. However, poor agreement was obtained 

if a one-node wave function was used for 
6 

Li. Martin et al. (Ma 73) 

found that the magnitude of the angular distributions calculated in the 

zero-range approximation was strongly dependent on the number of 

nodes of the bound-state wave-function, and that both the magnitude 

and shape were very sensitive to the 6 Li optical parameters. Thus 

the reliability of experimental spectre scopic factors seems to be un-

clear at the moment. 

Over the energy range of 30-70 MeV, the experimental data 

from the (3He, 7 Be) reaction (De 70, Fo 70, Cr 71, De 71, Za 71, Br 

72, De 72} indicate that the dominant mechanism is also a direct a-

transfer process. An excitation function has been measured (Aro 71) 

between 37.5 and 41.5 MeV incident energies for the 19F(3He, 7Be) 

15N(g. s.) transition and was observed to be quite smooth. At a born-

barding energy of 41 MeV the transfer of a 2p + 2n fragment in a T = 1 

state was ""' 20% of the a-cluster transfer strength (De 72). This 20% 



-4-

only measures the contribution of a particular non-a-cluster transfer 

mechanism, and therefore, represents a lower limit for non-a-cluster 

transfer processes. 

A zero -range approximation can not be expected to provide a 

reliable description of the (
3

He, 7Be) reaction since the a-particle in

side 
7

Be is in a P-state. Therefore, the data have been fit with finite-

range DWBA calculations and qualitative spectroscopic factors ex-

tracted which for s-d shell nuclei are in considerable disagreement 

with shell-model predictions. Also, the ratio of extracted experimental 

spectroscopic factors for transitions to the first o+ and z+ state~ of 12c 

was determined to be -35 whereas theoretical estimates give a ratio 

of -6. It is not clear whether the above quantitative disagreement 

with theory and also with the (d, 
6

Li) results is due to the reaction 

mechanism, the lack o:f 
7

Be optical potentials or approximations in

volved in treating 
7 

Be as 4He and 
3

He in a relative P..state. Ho..yever, 

on a qualitative basis an a-transfer description does account for most 

of the observed properties of the (3He, 
7
Be) transitions, including 

some observed selection rules. An experimental complication asso

ciated with this reaction is the bound first excited state in 
7 
Be(.43 MeV) 

which causes "shadow" peaks and imposes constraints on the energy 

resolution. 

Since both the (d, 
6 

Li) and (
3
He, 

7
Be) reactions seem to have 

sizeable non-direct contributions and because of theoretical difficulties 

associated with each of these reactions, the (a, 
8

Be) reaction was in-

vestigated as a possible alternative. There are several reasons for 
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believing that this reaction will proceed via a direct process and that 

it will be particularly suited for studying a-clustering phenomena. It 

has been pointed out by Holmgren (Ho69) that the a-cluster used to de-

scribe the ground state of the target may not have the same structure 

as the a-cluster in 6 Li or 
7
Be, and furthermore that all of these struc-

tures may differ from that of the free a-particle. 
8 

As the Be ground 

state is unbound by 92 keV, the two a-clusters should be virtually iden-

tical with free a-particles. This conjecture is supported by the fact that 

8
Be has no excited states other than those of almost pure a +a parentage 

below an excitation energy of 16 MeV and by its large calculated 
8

Be-+ 

2a spectroscopic factor (Ku 73 ). Since the ground states of both the a

particle and 
8

Be have zero spin, the transferred angular momentum is 

unique for targets having spin 0 or 1/2 in contrast with the more com

plicated selection rules for the (d, 6 Li) and (
3

He, 
7 

Be) reactions. 

A further attractive feature of this reaction is the identical en-

trance chanrtel which it shares with the (a, 2a) reaction. The exit chan

nels are also very similar as (a, 8Be) is the sa~e as. (a, 2a) if the 2a-

particles are in a relative S state. Typically, the two a-particles from 

the (a, 2a) reaction are detected on either side of the beam axis at 

or near the quasielastic angle where the product nucleus is left with ap-

proximately zero recoil momentum. Thus these two reactions will 

probe different momentum regions of the target a-cluster wave func-

tion. Since the (a, 2a) reaction at an incident energy of 90 MeV (Sh 73) 

selectively populates the ground state of the final nucleus and only 

weakly populated excited states, it will be especially interesting to com-

. 8 
pare these results to those of the (a, Be) reaction. 
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Although the original (a., 
8

Be) experiments by Brown et al. (Br 

65) employing a.-a coincidence techniques showedthatat 35.5-41.9 MeV 

bombarding energies nondirect processes appeared predominant, it 

was hoped that direct processes would dominate at higher energies. 

Because theoretical a-structure amplitudes are known for 1 p-shell 

nuclei, this investigation was confined to this shell on 
1 

O, 1 1 B, 12c, 
14 15 16 

' N and 0 targets. 

Since the 
8

Be ground state is particle -unstable (t
1

/ 2 - 1 0 -i
6 

sec), 

it must be detected indirectly by means of its decay products. (A de-

tection technique developed for this investigation is described in Sec

tion II.) Fortunately, compared to typical nuclear transit times, 8 Be 

is sufficiently long-lived to be treated as a stable particle in nuclear 

reactions. Thus the (a, 
8

Be) reaction can be described by two- body 

kinematics and each 
8

Be nucleus will have a unique energy at a given 

laboratory angle. Moreover shadow peaks due to reactions forming 

8
Be* (2. 9 MeV) can be experimentally eliminated from the data (see 

Section II). 

Experimental equipment and procedures are outlined in Section 

III. A simple model of the (a, 
8

Be) reaction mechanism is developed 

in Section IV and experimental and theoretical results are presented 

in Section V. 

'-"', 
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II. 8Be Identifier Design Considerations 

The study of reactions with 
8

Be nuclei as the detected particles 

is complicated by the fact that the 
8

Be ground state decays promptly 

(t
1

/
2

- 10-16 sec), and therefore must be observed indirectly by means 

of its breakup a-particles. The essential difficulty lies in detecting 

these two a-particles with high efficiency, while atthe same time ac

curately determining the energy and direction of the original 
8

Be event. 

Previous methods of detecting 
8

Be nuclei fall into two general 

categories: those observing the two a-particles in coincidence in two 

separate detectors (Br 6 5, Ch 6 7, Cr 73, Ja 6 8, Ho 72, Ma 72, Ja 73, 

R6 73, Br 73), and those using a single counter telescope (Wo 72, Me 

74}. The latter technique utilizes the fact that two approximately 

equal-energy a-particles simultaneously traversing a ~E-E telescope 

identify as a 
7 
Li event; however, the range of excitation that can typ-

ically be observed with this technique is limited (Ha 72} to -10 MeV. 

Both of these methods rely on collimation to reduce kinematic broad-

ening, so that one must strike a balance between detection efficiency 

and energy resolution, particularly on light targets. High efficiency 

requires a 
8

Be identifier subtending a large solid angle, while a re-

stricted solid angle is necessary for small kinematic broadening. 

In the detection technique discussed below a position-sensitive 

detector is used to measure both the direction and the energy of a 8 Be 

event, there by permitting both good detection efficiency and reasonable 

energy resolution. Although 
8

Be events can then be selectively o b

served "by employing a divided collimator before this detector (as shown 
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below), substantial background reduction of chance coincident events 

can be achieved by also employing a transmission (6-E) detector. 

The 
8

Be identifier--consisting of a divided collimator, a trans-

mission detector and a position-sensitive E detector- -was developed 

to study the (a, 
8

Be) reaction on p-shell targets (Wo 73). Because of 

the large a-structure amplitude of 
8

Be, it was hoped that this reaction 

would be a useful spectroscopic pro be with which to investigate theo ret-

ical a-structure amplitudes, such as those given byKurath (Ku 73) for 

p-shell nuclei. Both a simple 8 Be identifier, employing a single 6-E 

detector or twin 6-E detectors, and a modified one, with subnanosecond 

pileup rejection to achieve low backgrounds at high counting rates (50 

kHz), are discussed (Wo 74). 

A 8B ·n · . e. ecay 

8 8 8 
The decay of Be ( Be= Be , hereafter) is characterized by 

gs 

a single decay channel, a small breakup energy (Q = 0.092 MeV), two 

identical charged products (a-particles) and, since all the spins in-

volved are zero, an isotropic distribution of the decay products in the. 

center of mass. By designing a detection system optimized for high

energy 
8

Be events (E
8 

> 35 MeV, E
8 

= E
8 

) to which discussion be
Be 

low is restricted, advantage can be taken of the strong kinematic focus-

sing of the a-particle into a narrow cone whose axis is in the direction 

of the original 
8

Be nucleus, and whose half angle (f3 ) is given by 
max 

(2-1) 
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This kinematic focussing of the a-particles from 'the decay of a 

high energy 
8

Be nucleus is shown in Fig. 2-1. 
. 8 

Depicted are the Be 

velocity vector (V 8 ), center of mass (C) and laboratory velocity vec

tors (v
1

, v
2

) of the breakup a-particles, and the angle in the center of 

mass (y) and the laboratory (13
1

) at which a
1 

is emitted relative to v
8

. 

In part b is illustrated the breakup cone within which the a-particles 

are confined. Also, shown are the target to detector distance{D), the 

maximum angle in the laboratory (13 ) at which a breakup a-particle 
max · .· 

is emitted relative to v8 and the radius of the breakup cone {rm). 

For high energy 
8

Be events, 13 is small {2. 9o )"and the angles 
max 

131 and 13 2 are approximately equal [ 113
1

-13 2 1;13max< 5%]. In this approx

imation, the radial distribution, R{r), of a-particles across a detector 

is given by: 

2 2 2 -1/2 
R{r) dr = {r/r ) (1-r /r ) dr, m m 

{2-2) 

where r = Dtan 13 {see Fig. 2-1 ). This function is plotted in Fig. m max 

2-2 and illustrates that the probability of finding an a-particle near the 

edge of the breakup cone is much larger than that of finding one near 

the center. 

By integrating this expression, the fraction, F{r), of breakup 

a-particles which fall between r and r is obtained: 
m 

{2-3) 

From this it follows that 71% of the a-particles lie between r = 0. 7 r 
. m 

and r = r {see Fig. 2-2). This result can be visualized by realizing . m 

that 71 o/o of the breakup a-particles have a direction in the center of 
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XBL 7311-4447 

Fig. 2-1. a) Kinematic focussing of the a-particles from the decay of 
a high energy 8Be nucleus. b) An illustration of the cone, within which 

the breakup a-particles are confined. See text for definition of symbols . 
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80 

60 

-c: 
<1> 
u 
"
<1> a... 40 

20 

0.4rm 0.6rm 

r 
XBL 745-3045 

Fig. 2-2. A plot of the radial distribution R(r) of the two 
a-particles across the base of the breakup cone and the 
fraction F(r) which fall between r and r . See discussion 
in text. m 
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mass corresponding to y ~ 45°, which in the laboratory is equivalent 

to r ~ 0. 7 r since r = r sin y (see Fig. 2-i ). 
m m 

B. Simple Idehtifier 

1. Position-sensitive detector 

The distribution of the breakup a-particles suggests that, in 

order to detect a substantial fraction of the 
8

Be events, a detector 

must subtend an angle at least as large as that of the breakup cone 

(-5°). However, such a large angular acceptance allows con'siderable 

variation in the detection angle (Olab) of the 
8

Be events. On light tar

gets (A.:::;i6), a typical value of dE/dO is around 500 keV/deg for the 
. 8 
(a, Be) reaction at Ea- 65 MeV. The substantial kinematic broad-

ening that would arise from this large value of dE/dO is avoided by 

using a position-sensitive detector (PSD). A particle striking such a 

detector generates both an energy signal (E), and a signal (XE) pro-

portional to the product of the energy (E) and the distance of impact 

from one side of the detector (X) (see Fib. 2-3a). For high energy 

8
Be e·vents, the breakup Q-value is small compared to the 

8
Be energy, 

and so the two breakup a-particles have, to a first approximation, equal 

energies [lEi- E 2 1/(Ei + E 2 ) < i Oo/o). On striking a position-sensitive 

detector, one a-particle therefore produces a signal Xi E/2, the other 

X 2E/2. Since both alphas arrive within a fraction of a nanosecond, the 

individual E and XE signals are automatically summed and the resul-

8 
tant E signal gives the energy of the Be event. The position signal 

(X) obtained by dividing out the energy dependence is given by: 

(2-4) 

.. 
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(a) Position-sensitive detector 

Depleted Si 

. (b) Simple identifier 

E XE 
Uniform· 

------- resistive 
layer 

1 
XI 

~il 
T 

Position-sensitive Exposed 

detector \ . 

XE 
E 

Transmission 

detector 

Divided 
collimator 

XBL '742-2323 

Fig. 2-3. a) Determination of the 
8

E.e event's energy and 
direction using a PSD. See discussion in .text. b) A sche
matic diagram of the simple 8Ee identifier .showing the di
vided collimator, transmission detector _and PSD. 
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As can be seen from Fig. 2-3a, this average position establishes the 

direction of the 
8

Be event (8lab), and substantial kinematic broadening 

can therefore be avoided by gating the energy signals with position sig-

nals corresponding to a small angular range. 

It is implied in the above derivation that the expression for X 

holds only to the extent that E
1 

= E
2 

and p 
1 

= p 
2

, and therefore that the 

direction of the 
8

Be event ( elab) is correspondingly uncertain. How

ever, since the measured position of the 
8

Be event is given by: 

(2-5) 

and because X
1 

= X+ r i and x
2 

=X - r 
2

, then 

(2-6) 

The deviation (~X) of the measured 
8

Be direction (X' ) from the tru~ 

direction (X) is given by: 

(2-7) 

Since the a-particle with the lower energy has the larger p and hence 

larger r, and vice versa (see Fig. 2-1), the products r
1 

E
1 

and r
2

E
2 

are nearly equal. Expressing r
1

, r
2

, E
1

, and E
2 

in terms of the 

more convenient quantities D, Q, E
8

, andy (see Fig. 2-1), one obtains 

the following expression: 

~ = 1/2(DQjE8) sin 2y. (2-8) 

• l 
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However, this equation must be modified when applied to the 

8Be identifier. As mentioned above, a transmission (~E) detector is 

introduced in front of the position-sensitive detector to reduce back

ground. The energy loss in this detector modifies the above expres

sion to the following one: 

~X = 1/2 ( DQ/(E
8

- ~E)] (1 +3~E/E8) sin 2y. (2- 9) 

This is a small uncertainty which corresponds to an average error in 

the angle elab of 0.1° for high energy 
8

Be events detected with a coun-

ter telescope employing a 100 fJlll ~E detector. The average value of 

sin 2y was calculated with the FORTRAN program EFFICR (Je 74, see 

Section II-4). 

2. Divided collimator 

While good efficiency and energy resolution can be obtained 

with a position-sensitive detector alone, numerous particle-stable nu

clei would also be detected, which would obscure 
8

Be events except 

when these happened to be more energetic. To a·void this limitation, 

the high probability that the angular separation of the two breakup a

particles is close to its maximum value (-so) is exploited to selectively 

detect 
8

Be events. This selecti_;ity is accomplished by using a divided 

collimator, whichhasapostsubtending -zo, toblockoutthecentralregion 

of the position-sensitive detector, as is shown in Fig. 2-3b. Employing 

such a divided collimator eliminates particle-stable nuclei that are emitted 

within - ± 1 o of the center of the detector. However, a subtantial fraction 

of the two a-particles from 
8

Be nuclei emitted in this direction pass 
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one on either side of the post. As indicated in Fig. 2-3b, these events 

yield signals corresponding to the region of the position-sensitive de

tector masked by the post. Therefore, gating the, energy signals by 

such position signals selects 
8

Be events, while eliminating particle-

stable nuclei. 

3. Transmission detector 

A divided collimator and a position-sensitive detector make a 

selective and efficient 
8

Be detector. However, substantial background 

would arise at moderate counting rates ( -15 kHz) from chance-coinci

dent particles arriving within the pulse pair resolving time of the elec

tronics. (All quoted counting rates give the number of counts in thou-

sands averaged over one .second.) The addition of a transmission de-

tector reduces background in two ways. Because of the microscopic 

duty cycle of a cyclotron beam, the above background events can be 

categorized as originating from two different time regions. Inter

beam-burst pileup events are caused by chance-coincident particles 

produced by different beam-bursts occurring -100 ns apart. Since en-

ergy signals from a position-sensitive detector have a slow and position-

dependent risetime and thus poor timing characteristics, a transmission 

detector (see Fig. 2-3b) with a pileup rejector having a pulse pair re-

solving time of- 50 nanoseconds can eliminate inter-beam-burst back-

ground e,vents. 

Intra-beam-burst pileup events are not eliminated by the above 

pileup rejector since the beam-burst width of- 5 nanoseconds requires 

a pulse pair resolving time of < 1 nanosecond to eliminate a substantial 

~ ' 
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fraction of these events. Although nearly all of these events are caused 

by particles which have sufficient energy to traverse the depleted depth -

of the PSD, most of them can not be eliminated by using a reject detec-

tor because commercially available PSDs have such thick undepleted 

back layers that a large fraction of these particles would fail to tra-

verse the PSD. However, many of these intra-beam-burst background 

events can be eliminated by performing particle identification (PI) with-

the D.E and E signals from the transmission and position-sensitive de-

tectors. For nuclei stopping in the depleted depth of the PSD, an a-

particle generates the following PI signal: 

PI (a) = (E + D.E )1. 73 - E 1. 73 , 
a a a 

(2-10) 

while two a-particles generate the following signal: 

This particle identification signal which is generated by two a-particles 

that are simultaneously detected in a counter telescope can be expressed 

in terms of the one which is generated by a single a-particle and the 

fraction f of the total energy(ET(2a)) carried bythis a-particle (E
1 

(a)): 

PI(2a) ~ 21.
73 

PI (a)/(4f(f-1)), where f = E
1 

(a)/ET(2a). (2-12) 

The function f(f-1) has a single maximum at f = 1/2 (corresponding to 

equal energy a-particles) and thus PI(2a) has a single minimum and is 

larger for all other values of· f. It should be noted that the condition 

that both a-particles traverse the D.E detector restricts f to be larger 
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than E . lr<:T(Za), where E . is the energy corresponding to an n-
nnln'- nn1n 

particle range equal to the thickness of the ~E detector, which for a 

100 fJffi ~E detector corresponds to f > 0,25 for ET(Za) <50 MeV. 

On the other hand the fraction of the total energy carried by an 

a-particle produced by the decay of a high energy 
8

Be nucleus is even 

nnore restricted (0.45 ~f ~ 0.55) by the snnall breakup Q-value. As 

f(f-1) is extrennely slow varying (± 1%) in this region near its nnaxinnunn, 

PI(
8

Be) = PI(Za)f = O.SO± O.OS =2
1

· 
73 

PI{a) {2-13) 

and therefore 8Be events identify as a peak in the particle identification 

output. 

Only a snnall fraction of the intra-beann-burst-pileup events cor-

respond to two a-particles stopping in the depleted region of the PSD and 

because of the experinnental broadening of the PI signal, nnost of these 

events generate PI signals which fall inside a gate set arou~d PI (
8

Be). 

However, the great nnajority of pileup events are caused by coincidences 

between high energy elastically and inelastically scattered a-particles 

where one or both traverse the depleted depth of the position- sensitive 

detector. Since an a-particle loses a substantialfraction of its total 

energy near the end of its range, one stopping in the undepleted region 

of the PSD will generally deposit a substantial annount of charge in this 

region which will not be collected. Thus a-n pileup events, where one 

or both of the a-particles stop in the undepleted region, give rise to 

particle identification signals (PI (2a) 1 ) which depend strongly on the 

fraction of the total energy {f1 ) lost in the undepleted region, as can be 

seen by exannining the following expression: 
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PI {2a)' ~ [PI (
8

Be)/{4f(f-:1))] [1 ~f'] (2-14) 

Since the factor f(f-1) is slowly varying and f' increases rapidly 

due to the end of the range effect, the latter dominates for most 

of these pileup events, causing PI{2a)' to be substantially smaller than 

8 PI{ Be). Therefore a large fraction of these pileup events {where one 

or both a-particles traverse the counter telescope) can be eliminated 

8 by setting a gate around the, Be PI peak. This results in a substantial 

background reduction at moderate counting rates. {This PI gate will 

also eliminate most of the intra-beam- burst-pileup events caused by 

one a-particle stopping in the 6.E detector and the other traversing it.) 

4. Detection efficiency 

When using the simple identifier, the magnitude of the accep-

tance solid angle {n ) for detecting 8Be events is restricted to the ace 

solid angle subtended by the post of the divided collimator. {It should 

be noted that for experiments using the simple identifier, Q is de-. ace 

fined {or limited) by a position gate which is always less than the post 

width.) Only a certain fraction of the 8Be events emitted into Q are ace 

detected. This fraction is defined to be the detection efficiency (e-), and 

the product of € and n ace yields the effective solid angle {neff= E • ~cc) 

:for detecting 
8

Be events. 

By increasing the vertical size of the post of the divided colli-

mator, both the acceptance solid angle and the efficiency are increased. 

The efficiency increases because € is the average efficiency over the 

entire extent of the acceptance solid angle. This solid angle is 
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The ratio, Q ff/n 
11

, is called the relative efficiency ( € 
1
). e co · re 

Because of the finite extent of the breakup cone, there is an optimum 

diameter of the divided collimator for maximum relative efficiency. 

As can be seen from Fig. 2-4b this maximum is obtained for~ - 1.5 

d Over a restricted range of kinetic energies (35 - 70 MeV), the 
m 

size of the breakup cone varies by only a small amount (dm <X(E,gf1
/

2
), 

thus a fairly energy-independent and large E 1 can be achieved. A re . . 

rectangular divided collimator can also be used and similar considera-

tions apply as for a circular one, 

C. Modified Identifier 

1. Twin transmission detector-s 

A substantial improvement to the simple identifier can be made 

by using, instead of a single ~E detector, two ~E detectors diffused 

side by side on a single silicon wafer (se·e Fig. 2-5). An order-of-

magnitude reduction of intra-beam-burst pileup can then be achieved 

by making a subnanosecond coincidence between these detectors. Fur-

ther reduction in background is possible through a comparison of the 

energy loss in each detector. 

2. Intra-beam-burst pileup rejection 

8 
When Be decays, the two breakup a.-particles generally have 

different energies, and so different arrival times at the twin ~E detec-

tors. The maximum time difference (~t · ) is given by: 
max 

~tmax = 1.24 njE8 nsec, (2-15) 
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Modified identifier 

Position-sensitive 
E detector 

collimator 

Exposed 
area 

XE 
E 

Twin b.E 
detectors 

XBL 745-3062 

Fig. 2-5. A schematic diagram of the modified 
8

Be 
identifier showing the divided collimator, twin trans
mission detectors and PSD. 
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where D is the distance from the target to the LS.E detector, and E
8 

is 
. . 8 

the energy of the Be event. For E
8 

> 35 MeV and D = 11.8 em, 

i:l.t is less than 0.42 nanoseconds. Therefore by performing a sub-
max 

nanosecond coincidence, the background can be reduced by a factor of 

ten, since the typical beam-burst width at the Berkeley 88-inch cyclo-

tron is approximately five nanoseconds (at a fr.equency of 9 MHz). 

3. · Ratio requirement 

Since both breakup a-particles from a 
8

Be event have similar 

energies, the energy loss of a
1 

in ;6.EL is approximately equal to that 

of .a2 in ;6,ER. By calculating the ratio R = ;6.EL/(;6.EL + .6.ER), 
8

Be 

events are characterized by a ratio signal close to 1/2. Because two 

chance coincident particles will generally have different energies, set

ting an SCA about the 
8

Be ratio peak will eliminate some intra-beam-

burst pileup events. 

4. Detection efficiency 

8 
When using the modified identifier, a Be event can be charac-

terized by a fast coincidence between the ;6,E detectors, rather than by 

a position signal corresponding to the masked region of the E(PSD), 

and therefore the post need only be wide enough to cover the dead re-

gion between the detectors. (In the limit of a post width of zero, the 

acceptance solid angle (fl ) would be restricted to the solid angle ace 

subtended by half the width of the 11 divided11 collimator.) As the ac-

ceptance angle (fl ) is no longer restricted by that of the post width, 
ace 

one can attain larger acceptance solid angle_s than were possible with 

the simple identifier. 

.. 
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To illustrate the dependence of neff on the collimator dimen

sions, a rectangular "divided" collimator with a line post (P = 0) is 

considered. In Fig. 2-6a the dependence of neff on the collimator 

width (W) is shown for two different values of the collimator height {H) . 

The .effective solid angle increases rapidly with W until a width equal 

to 'twice the size of the breakup cone diameter is reached whereupon it 

levels off. This flattening out is due to the necessitr of having the 

breakup a-particles fall on either side of the central vertical dividing 

strip in the twin transmission detector in order to give a coincidence 

signal. Both n and n ff continue to increase as the height (H) of ace e 

the collimator is increased. As for the simple identifier, neff is ex

perimentally defined by the setting of the position gate. 

The dependence of the detection efficiency ( f:, solid curve) and 

the relative efficiency (Erel' dashed curve) on the collimator width {W) 

is shown in part b of Fig. 2-6. Both E and E 
1 

have a broad max
re 

iinurn at a collimator width of approximately one and one half times the 

breakup cone diameter and they have similar dependence on H as does 

neff for H > dm. 

In Fig. 2-6c a plot of the differential efficiency (dE/dW) illus

trates the restriction of 8Be events to a central vertical st~ip (± W /4) 

of the collimator (corresponding to n ). Outside of this strip the 
ace r 

detection efficiency is zero to the extent 13
1 

= !3 
2

. Note that while the 

maximum value of dE/dW is 50%, the average value (E) is about 30o/o. 

Although the amplitude of the differential efficiency varies with the 8Be 

energy, the shape is· quite energy independent. Thus if an observed 
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8
Be producing reaction has a constant differential cross section (da/dn) 

across the acceptance angle (n ) , the observed position spectrum 
ace 

should have a similar shape as the curve shown in part c of the a hove 

after folding in the position resolution. All the above considerations 

apply when considering a finite post width (P). (It should be noted that 

as in the case of the simple identifier for actual experiments n 1s 
ace 

defined by the width of the position gates.) 
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The detector telescope was mounted on a platform inside the 

0.51 meter scattering chamber. An aluminum housing with 1.5 mm 

thick tantalum shielding on the beam side enclosed the counter tele-

scope and a 600 gauss permanent magnet was plac~d in front of it to 

deflect low energy electrons arising from projectile-electron collisions 

in the target. A turbomolecular pump with a liquid nitrogen cold trap 

to prevent the back streaming of pump oil kept the scatter chamber at 

a vacuum of 4X10- 5 mm of Hg and an oil diffusion pump (see Fig. 3-1) 

-6 
maintained a vacuum of 5X1 0 nun of Hg in the beam line. 

B. Targets· 

1. Solid targets 

10 11 12 . 
Self-supporting films of B(98%), B(98o/o), C and S102 were 

used as targets in these experiments. Up to seven targets plus an 

Al
2

0
3 

scintillator could be placed in a remotely controlled motor

driven target ladder. Target thicknesses were determined at the end 

of an experiment by placing a thin 
212

Pb source behind the target and 

measuring the energy loss of the a-particles passing through it. In 

addition for targets of natural isotopic composition a 1 cm
2 

central 

circular portion was weighed on a microbalance. Good agreement was 

obtained between these two methods so that the target thicknesses were 

known to ± 1 0 o/o. 

2. Gas targets 

A gas target and recovery system which has been described 

previously (Br 6 9) was used for experiments with chemically pure 

... 
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14N
2

, 16o
2 

and isotopically enriched 15N
2

(99%) gases at a pressure 

of one-third of an atmosphere. The gas pressures were measured 

with a mercury manometer and monitored remotely by a TV camera 

focussed on the mercury level. The 6.4 em diameter gas cell con

sisted of two stainless steel disks supported by a 45° wedge between 

them. A 3.2 X 19.9 em strip of 5 fJ.ffi thick Ha·var
1 

foil glued to the 

upper and lower disks formed a continuous 315° window. 

To define the extent of the target from which 
8

Be events could 

be observed, an unusual gas collimator was designed and built. This 

collimator could be used with either the simple or modified 
8

Be iden

tifiers (see Fig. 3-2, the 
8

Be gas collimator is shown here with a 

modified identifier). In addition to the normal divided collimator im-

mediately in front of the counter telescope, a second one is placed 

nearer to the gas cell. This front collimator defines the extent of the 

target (removing the possibility of detecting reaction products from 

the gas cell walls). 

To reduce the singles counting rate in the twin 6E detectors, 

a 0.5 millimeter tantalum partition connected the posts of the two col-

limators. This partition eliminated particles passing through differ

ent sides of the front and back collimators. The relative alignment 

of the left-right partition and the two divided collimators is important 

and was done to ± .03 mm on an optical comparator. To shield the 

counter telescope from seeing slit-scattered beam, two 1.3 :tnm thick 

aluminum plates were attached to and connected the outsides of the 

. divided collimators (not shown in Fig. 3-2) on both sides of the gas 

collimator. 
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Fig. 3-2. A schematic diagram of a gas cell and 
the 8Be gas collimator, here shown with a modified 
8Be identifier. 

... 
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. Previously described detection efficiency considerations have 

assumed a solid target although similar considerations apply for a gas 

target. The probabi~ity of detecting a 8Be nucleus .emitted from a gas 

target was determined by making a simple first order correction to 

the detection efficiency and by using oxygen gas and solid target data 

to normalize the gas target cross sections. 

C. Simple ldentifie r 

i. Detectors and equipment 

A surface-barrier position-sensitive detector 2 having an active 

area of iOX50 mm and a 300 fJ.ffi depletion depth was used in all exper-

iments with the simple identifier. This PSD had a position resolution 

of i o/o ('"" 0.5 mm) of its length and an energy linearity of 7o/o. Only a 

i 0 Xi 0 mm section (at the end from which the XE signal originated) 

was used.· In this region the position resolution and linearity were 

0.6 mm and 2o/o, respectively. The measured energy resolution and 

the observed change in pulse-height across the PSD were 70 keY 

FWHM and i 00 keV, respectively, for 8. 75 MeV a-particles. 

Fully deple~ed phosphorus-diffused transmission detectors 

having depletion depths of i25 fJ.ffi or 200 fJlll and circular (i 0 mm diam-

eter) active areas were used depending on the experiment. Rectangu-

lar transmission detectors were also used. These were fabricated at 

LBL by making two 4.5 Xi 0 mm active areas separated by a two milli

meter undiffused region in a i 90 fJ.ffi thick silicon wafer. These twin 

detectors act as a large area dete<:tor (i 0 Xii mm) when the right and 

left signals are added. Since the same wafer is used for both L::..EL 
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and ~ER' good uniformity and hence good particle identification is en

sured. This technique takes advantage of the fact that the central re-

gion of the ~E detector is not used since it is masked by the central 

post of the divided collimator. 

In Fig. 3-3 is shown the housing for the simple identifier. It 

consisted of detector holders, shielding, a movable collimator, a re-

motely controlled electric motor, gearing and a helipot. This housing -1 

fitted into a vertically adjustable sleeve and was attached to the upper 

rotating ring of the scatter chamber through a horizontal sleeve which 

enabled the identifier to target distance to be changed (see Fig. 3-3). 

The movable collimator defined the radial acceptance angle and 

contained five collimator patterns cut into a rectangular tantalum plate 

(on a common centerline to ±1 mil) which moved in a teflon slide. A 

fixed collimator recessed in the slide-backing defined the vertical ac-

ceptance angle and immediately behind it were mounted the ~E and E 

(PSD) detectors. Relative alignment of the counter telescope campo-

nents was accomplished by adjusting the detectors and the fixed col-

limator 1 s positions. Final alignment of the counter telescope was 

performed in the scatter chamber by observing it with a transit at 

elab = 180° and placing the identifier in the median scattering plane 

by adjusting its height in the vertical sleeve .. Each collimator pattern 

was then centered in the median plane and its position noted by a DVM 

reading of the voltage drop across the helipot attached to the motor-

drive gear. 

The movable collimator was usually placed seven and a half 

centimeters from the target and at this distance the divided collimator 
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CBB 745-3082 

Fig . 3-3. A photograph of the simple 8Be identifie r with a 
remotely- c ontrolled and motor-driven movable collimator. 
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had a radial and vertical acceptance angle of six degrees and a central 

post width of two degrees. With this geometry, forward angle obser-

vations were possible to a minimum angle of twelve degrees, and near 

8 
maximum relative efficiency ( E" 

1
) was attained for the range of Be 

re 

events stopped by the identifier (35-60 MeV). The beam spot size 

(1.5 X2.0 mm) was equivalent to one degree and a one degree position 

gate was set. These conditions gave adequate energy resolution and 

detection efficiencies (E") of 12-23o/o for 35-60 MeV 
8

Be events emitted 

into the acceptance solid angle defined by a 1 o central position gate. 

The intrinsic position resolution of the above detector was 1/2° and the 

two degree post width ensured the complete elimination of particle-

stable nuclei from the central region of the position- sensitive detector. 

2. Electronics 

A block diagram of the electronics for the simple 
8

Be identi-

fier is shown in Fig. 3-4. Signals from the .0.E and E(PSD) fed three 

amplifier systems and a pileup rejector (PUR). This last unit estab-

lished a coincidence (2T = 50 ns) between the .0.E and E signals and 

inspected for pileup arising from different beam bursts over 1. 5 micro-

seconds. In the absence of such inter- beam- burst pileup, a valid-event 

signal was generated. 

To minimize deadtime caused by the high counting rate in the 

6E detector, double-delay line shaping was used to provide short sig-

nal shaping times and fast baseline recovery. Because signals from 

the E(PSD) have a slow and position-dependent risetime, a linear am-

plifier with a two microsecond peaking time was used for both the E 
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and the XE signals. A pulse from the E amplifier was used to feed a 

pileup rejector which inspected over the duration ( ~ 8 f.LS) of the E sig

nal (the counting rate in the E(PSD) was typically a factor of four less 

than in the ~E). The E and XE signals were connected to a divider, 

which converted the position information into a time difference, and a 

time-to- amplitude converter was used to give a voltage signal propor

tional to the position. The ~E and E signals fed a particle identifier. 

Both particle identification (PI) and position gates were set with single 

channel analyzers (SCAs) and energy spectra, gated by these, were 

collected on a Nuclear Data 4096 channel analyzer . Gated and ungated 

PI and position spectra were monitored during experiments. 

3. Position and particle identification 

To calibrate the position spectra obtained with the simple iden

tifier, the movable collimator was used to place before the counter 

telescope a collimator consisting of two narrow slits sepa rated by ap

proximately five degrees . The dimensions of this collimator were 

measured to± 0.03 mm on an optical comparator before the exper

iment. In addition the target-to-movable collimator distance and its 

distance from the position- sensitive detector were measured to ± 0.3 

mm. 

In Fig. 3-5a is shown two position spectra obtained in sequen

tial runs at different movable collimator settings. These spectra were 

collected at elab = 15 ± 3° during the bombardment of a carbon target 

with 65 MeV a-particles. The counting rate in the ~E detector was 

15 kHz. Only events satisfying the condition of no inter- beam- burst 

•. 
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Fig. 3-5. Position (a) a~d particle identifier (b) spectra 
obtained with the simple Be identifier. (See text). 
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pileup, a ~E energy SCA (set to eliminate Z = 1 and 2 events) and an 

E-lower threshold of 8 MeV were recorded. The upper spectrum was 

taken with an open circular collimator, and the lower with a circular 

divided one. The elimination of particle-stable nuclei is illustrated in 

the lower spectrum. The counts in the central region of this lower 

8 
spectrum are from Be events with a small number from intra- beam-

burst pileup events. 

In Fig. 3- Sb are shown PI spectra of events satisfying the one 

degree position gate indicated in part (a) . The upper spectrum shows 

the identification of the particle-stable nuclei, 6 Li and 
7
Li, with the 

relatively abundant 
8

Be events appearing as a shoulder on the 
7 
Li peak. 

The lower spectrum, collected with the divided collimator, is charac-

terized by the absence of lithium isotopes and the occurrence of a single 

peak (see Section II-B3) at the location predicted for 8 Be events by 

range-energy calculations (Wo 72). Nearly all background events seen 

above and below this peak correspond to intra- beam- burst a-a pileup. 

A relatively small fraction of these correspond to both chance coinci-

dent a-particles stopping in the sensitive region of the PSD and the PI 

8 
signals for these events lie close to the position of the Be peak. How-

ever, as the energy of one or both of the a-particles increases above 

the maximum capable of being stopped in the depleted region of the 

PSD, the PI signal for such a pileup event rapidly decreases in magni-

tude. As discussed in Section II-B3 this strong dependence of the PI 

signal on the fraction of the total energy deposited in the counter tele-

scope is due to an end of the range effect. Consequently, at moderate 
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counting rates (15 kHz), nearly all pileup events are eliminated by 

setting a PI gate around the 
8

Be peak. 

Energy spectra (see Fig. 3-6) of the 11 B(a, 
7

Li) 
8

Be and 

11 
B(a, 

8
Be) 

7 
Li reactions at elab = 15 and 16.5 degrees, respectively, 

and E = 65 MeV were accumulated in two hours with a simple identi
a 

fier. A 100 ~/cm2 11 B target (enriched to 98o/o) was used and an ex-

perimental resolution of 6 00 ke V was obtained at a counting rate in the 

.6.E detector of 1 9 kHz, which caused a 9o/o deadtime. One can clearly 

see from comparing part (a) with part (b) of Fig. 3-6 that there is total 

discrimination in the (a, 
8

Be) data against 
7 

Li events. Transitions 

populating the ground and second excited states (Se 74) of 
7 
Li are seen. 

Preferential population of these states is expected on the basis of cal-

culated a-particle structure factors (Ku 73 ). The measured eros s

section to the 
7 
Li is 3.2 iJ.b/sr c. m. at this angle, which, after allow

gs 

ing for the detection efficiency (21o/o), corresponds to an absolute cross-

8 >:< 
section of 15 iJ.b/sr c . m. No contribution from the (a, Be (2. 9 MeV)) 

reaction (Ro 73, see also Cr 73 for a discussion of a method for detec

ting 
8

Be,:' events) was observed, which is in agreement with the low 

8 >:< . 
calculated detection efficiency ( ~ O.So/o) for Be events. The moder-

ately low level of counts above the 
7Li peak is due to intra-beam-

gs 

burst chance coincident events that fall within the 8 Be PI gate. This 

level of background is indicative of the background contribution to 

spectra taken at 19kHz with the simple identifier, and is equivalent to 

an absolute differential cross section limit of ~1 iJ.b/sr c. m. 
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Fig. 3-6. Ener§y spectra taken at 6 5 MeV bombarding energy 
with the simple Be identifier. (a) 7Li and (b) 8Be energy spec
tra, obtained concurrently by setting appropriate PI and position 
gates, from the reactions 11 B(u, 7 Li) 8Be and 11 B(a, 8Be ) 7Li, 
respectively, after 1111 fJ.C. 
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D. Modified Identifier 

1 . Detectors and equipment 

In the modified identifier, besides requiring a fast coincidence 

and comparing the relative energy loss in the twin transmission de tee-

tors, larger area detectors were used. These allowed the identifier to 

be placed farther from the target while subtending the same solid angle 

as before, and hence maintaining good detection efficiency. At this 

greater distance (D = 11.8 em), more forward angles could be studied 

and the contribution of the beam spot size to the energy resolution was 

decreased. 

2 
A 13X 20 mm position-sensitive detector was used which had a 

position resolution of 0.1 mm, (= 0.1°) and an energy linearity of better 

than 1%. Its 500 f!Irl depletion depth, in conjunction with a 110 f!In twin 

8 
.0-E detector, enabled up to 70 MeV Be events to be detected. The 

twin .0-E detector consisted of two fully depleted phosphorus -diffused 

transmission detectors, .0-EL and .0-ER' having 5.5 X12 mm active 

areas separated by a one millimeter undiffused region. 

The experimental setup constructed for the modified identifier 

is shown in Fig. 3-7. It consisted of a fixed collimator holder followed 

by a .0.:8 and a E(PSD) holder all of which were attached to an aluminum 

plate fastened to the lower rotating ring of the scatter chamber. The 

telescope housing, shielding and electron-suppression magnet are not 

shown here. To the right of the counter telescope is shown one of the 

twin transmission detectors with low inductance strip leads. Align-

ment of the counter telescope components relative to each other and of 

the telescope itself in the median scattering plane was accomplished in 
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Fig. 3-7. A photograph of the modified 8Be identifier showing the 
divided collimator, twin transmission detectors and fast preamp 
head as an integral part of the detector holder, and the PSD and its 
holder. To the right of the identifier is a twin transmission detec
tor {without the preamp head) mounted in a holder with strip-contact 
leads for the pulser (upper) and the output signal (lower). 
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a similar manner to that described abOve for the simple identifier. 

2. Electronics 

To measure the difference in the flight times (~TOF) of the two 

a-particles from 8 Be decay, two fast preamplifiers are used, whose 

first stages are mounted on the holder for the twin .6.E detectors. 

These preamplifiers are similar to the one described by Butler et al. 

(Bu 70), but with a charge-sensitive (slow) output added to give greater 

energy stability. The FET in the first stag·e of the preamplifier is con

nected by a low inductance strip to the surface of the detector. This 

detector is made with a low sheet resistance ( < 10 ~cm2 ) and the short 

direct coupling produces very fast risetime pulses (< 2 ns). 

The 11 0 jJl'll twin transmission detectors have a low capacitance 

(- 70 pF), which gives a good signal to noise ratio, and they hold a 

voltage gradient (2 volts/jJlll), which ensured fast(< f ns) collection of 

the deposited charge. As indicated in the block diagram of the elec

tronics for the modified identifier (see Fig. 3 -8), ·the fast outputs of the 

.6.EL and .6.ER preamplifiers feed two constant-fraction discriminators 

(CFD), which are connected to a time-to-amplitude converter (TAC). 

The range of energy deposited in the .6E detectors by a-particles varied 

between 4 and 11 MeV, but no time-walk-with-amplitude compensation 

is required for good time resolution, since 
8

Be e·vents generate .6EL 

and .6ER signals of approximately equal amplitude. By injecting charge 

on the detector surface with a fast pulser (< 1 ns rise-time), a sim

ulated 
8

Be event (.6.EL = .6.ER = 3;75 MeV, E 8 = 32 MeV) gave a time res

olution of 140 pi~oseconds FWHM. The division of the .6EL amplitude 
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Fig. 3-8. An electronic block diagram for the 
modified 8Be identifier. 
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by the summed 6EL and 6ER amplitudes to yield the ratio R is carried 

out in a similar manner to the XE/E division (see Fig. 3 -4). .Particle 

identification (PI), position (X), ratio (R) and time of flight (6.TOF) gates 

are set with single channel analyzers (SCAs) and energy sp~ctra, gated 

by these, are collected on a Nuclear Data 4096 channel analyzer. 

Gated PI, position, ratio and 6.TOF spectra are monitored during ex-

periments. 

3. Background reduction 

Figure 3-9 presents a 6.TOF spectrum (6.EL(start)- 6ER(stop)) 

of events originating from the same beam burst. These events, from 

the bombardment of a 
10

B target with 72.5 MeV a-particles, were de-

tected with the modified identifier at 8lab = 24°. The symmetric double 

peak is due to 
8

Be events. Background counts are caused by fragmenta-

tion reactions and random chance coincident events associated with the 

high counting rate of 25 kHz in each of the 6.E detectors (intra- beam-

burst rate 500kHz). The full width at the base of the 6TOF peak (-1 ns) 

reflects the minimum energy (- 30 MeV) 
8

Be event that could be detected, 

and the central dip is the effect of collimation ori the breakup a-particle 

velocity distribution. If the identifier had 100% detection efficiency and 

perfect time resolution, then the 6TOF peak would be rectangular with 

a width of 26.t . This is most closely realized for 8Be nuclei emitted max 

toward the center of the identifier. However, for those emitted off cen-

ter, the first part of the breakup cone that is lost through collimation is 

the edge. Therefore, most of the 
8

Be events emitted into the acceptance 

solid angle, that are not detected, correspond to the breakup a-particles 
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6. TOF spectrum 

Background 

~ 

10 
(b) [33] with X 

Background (c) [22] II II pI 
reduction ' 

(d) [13] II II II ,R 
(e) [ I ] II II II II , l:lTOF ' ' 

-4 -2 0 +2 +4 

Time (nanoseconds) 

XBL 742-2318 

Fig. 3-9. A ~TOF spectrum, ~EL(start) :-~E (stop), of events 
originating from the same beam burst. The ra%.o of the total 
background to 8Be events decreases from 120o/o to 1 o/o as var
ious SCA requirements are introduced. 
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having approximately equal velocities, and therefore equal time-of

flights, hence the central dip in the .6.TOF spectrurrt. 

In the spectrum shown in Fig. 3-9, only events depositing more 

than 10 MeV in theE detector, and satisfying a .6.EL- .6.ER inter-beam

burst coincidence (2'1" = 50 ns) and .6.E energy SCAs (set to eliminate 

Z = 1 and 3 particles), were recorded. The total number of intra- beam-

burst background counts, expressed as a percentage of the number of 

8
Be events, is 120% for the above conditions (see (a) in Fig. 3-9). As 

further SCA requirements are made: (b), (c), (d), and (e), the back-

ground decreases considerably with only a 25% loss in the number of 

8
Be events which is almost entirely due to the setting of a restricted 

X gate (X= XL +Xc+XR' see Fig. 3-10b). The lowest background is 

achieved when the position signal is restricted to fall within the 8 Be ac

ceptance angle (X SCA); the PI falls in the calculated region for 8Be 
,' ,·, 

events (PI SCA); the ratio is close to one-half (RSCA); and the .6.TOF 

signal corresponds to a time difference ~ .6.t (.6.TOF SCA). All max.· 

these conditions are characteristic of 
8

Be events. With these require-

ments the total background in a 
8

Be energy spectrum is 1% of the num

ber of 
8

Be events, at a counting rate of 25 kHz in each .6.E detector. 

4. X, PI, R, and .6.TOF spectra 

Figure 3-10 shows a particle identification and a position spec-

trum obtained with the SCA conditions discussed above, except that 

their respective SCAs were not required. In Fig. 3-1 Oa the PI spec-

trum is dominated by a single peak occuring in the expected location 

for 
8

Be events (Wo 72) with very little background above and below 
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Fig. 3-10. Particle identification (a) and position (b) spectra 
obtained with the modified 8 Be identifier. 
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this peak. (The .6.EL - .6.ER coincidence requirement eliminates par

ticle stable nuclei.) The peaking of the position spectrum, shown in 

Fig. 3-1 Ob, at 24° (the angle of the center line of the divided collima

tor' s post) arises because 
8

Be nuclei emitted in this direction have the 

largest probability of yielding breakup a-particles which satisfy the 

.6.EL - .6.ER coincidence condition. 

A ratio spectrum, with the above PI and X SCA requirements, 

is given in Fig. 3-11 b. The double peaking in this spectrum corre-

sponds to that seen in the 6 TOF spectrum shown in Fig. 3-9. If the 

lower velocity alpha from a 8Be event traverses .6.EL and the higher 

velocity one traverses 6ER' this corresponds to a negative time dif

ference in the 6TOF spectrum. It also corresponds to a higher 6EL 

energy loss (dE/clx ex: E- 1 ), and therefore a ratio greater than one-half. 

This equivalence is demonstrated in Fig. 3-11 c (ii). 

In Fig. 3-11.c (i) a .6.TOF spectrum, routed by the wider R SCA, 

is shown. The shape of this peak is closely predicted as can be seen 

from the calculated peak shapes for 45 and 65 MeV 
8

Be events given in 

part (a). These .6.TOF spectra were calculated with the program 

EFFICR. (The asymmetry in the experimentally observed .6.TOF peak 

of Fig. He (i) is due to a slight asymmetry in the position gates.) 

The relationship between the amplitude of the ratio (R) and that 

of the .6.TOF (T), illustrated in Fig. 11 c (ii), demonstrates that further 

background reduction is possible. Expressing R = R + .6.R and T = T + 
0 0 

.6.T, where R and T corresponds to a ratio of one-half and to a time 
0 0 

difference of zero, respectively, yields: 

(3 -,1) 
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200 (ii) Routed by narrow gate 

0.4 0.6 0 tl 
Ratio Time (nanoseconds) 

XBL 742-2379 

Fig. 3-11. a) Calculated tl.TOF spectra, lcl.EL(start)-lcl.ER 
(stop), showing the effect of the divided collimator' s shape 
on the relative velocity distribution. b) A ratio spectrum, 
lcl.ET /(6.EL + lcl.ER), collected with the PI and X gates shown 
in tlg. 3-1 0. c) Measured .6. TOF spectra routed by the ra
tio gates shown in part b). 
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This relationship could be calculated using a computer~ Alternatively, 

a good analogue approximation would be to set an SCA about the sum of 

Rand T, since the variation in (E
8

)1/ 2 is small for 35-70 MeV 
8

Be 

events. 

To reduce the effect of kinematic broadening on the 
8

Be energy 

resolution, three narrow position gates (XL' XC, XR) were set (see 

Fig. 3-1 Ob). Each was equivalent to 0.4° and the summed gate (1.2°) 
. .. 8 

had a detection efficiency (d of 20-36o/o for 35-70 MeV Be events. In 

addition, a thin target (1 00 ~/cm2 ) was used and rotated to reduce the 

combined effect of the differential energy loss in the target and the 

beam spot size. 

A 
8

Be energy spectrum accumulated in two hours from the 

11
B(a, 

8
Be) 

7
Li reaction at elab =zoo and Ea= 72.5 MeV is shown in 

Fig. 3-12. This spectrum was obtained by summing the kinematically 

corrected energy spectra corresponding to the three position gates. 

Over 25 MeV of excitation in 
7 
Li is observed, and the main transitions 

to the ground and second excited states are seen with better energy 

resolution and lower background than was obtained with the simple iden-

tifier (see Fig. 3-6 b). Also indicated are transitions to the 7.4 7 MeV; 

5/2- and the 0.48 MeV; 1/2- states (the latter only partially resolved). 

The 5/2- and 1/2- states are expected to be less strongly excited on 

the basis of calculated a-structure factors (Ku 73). The absolute 

cross section to the ground state is 18 1-1b/sr at this energy and angle. 

The observed energy resolution is 400 keV and the counting rate in 

each .6E detector was 25 kHz. At this counting rate the deadtime 

(observed with a pulser triggered by a monitor counter) was 35%. 
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Using the modified identifier, data could be collected at twice 

the rate and with a lower background level than was possible with the 

simple identifier {compare Figs. 3-6 b and 3 -12). The average back-

ground level above the impurity peak in Fig. 3-12 corresponds to an 

absolute differential cross section limit of ..... 0.1 !J.b/sr c. m. Lower 

cross section limits could be achieved if necessary by reducing the 

counting rate. 
8 *: 

There is no background from Be {2. 9 MeV), when 

using a modified identifier, because its large breakup Q- value coupled 

with the restriction on the separation angle of the two a-particles im· 

posed by the divided collimator causes a
1 

and a
2 

to have sufficiently 

different energies that the b. TOF SCA and R SCA requirements elim-

8 >:< 
inate Be events from the energy spectra. 

E. Data Acquisition and Analysis 

During an exper_iment, energy spectra routed by up to four 

position gates were accumulated in four 1024 channel groups of a multi-

channel analyzer. At the end of a run these data would be transferred 

to a PDP-5 computer and written on magnetic ta:pe. Upon completion 

of an experiment, analysis of these energy spectra was performed with 

the interactive, Gaussian peak-fitting program DERTAG, (Ma 71 ), on 

the SCC -660 computer. Centroids, widths and integrals were obtained 

for each peak. If energy spectra from a run were taken with adjacent 

position gates, these spectra were kinematically shifted and summed 

with the program SUMSHIFT on the SCC-660 computer. This summed 

spectrum was then analyzed with DER TAG and the results checked for 

consistency against the results from the unsummed spectra. 
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On light targets the low level density made. it relatively easy to 

decide which energy levels in the produc't nucleus were populated. To 

check level assignments and determine excitation energies, the pro-

gram LORNA (Ma 71) on the CDC 7600 was used to calculate the reac-

tion kinematics, absorber losses and an energy scale from a least-

squares fit to the experimental points. This version of LORNA was 

modified to calculate the 8Be event's absorber losses which is accu-

rately given by twice the sum of the absorber loss of an a-particle 

8 
which carried one half the energy of the Be nucleus emitted from the 

reaction plus one half of the breakup Q-value. 



-57-

IV. Theoretical Considerations 

·' In this section a simple diffraction model is considered and 

harmonic-oscillator wave functions are used to describe the bound 

state of the a-cluster in the target. Finite range and recoil effects 

are included and a simple expression is obtained for the cross section 

at high energies. 

A. a-Cluster Transfer 

Since single-nucleon pickup calculations have been successfully 

used to investigate single-particle aspects of nuclear structure, it is 

natural to attempt to obtain corresponding information about correlated 

four-particle clusters in the same theoretical framework .. Thus one 

hopes thatin spite of the a priori complexity of. the four -nucleon pick

up reaction (a, 8 Be), its main features could be understood by assum-

ing that the four nucleons are transferred as a single cluster having 

the internal quantum numbers of a free a-particle. Since the incident 

a-particle picks up an a-cluster from the target nucleus B, only the 

component of the target wave function which has the form B = A +a is 

treated as relevant. 

The "a-transfer approximation" implies that the a-cluster in 

the target and in 
8

Be are identical and the same ·as a free a-particle. 

For 
8

Be which is well described by two a-particles with zero relative 

binding energy, this should be a good assumption. If the a-cluster in 

the target is different from a free a-particle because it is bound to A, 

the dependence of this phenomenon on the a-separation energy can be 
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investigated with target nuclei having different separation energies. 

B. Selection Rules 

Since the projectile, the transferred cluster and 
8

Be all have 

zero spin and positive parity, quite simple selection rules apply to the 

(a, 8 Be) reaction. The transferred intrinsic angular momentum (spin) 

6.S and the transferred isospin 6.. T are zero: 

6.S = 6.T = 0. (4-1) 

The total angular momentum J transferred between an initial (J.) and 
1 

final state (Jf) by four nucleons coupled to zero spin and isospin is 
·.-+ 

given by the transferred orbital angular momentum L and can be ex-

pressed as 

As the parity change is given by 

L 
6.7T = (-1) ' 

only natural parity states can be populated in the final nucleus. 

(4- 2) 

(4-3) 

If the four transferred nucleons are restricted to originating 

from the 1p shell, then L can have only even values (0, 2, 4) and the 

parity of states in the final nucleus is the same as that of the ground 

state of the target nucleus. For target nuclei ha'ving ground state 

spins of 0 or 1/2, the transferred angular momentum (L) is a unique 

value for transitions to any state in the final nucleus. This result 

makes the study of these target nuclei particularly interesting so as 

to determine whether different transferred L values give rise to 

. 
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characteristic angular distributions. 

C. Direct Reaction Theory 

The theory adopted in this work has been advanced and devel-

oped entirely by others and a number of excellent and detailed accounts 

exist elsewhere (Au 70, Gr 69, Gr 66, Bu 66 •. Hu 65, Hu 69, Hu 70, 

Do 65, Do 70, Vi 68, Co 73). In particular Nagarajan (Na 74) has 

adapted this approach to the (a, 
8

Be) reaction. A brief review of this 

theoretical development is given below. 

1. Transfer to an unbound final state 

At first glance the (a, 
8

Be)· reaction has the apparent complica-

tion that the exit particle is unbound. However, this problem can be 

handled by well known theoretical techniques and in fact the particle

instability of 
8

Be considerably simplifies the theoretical description 

of this reaction. Huby et al. (Hu 65, Hu 69, Hu 70, Co 70) and others 

,(Vi 6 8, Be 6 8, Ba 6 9) have formulated the theory of nucleon transfer 

leading to unbound states in light ion induced reactions. The method 

that has been used is either to describe the unbound state as a quasi-

bound one or, if it is in the vicinity of a resonance, to describe it as 

a Gamov state. Both of these methods lead to an expression for the 

transition amplitude which resembles the one for transfer to bound 

states. 

Nagarajan (Na 74) has extended this theory to include heavy 
' 

ion induced transfer reactions leading to weakly bound (or unbound) 

final states. This treatment can also be applied to reactions where 
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the transferred particle is ih a resonant state in the final system. An 

example of this is the (a, 
8

Be) reaction where 
8
Be is composed of two 

a-particles in a s -wave resonance at about 92 keV above the threshold. 

The relative motion of the two a-particles at large separation distances 

can be described by a radial wave function which is more or less con-

stant over all space. 

Since 
8

Be has a very extended wave function, it can interact 

with the target at large distances where nuclear distortion effects are 

small. In Fig. 4-1 are shown calculated bound state wavefunctions 

. 12 . 
(~)for an a-cluster bound to a C core and for two a-clus.ters bound 

together by 100 keV. This latter wave function should be a good repre

sentation of the 
8

Be ground state. one as it is not very sensitive to 

small binding energies~ Fig. 4-1 illustrates that there will be substan-

tial overlap of these two wave functions when the two mass centers are 

separated by 1 0 fermis and even at larger distances due to the long tail 

8 
of the Be wave function. 

Because of the strong absorption in the exit channel and the 

large size of 8 Be, one would expect that the a-cluster transfer would 

occur in the asymptotic region of the 8Be wave function. In fact the ex

tended size of 
8

Be requires that it be formed at large distances from 

the target nucleus. This can be seen by considering that if 
8

Be is 

formed near the target nucleus, it will almost certainly be absorbed 

before it can escape. Because of this effect only a-particles with large 

impact parameters in the entrance chann~l will contribute to the (a, 8Be) 

reaction. This reaction therefore takes place at large distances (~ 10 

fm) from the target where nuclear distortion effects are small. 

I 
' ! 
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Fig. 4-1. A plot of the a-cluster radial wave functions {RNL) 
of 16o and 8Be which shows the large overlap of their wave 
functions when their centers of mass are separated by 10 fermis. 
The 16o wave function was calculated for an L = 0 a-cluster in a 
Woods.-Saxon well of radius 3.1 fermis and with the depth adjusted 
to obtain the known binding energy. The 8Be wave function was 
calculated by the same method with a well radius of 4.0 fermis 
and an assumed 8Be binding energy of 100 keV. · See discussion 
in text. 
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Although at these distances the amplitude of the wave function of the 

bound a-cluster in the target is small, the long tail of the 
8

Be wave 

function ensures a sizable probability for this reaction channel. 

2. Born approximation 

8 The (a, Be) reaction can be represented as 

where a direct reaction mechanism is assumed. Schematically, this 

·process is depicted in Fig. 4-2 where all coordinates are in the center 

of mass system. The entrance channel consists of a
1 

approaching B 

along -;. where 
1 

-+ -+ 
r. = r 

1 
(4-5) 

In its initial state a 2 is bound to the core A {internal coordinate -;
1

) 

forming the target nucleus B. The two a-particles approach each other 

-+ 
along r 2 where 

(4-6) 

and -; is the coordinate connecting a
1 

and A. In the exit channel -;
2 

is fixed and equal to ,the a-a separation distance in 8Be. This system 

recedes from A along -;f where 

(4-7) 

The above reaction process depends on the probability that a 
. 1 

scatters from B with a final momentum k/2 {one half of the momentum 
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carried by 8 Be). If the target a-cluster also has the momentum k/2, 

then there is a probability that the two a-particles will travel along to-

h . h d' . f . BB get er 1n t e same 1rection orm1ng e. The reaction probability 

therefore depends on the chance that a2 has a momentum of k/2 in its 

initial bo~nd state which depends on the binding energy of a 2 to A. 

In the distorted-wave Born ap~roximation, the transition matrix 

element (see Gr 6 9) for the three body process depicted by equation (1) 

is given by, 

(4-8) 
(+) ~ -X X. \ k. , r. ) • 1 1 1 

The above· expression is a six dimensional integral and the potential 

(V aA) which causes the direct reaction is the interaction in the entrance 

channel between the bound a-particle (a
1

) and its core (A). The dis-

tor ted waves X·(+) and X£(-) describe the scattering in the entrance and 
1 . 

exit channels and the nuclear wave functions q, are eigen-functions of 

the initial and final state nuclear Hamiltonians. The applicability of the 

Born approximation is based largely on the assumption of a direct 

mechanism. That is, the interaction responsible for the transition is 

-22 
assumed to occur only once and to last .... 1 0 seconds (the nuclear 

transit time for a bombarding a-pa'rticle). 

3. Diffraction model 

To make the above integral a more tractable one, advantage is 

taken of the fact that nuclear and Coulomb distortion effects are expected 



-6 5-

to be small. Because of the high-energy incident (E ...., 65 MeV) and 
a 

exit particles (since Q...., -8 MeV), it is assumed that a .diffraction 

model employing plane-waves would give an adequate description of 

the entrance and exit channels. This assumption was borne out by 

several full-recoil DWBA calculations using the program LOLA(De 73) 

which gave similar results to the plane-wave calculations (see Section 

V-I). 

For simplicity the diffraction model of Dodd and Greider (Do 69) 

which avoids a partial-wave expansion is used. Because of the strong 

nuclear absorption or scattering of complex nuclei well above the 

Coulomb barrier, the distorted .;ave xi(+) (or x/-) is represented in 

configuration space by a plane-wave which vanishes inside a sphere of 

radius R. For the exit channel of 
8

Be +A this should be a very good 

representation. Thus the elastic scattering wave functions are de-

scribed by 

(+) -- -X· (k., r.) -
1 1 1 

- - ~ exp ( i k. · r. ) (} \ r. ) 
1 1 1 

(4- 9) 

and 

(4-1 0) 

The momentum dependence of these (} coefficients is neglected and the 

effect of strong absorption in the optical potential is included by setting 

them equal to unity outside a sphere of radius R and zero inside. The 

cutoff radius R is determined by requiring that angular momentum is 

matched in the entrance and exit channels and is given by 

(4-11) 
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where ki and kf are the linear momentum in the initial and final chan

nels, respectively. 

The above approximation allows one to factor the transition 

matrix element T Aa into the product of two integrals. Ignoring the 

dependence of e i (i\) and e l;f) on the vectors -;i and -;f' 

TA (kf,k.)c::<~ (q)Gf.fr\ (4-12) a 1 o 1 . 

where the first factor ~ 
0

({i) is the distorted wave integral 

and the second one Gf. r:;.) is the form factor 
1 1 

(4-13) 

The linear momentum transfer (q) and recoil momentum ~) are de-

fined as 

(4-15) 

and 

(4-16) 

where Ma and MB are the masses of the a-particle and the target 
__,. 

nucleus, respectively. Physically, q is the difference between the 

. __,. 
initial and final momenta of the projectile, whereas kR is the sum of 

the latter quantity plus the momentum of the a-particle bound inside 

the target nucleus. The finite mass of the transferred cluster is 
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taken into account by the inclusion of a recoil phase factor in the trans-

fer function Gfi. 

The first factor 13 (ci) in the transition matrix element is a 
0 

radial integral {see 4-13) over the scattering waves in the entrance and 

exit channels w.hich can be evaluated using the technique of Vincent 

{Vi 68) or Huby {Hu 65). Its value can be expressed as 

~ 2 2 
13 \q) = - 41T[ cos (qR)] I q R 

0 
(4-1 7) 

and its phase is determined by the product of the cutoff radius R and 

the transferred momentum q. 

Assuming that the target nucleus {A+ a) can be described by a 

single-particle state of a three- dimensional harmonic oscillator, one 

can make the following parentage expansion 

(4-18) 

The factors RL (r 
1

) and Y L M (J!"
1

) are the radial wave function and 
1 1 1 

the spherical harmonic function, respectively, which describe the 

bound state of the target a-cluster. Furthermore the 
8

Be wave function 

can be written {see Na 74) as 

< I>8 I cP ) = eo 
Be a 

sin (k
2 

r 
2 

+ 6 ) 

k2 r2 
(4-1 9) 

which satisfies an addition theorem (Na 74) yielding as a final result 
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e 
0 

,.[4; 
X constant (4-20) 

where e2 
is the 

8
Be -+ 2a spectroscopic factor. Utilizing equations 

0 

(4-18) and (4-20) the form factor becomes 

Gf· . 
'1 

(4-21) 

For p-shell nuclei, the four nucleons in the a-cluster have a total 

energy of 

E = 4(5/2 'liw) = 101i w. (4-22) 

Since the internal state of the a-cluster is assumed to be in its lowest 

state and because it has three degrees of freedom, 

3 9 
. Eint = 3 ( 2 'liw) = 2 1i w. (4-23) 

Hence the energy carried by the center-of-mass of the a-cluster is 

1 . 
ECM = 11/2 'liw = (2 N +L - z) 1i w. (4-24) 

Thus an a-cluster having angular momentum of 0, 2, 4 relative to the 

core is described by 3S, 2D, and 1G wave functio_ns, respectively. 

The integral in the expression for the form factor given in (4-21) 

is defined as 

•· 

I 
·I 
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(4-25) 

Since V aA (r 
1

) is the potential which yields the a-cluster radial wave func

tion RL as a solution of the Schrodinger equation-

this permits one to write this integral in the following form 

Integrating by parts 

where 

and 

fl = M · M /M a A B 

and E is the binding energy of the a-cluster in the target. 

(4-26) 

(4-27) 

(4-28) 

(4-29) 

(4-30) 

The above integral is the Fourier transform of the target bound 

state wave function and it gives the probability amplitude that the bound 

a-cluster has a momentum kR. Thus the possibility that an a-cluster 

in the target will be picked up by an incident a-particle is dependent on 

the momentum distribution of that cluster in its initial bound state. 

A, more useful expression for the form factor is the following 

(4-31) 

where RL(kR) is the Fourier transform of the radial wave function 
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(see Ta 63) of the bound a-cluster in the target nucleus with respect to 

the recoil momentum and is given by 

0() 

RL1 (kR) = 4 (i)L s r/ dr1 jL1 (r·kR) RL/r1). 

0 

(4-32) 

RL (kR) can be evaluated using harmonic oscillator radial wave func-
1 

tions (see Ta 63 ). Employing equation (4-31), the form factor can be 

rewritten as 

(4-33) 

Summing over the initial and averaging over the final magnetic sub-

states and invoking the orthonormality of the spherical harmonics 

yields the following simple expression for the form factor 

(4-34) 

The quantity NL is the probability amplitude (a-structure amplitude) 

that the target (A +a) appears in the form of a nucleus A and an a-

particle with relative angular momentum L. 

With the aid of the above expression for the form factor the 

square of the transition matrix element is written as 

,_ ) 
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(4-35) 

Since the differential cross section can be expressed as, 

do/dQ (4-36) 

utilizing equations (4-35) and {4-1 7) yields the following simple form 

for the reaction cross section: 

-1 
'IT 

2 
X I cos (gR) I \ 2 I ( 12 

q2 R 2 X /_, NL RL ~) . 
L 

( 4-3 7) 

The two dominant factors in determining the shape and magnitude of the 

cross section are cos {qR), which is a function of the transferred mo-

mentum {q), and the probablity RL(kR) that the target, a-cluster has a 

momentum kR. The minima of the cross section are given by the zeros 

of cos {qR) and this envelope is modulated by the region of RL(~) that 

the reaction is probing. 

Since the bound a-cluster in these experiments consists of four 

1p- shell nucleons, the 3S, 2D and 1G harmonic oscillator wave func-

tions describe the a-cluster as having relative angular momenta of 

L = 0, 2 and 4, respectively. In Fig. 4-3 the probability amplitudes of 

these wave functions are plotted against the square of the recoil momen-

tum {kR) divided by the square of the oscillator parameter (v) where 
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Fig. 4-3. A plot of the probability amplitude that a bound a-cluster in the 
target will have a momentum (kR) for 3S(L = 0), 2D(L = 2) and 1G(L = 4) 
harmonic oscillator wave functions. The abscissa is in units of the square 
of the recoil momentum normalized by the oscillator strength function. See 
discussion in text. 
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2 
v = M · w/fl. a 

(4-38) 

Since kR is a function of the bombarding energy and the reaction angle 

(8 ), it is clear from the shape of these curves that the magnitude of 
em 

the cross section depends on the region of the probability amplitude 

that the reaction is probing. 

In summary, the above diffraction model includes recoil effects 

and takes advantage of the fact that the a-cluster is transferred at large 

distances from the target nucleus where distortion effects are small. 

Thus plane waves can be used to describe the scattering in the entrance 

and exit channels which greatly simplifies the calculations. (One 

should note that it is assumed implicity that the core A (to which a
2 

is 

bound) is particle stable; hence the theory might not be expected to 

correctly describe transitions to unbound states. of A.; ) 
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V. Experimental Results and Discussion 

The (a, 8
Be) reaction was studied on both solid and gas targets 

with reaction Q-values typically of"' -8 MeV, The 1p shell nuclei dis-

cussed in this section were bombarded with a-particle beams of 63.2-

72.5 MeV from the Berkeley 88-inch cyclotron. A summary of the ex-

periments is tabulated in Table V -1. In general the same relative 

population of final states was observed at the different incident ener-

gies although at some energies weak transitions were obscured by 

background not eliminated by the simple 
8

Be identifier. Qualitative 

as well as quantitative comparisons with theoretical predictions are 

discussed below as well as a comparison with (a, 2a) results atE = 90 
a 

MeV. In addition, evidence for a direct reaction mechanism is pre-

sented. 

A. 
8

Be Breakup Distribution 

In studying the (a, 8
Be) reaction, we indirectly measure the 

number of 
8

Be nuclei emitted at a particular angle by detecting the 

decay products. For the measured cross sections to be free of a sys-

tematic bias, it is important to verify that the events detected corre-

8 
spond to Be. In this spirit several tests were carried out to confirm 

the isotropic decay of 8 Be and the kinematic focussing of the decay a-

particles. 

By measuring the relative efficiency for monoenergetic 
8

Be 

events from the 
12

c(a, 
8

Be)
8

Be reaction for collimators of different 

area, one can determine whether the detected a-particles have a 
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Table V -1. Summary of the targets and angular ranges studied with the 
(a, 8Be) reaction plus relevant Q -values, beam energies and observed 
final states. 

Angular 

Beam 
8 range Final Observed 8 Be studied Target O(a, Be) energy Identifer 

(Oc m ) 
nucleus energy levels 

(MeV) (MeV) (MeV} . . 

1zc -7.4587 7Z.5 modified 39° 
8

Be 0.0, Z.9, 11.4 

12c -7.4587 67.3 simple 30° -70° 8
Be 0.0, Z.9 

1zc -7.4587 66.6 simple 30° -50° 8
Be O.O,Z.9 

1zc -7.4587 65.8 simple 30°-50° 
8· 
·Be O.O,Z.9 

1zc -7.4587 65.Z simple zoo -75° 8 
Be 0.0, Z.9 

tzc -7.4587 63.Z simple 30°-50° 8Be 0. 0, z. 9 

SiOZ -7.Z536 7Z.5 modified Z9°, 34° 1zc 0.0, 4.4. 7.6, 
9.6, 14.1 

160 gas -7.Z536 7Z.1 simple Z5° -45° 1zc 0.0, 4.4, 7.6, z 
9.6, 14.1 

SiOZ -7.Z536 65 simple zoo -80° 1Zc 0.0, 4.4, 9.6, 
14.1 

10B -4.55Z1 7Z.5 modified Z5° -70° 6 Li 0.0, z.z 

11B -8.7576 7Z.5 modified 34° 
7
Li 0.0, 0.5, 4.6, 

6. 7, 7.5 
11B -8.7576 65 simple zoo -70° 7Li 0.0, 0.5, 4.6, 

7.5 
14 -11.7054 7Z.1 simple Z5°-45° 10B 0.0, 0. 7, Z.1' Nz gas 

3.6, 4.8, 6.0 
15 -11.0830 7Z.1 simple Z0°-55° 11B 0.0, Z.1' 4.4, . NZ gas 

5.0, 6. 7 
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radial distribution across the breakup "cone consistent with the expected 

one. To carry ou:t these measurements, remotely movable collimation 

was employed which could place any of five different collimators ma

chined in a single piece of tantalum in front of the simple identifier. 

Even though the simple identifier was used, a divided collimator was 

8 
not necessary, because the (a, Be) Q-value is more positive than that 

of the (a, 
7
Li) reaction on 

12c or 
13c. Since the differential efficiency 

(dc/dX) is more uniform across the 1 o position gate .for an open calli-

mator than for a divided one, an open collimator is the best one to 

employ so as to minimize position resolution effects. (An open calli-

mator has approximately twice the efficiency (c) of a divided one. 

However, it has only an.,...., 20% larger relative efficiency than a divided 

collimator with a similar dependence of c 
1 

on E
8 

and D.) re . . 

In Fig. 5-1 are presented measured efficiency (c) points taken 

with open circular collimators compared with calculated ones, using 

a 1° position gate. The good agreement between the experimental and 

calculated values for two different 
8

Be energies confirms the isotropic 

8 
decay of Be. 

The kinematic focussing of the a-particles from the decay of 

8
Be nuclei causes the a-particles to be confined to a cone. To estab-

lish this focussing, transitions to the ground and first excited states of 

8 . 12 8 8 . 
Be produced by the C (a., Be) Be reactwn atE = 6 5 MeV and 

a 

$lab = 25° were utilized. These transitions produce ""'4 7 MeV 
8

Be nu-

clei which have a calculated apex angle for their breakup cone of 5.1° 

± 0.1 o. Spectra collected using two different divided collimators of 



-~ -
>-
0 
c: 
Q) 
·-
0 .... .... 
Q) 

c: 
0 -0 
Q) -Q) 

Cl 

60 

50 

40 

30 

20 

10 

-77-

Comparison of calculated 8 measured 
8se detection efficiencies 

48.5 53.5 
MeV MeV 

0 ~--~----~--------~~~~~~~~------~----~ 
0 2 4 4 

Collimator radius (mm) 

XBL 742-2316 

Fig. 5-1. 
8

Be detection efficiencies at tWo 
8

Be energies 
for open circular collimators of different· radii. The exper
imental points are normalized to the calculated curves at 
r = 4 mm; statistical error bars are shown, 
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equal open area and with post widths of 5.4° and 3.6°, respectively, are 

shown in Fig. 5-2. These spectra, accumulated for an equal number 

of f.LC, confirm the kinematic focu~sing of the two a-particles following 

8Be decay. The inserts show the collimator dimensions relative to the 

8 size of the Be breakup cone. The above spectra were collected with 

a simple identifier, a .6.E counting rate of 20kHz, and a 2° central 

position gate .. 

B. 
12 8 8 

The C(a, Be) Be Reaction 

1. Excitation function 

.. 8 
To conclusively determine the direct nature of the (a, Be) re-

action near 6 5 MeV bombarding energy, an excitation function of the 

12c(a, 8Be) 8Be{gs) reaction was obtained. Measurements in small 

angular steps were taken over the maximum in the angular distribution 

at 8 :::::.. 35° (Wo 73) to see if the shape or magnitude changed sub-
c.m. . 

stantially with bombarding energy. Data measured at E = 63.2, 65.2, . a . 

65.8, 66.6, 67.3 MeV are shown in Fig. 5-3. The angular width of 

each data point is -1°, and the error bars shown are entirely statisti-

cal. Upon examining Fig. 5-3, it is clear that the magnitude of the 

differential cross section is a smooth and slowly decreasing function 

of the bombarding energy. The shape of the two observed maxima 

seems to also vary slowly with the incident energy. 

The above behavior is in marked contrast to that observed at 

incident energies of 35.5-41.9 MeV (Br 65) for the differential cross 

sections for the 16 O(a, 
8

Be)
12

c reactions to the ground and first ex

cited state of 
12

c. In the latter case, both the shapes and magnitudes 
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12c (a, Sse)·sse 

Ea=65 MeV; 81ab=25°: 300fLC 

20 

2.90 sse g.s. 
I I 
I I 
I I 
~ L 

0 

20 

sse g.s. 

j 

Channels 
XBL 7311-4591 

Fig. 5-2. Energy spectra from the 
12

c(a, 
8

Be)
8
Be reaction 

taken with two different divided collimators to illustrate the 
kinematic focussing of the breakup a-particles. Depicted in 
the respective inserts is the size of the breakup cone relative 
to that of'the divided collimator. 
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12C (a, 88 . ) eg.s. 
40 • • • • •• 

• 63.2 •• 

I 
30 

• • • 65.8 

•••• . ' 

66.6 • 

• 

• 

• t 

.-- ... 
67.3 t 

• 

40 

i 
t 

.i I ··.· 

50 

ec.m. (deg} 

f 

60 

··. XBL744-2825 

Fig. 5-3. Angular distributions of 
8

Be nuclei· 
emitted from the 12c(a, 8Beg. s. )8Be . s. reac
tion leading to the 8Be ground state a~ Ea = 63.2, 
65.2, 65.8, 66.6, and 67.3 MeV. 
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of the cross sections changed substantially causing Brown et al. to con-

dude that in this energy region statistical processes dominated direct 

ones. At the low bombarding energies of 12-26 MeV the 
12

c(a, 
8

Be) 

8Be reaction also seems to be dominated by compound processes (Ch 67, 

Ma 72, Ja 73, Br 73). 

In summary, it seems that in the region of 20-40 MeV incident 

energies compound processes are important for the (a, 8 Be) reaction 

mechanism, but at higher energies a direct mechanism is the major 

process, substantiating the conclusion of an earlier study (Wo 73). 

2. Observed energy levels 

8 12 8 . 8 
A Be energy spectrum of the C(a, Be) Be reaction taken 

with the modified identifier at 8lab = 24° is shown in Fig. 5-4. This 

spectrum was obtained by bombarding a 300 f.Lg/cm
2 

carbon target with 

72.5 MeV a-particles and by summing the kinematically corrected en-

ergy spectra from the three position gates. The observed energy res

olution of the 8 Be ground state peak in Fig. 5-4 is 450 keV(FWHM). 

Transitions can be clearly seen to the o+ ground and 2+ first excited 

states. Evidence is also seen for the population of the broad (FWHM 

+ ""7 MeV) 4 level at 11.4 MeV. 

At a bombarding energy of 65 MeV angular distributions (Wo 

73) were measured of the transitions to the ground and first excited 

states of 
8

Be between 8 = 20- 80°. These data were taken with the em . · 

simple identifier and at this bombarding energy only transitions~to o+ 

ground and 2+ first excited states were observed. Transitions to the 

4+level at 11.4 MeV which were seen at 72.5 MeV were expected but 
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its broad width hindered their observation. Also, no population of the 

2+ (mixed isospin) states at ...., 16 MeV was seen. 

Excitation energies, spins and parities of the levels populated 

in 8 Be were assigned by comparing the observed excitation energies 

(see Table V -2) to previously measured ones (Se 74). Kurath1 s cal-

culated a-structure facto:r;s (Ku 73) predict approximately equal 

strengths for transitions to the first three members of the ground state 

band and the data are in excellent qualitative agreement as these levels 

are all made with the same intensity to within a factor of two. Inter-

mediate-coupling calculations (Bo 64) indicate that the mixed isospin 

states at ....,16 MeV have a dominant single particle nature. An upper 

limit of 20o/o of the ground state strength could be placed on the pop-

ulation of these mixed isospin levels which is consistent with their 

calculated relative a-structure factor of 0.1. 

The above limit on the population of these mixed isospin states 

is in marked contrast to results obtained with the. (d, 6 Li) and (
3
He, 

7
Be) reactions at incident energies of 55 MeV (Me 71) and 120 MeV. 

(Wo 74a), respectively. These reactions populated these mixed iso-

spin states with an integrated cross section equal to that of the ground 

state. This large observed strength would argue the presence of sub-

stantial contributions from mechanisms other than a simple direct 

process in both the (d, 
6 

Li) and (
3
He, 

7 
Be) reactions as these states 

should be populated very weakly by a direct a-cluster transfer. 
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Table V -2. Comparison of 8Be levels observed in the 12c(a, 8Be) 8Be 
reaction with previously reported ones and with theoretical calculations. 

Known levelsa) 

MeV JTT T 

0.0 o+ 0 

2.94 2+ 0 

11.4 4+ 0 

16.63 2+ 0+1~ 
16.91 2+ 0+1 

Observed CalculateJl) 
levels levels 

MeV ±keV MeV J 

0.0 50 0 0 

2.96 70 3.41 2 

11.1 300 11.29 4 

Relative Relative a
strength c) spectroscopic 

at experimen- factors 
tal first max- b) This 

imum Theory work 

1.00 (30)d) 

2.00 

2.2e) 

1.00 

1.28 

1.39 

1.00 

1.81 

14.43 2 <0.2 0.10 

a) These excitation energies are from Se 74 .. 

b) Ku 73. 

c) These quantities were measured atE = 65 MeV, unless otherwise 
noted. a 

d) The quantity in parenthesis is the absolute differential cross sec
tion in !J.b/sr of the ground state transition at its experimental first 
maximum in the center of mass. 

e) This relative cross section was determined atE = 72.5 MeV. 
a 
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3. Angular distributions 

Experimental angular distributions of transitions to the ground 

and first excited states of 
8

Be atE = 65 MeV are shown in Fig. 5-5. . a 

'The L = 0 transfer to the ground state has a shape which shows the for-

ward peaking and oscillatory behavior charactel-istic of a direct reac-

tio:n. The L = 2 transfer also shows an oscillatory behavior with a 

slightly'different phase than that of the L = 0 transfer. Only statistical 

error bars are shown and the absolute cross sections could be uni-

formly in error as much as 20o/o. The large error bars on the small 

angle points for the L = 2 distribution are caused by a strong back

ground from the 
12

C(a, 
8

Be) 2a process. 

Diffraction model fits (solid curves) to the data are also given 

in Fig. 5-5. The L = 0 fit was normalized to the experimental points 

at their second maximum and a cutoff radius (R) of 8.8 fm was re-

quired to reproduce the phase of the distribution. A radius parameter 

(R ) .of 1.40 was used to calculate the form factor of the a-cluster in
o 

.d .. 12c s1 e · . It should be noted that the amplitude of the third maximum 

is closely predicted and that the overall agreement with the L = 0 trans-

fer data is good except for the two forward angle points. 

For the fit to the L = 2 transfer, R was reduced by 7o/o to repro-

duce the position of the first maximum of the distribution. This adjust-

ment introduced no amplitude change as is discussed later in Section 

V-C. A theoretical relative spectroscopic factor (N~(2+/g. s. )) of 1.3 

(Ku 73) was used for the L = 2 fit otherwise all parameters were the 

same as those used in the above L = 0 fit. Assuming that the diffrac-

tion model correctly calculates the kinematic factor, then better 
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8 Be g,s. ~ L=O 

N[= 1.0 

8 Be ··L·=2 2.9, 

NE=1.3 

• • 

40 
8c.m.(deg) 

60 80 

XBL 747-3616 

Fig. 5-5. Cross s.ection d.ata for (a, 
8

Bg) transitions 
to the ground and fust exc1ted states of Be at Ea= 65 
MeV with diffraction model fits (solid curves). See 
discussion in text. 
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agreement with the data would require a spectroscopic factor for the 

2+ state relative to the ground state of 1.8 (instead of the 1.3 used in 

Fig. 5-5) which is ..... 40o/o larger than the theoretical one. The agree-

ment between the experimental and theoretical a-structure factors is 

fair considering that the 
8

Be(2. 9 MeV) state is unbound by .... 3 MeV and 

that the theory can not be expected to well describe this unbound final 

state. 

c. 16 8 . 12 . 
The 0 {a, Be) C Reaction 

1. Observed energy levels 

16 8 12 . 
The O(a, Be) C reaction was investigated at two bombard-

ing energies (6 5 and ..... 72 MeV, see Table V -1) with the bulk of the data 

taken at Ea = 65 MeV. At an incl.dent energy of~ 72 MeV both Si0
2 

arid 

oxygen gas targets were used and contributions from 
28

Si impurities ~n 

the solid target were determined to be small. A 
8

Be energy spectrum 

from a 220 f.Lg/cm
2 

Si02 target is shown in Fig. 5-6. 

The observed energy resolution in Fig. 5-6 is 400 keV {FWHM) 

and transitions can be clearly seen to the ground and first three ex

cited states of 
12c. Several small peaks due to 

12c and 
28

si impuri

ties in the target appear in this spectrum in the region of the 12c 

ground state and at excitation energies below 9 MeV and can be taken 

as an indication of their contribution to the spectrum at higher excita

tion energies. The 4+ 14.08- MeV level in 12c is weakly populated at 

this angle, however, it was seen with large strength at other angles as 

is shown in Fig. 5-7. This energy spectrum was obtained with a gas 

target at elab = 23° and a gas pressure of 0.28 atmospheres. The 
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F1g. 5-7. An energy spectrum from the . O(a, Be) C reac-
tion at ~ab = 23°. This spectrum was obtained with a gas tar
get and the locations of transitions to all natural parity states 
in 12c below 14 MeV are indiCated. --- --·-- ----
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observed energy resolution was ""'85a keV FWHM and was typical of 

the poorer resolution obtained with gas targets. An upper limit of 5o/o 

of the observed ground state strength at E ""' 72 MeV was set for tran
a 

sitions to the five known levels between 1 a and .14 MeV excitation en-

. 12c. ergy 1n • Possible weak transitions to these levels were obscured 

by a rising continuum background and either a} possible impurity 

states from the solid target or b) the poor resolution obtained with the. 

gas target. 

The 16 o(a, 8Be}
12c reaction was also studied at a bombarding 

energy of 65 MeV and angular distributions were measured of the tran

sitions to the ground and first excited states of 12c between e = 2a o · · em 

- sao. A 255 f.Lg/cm
2 

Si02 target and the simple identifier were used • 

. + . + At this beam energy as at the higher one, only the a ground, 2 

first excited and 4+ 14.a8 -MeV states were observed to be strongly 

populated. The 3 9.64-MeV state was weakly populated whereas the 

a+ 7.65-MeV level (observed with weak strength atE :::. 72 MeV) was 
a 

obscured by background not eliminated by the simple identifier and by 

a significant contribution from a 12c impurity in the target. To deter

mine the possible contribution to the Si02 data arising from 24Mg states 

populated by the (a, 8 Be) reaction on 
28

si at this bombarding energy, a 

natural silicon target was irradiated and this contribution was deter-. 

mined to be small. The above data indicate that the (a, 8 Be) reaction 

on an 16 0 target is quite selective in which final states of 
12c it pop-

ula tes strongly. 

Excitation energies, spins and parities of the levels populated 

by the (a, 8 Be) reaction were assigned by comparing the observed 
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Table V -3. Comparison of 12c levels observed in the 
16o(a, 8Be) 

12c 
reaction with previously reported ones and with theoretical calculations. 

Relative Relative a-

Known levelsa) Calculatecf) 
strength c) spectroscopic 

Observed experimental factors 
levels levels first max- b ·This 

MeV J'IT T MeV ±keV MeV J mum Theory ) work 

o.o o+ 0 0.0 40 0 0 1
0
00 {1 7)d) 1.00 1.00 

4.44 2+ 0 4.42 40 4.6 2 1.94 5.56 3.4 

7.65 o+ 0 7.6 7 50 13.5 0 -.13e) .25 

9.64 3 0 9.65 50 -.14e) 

10.3 (0+) 0 <.05e) 

10.84 1 0 <.05e) 

11.83 2 0 <.05e) 

12.71 1+ 0 <.05e) 

13.35 (2 
-) 0 <.05e) 

14.08 (4+) 0 14.06 100 13.5 4 .44e) 10.19 

15.7 2 .25 

18.1 2 .27 

23.7 4 1.15 

a) These excitation energies are from Se 68. 

b) Ku 73. 

c) These relative strengths are measured at Ea::: 65 MeV uhless other
wise noted. 

d) The quantity in parenthesis is the absolute differential cross section 
in f.Lb/sr of the ground state transition at its experimental first max
imum in the center of mass. 

e) These relative strenghts were measured atE :::. 72 MeV. 
a 

\ 
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. 8 
excitation energies to known ones (see Table V-3). If the (a; Be) is a 

good a-transfer reaction, then the states that it populates strongly 

should be connected to the target nucleus 1 s ground state by a large a-

structure factor. A qualitative comparison of observed strengths to 

calculated a- structure factors will be given below. 

In Table V-3 are tabulated transition strengths relative to that 

of the ground state at their experimental first maxima. To facilitate 

comparing cross sections on different targets, the absolute differential 

cross section for the ground state transition at its experimental first 

maximum is given in parenthesis in the relative strength column of 

Table V-3. The last column in this table gives the theoretical a-

structure factors calculated by Kurath (Ku 73) relative to that of the 

Comparing this column with that of the experimental relative 

strengths, one sees that there is reasonable qualitative agreement. 

Of the four levels which Kurath predicts to have relative a- struCture 

factors greater than unity, the first three are populated strongly by 

the (a, 
8

Be) reaction. The fourth level, which was not observed and 

is experimentally unknown, is a 4+level predicted to occur at ~24 MeV. 

Since this level is far above the a-particle emission threshold at 7.4 

MeV excitation, it is almost certain to have a broad width and thus be 

difficult to experimentally observe. It should be noted that the 4+-

14.08 MeV state is populated a factor of 20 less than Kurath• s a-: 

structure amplitude would predict. Some of this weak relative 

strength can be accounted for by the fact that the cross section de-

creases with the binding energy of the picked-up cluster (see De 70L 

that is with the excitation energy of the residual nucleus. + The 0 level 
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predicted by Kurath to occur at 13.5 MeV probably corresponds to the 

known O+level at 7.65 MeV which is populated at a level consistent 

with its calculated a-structure factor. 

The population of the 3 9.64 MeV state requires an L:::: 3 trans-

.fer for the case of pure a-particle pickup. Such a transfer is impossi-

ble if all four transferred particles are in the 1 p..;.shell. However, this 

. state maybe formed via known 2p-2h and .4p-4h admixtures (Lo 66) in 

the ground state wave function of 160. Both the (d, 6 Li) and (
3
He, 

7
Be) 

reaction also populate this state with an appreciable fraction of the 

ground state strength (see Co 72, Me 71, De 70). Alternatively, since 

the 3 state could be made in a two-step process, the relative strength 

of this state can be taken as an upper limit of the contribution of such 

a mechanism to the a-cluster transfer. 

The above observations are in qualitative agreement with,ear

lier work (Br 65) on the reaction 16 o(a, 
8

Be)
12c atE ::::35.5-41.9 MeV . a . 

for the relative strengths of transitions to the ground and first excited 

states. However, atE ::::41.9 MeV the 3 state was populated with 
a 

roughly the same strength as the ground state at the angles studied. 

In contrast at our bombarding energy of...., 72 MeV, the yield to the 3 

state was ...., 14o/o of the ground state yield. If the population of the 3 

state is taken as a measure of the contribution of 2-step processes, 

then this contribution is substantially less at high bombarding energies. 

2. Angular distributions -

The experimental points for transitions to the 
12c ground and 

first excited states are shown in Fig. 5-8. (The small open circles 
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12C g.s. ~ L=O 

N[=I.O 

12c · L=2 4.4, 

40 
Bc.m.(deg) 

N[=5.6 

• 

60 80 

XBL 747-3615 I 

Fig. 5-8. Cross section data for (a, 8
Be) transitions to the 

ground and first excited states of 12c at Ea.= 65 MeV with 
diffraction model fits (solid curves). The small open cir
cles are preliminary results from a recent experiment. 
See discussion in text. 

I 
. I 
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are preliminary results from a recent experiment.) The L = 0 angular 

distribution shows the typical characteristics of a direct reaction. It 

has an oscillc;tory pattern and is forward peaked, falling off a factor of 

ten from 3 oo to 6 oo. The L = 2 angular distribution for the transfer to 

the 2+, 4.44MeV state is less characteristic of a direct reaction. It 

shows evidence of two oscillations separated by a broad dip. At back 

angles the L = 2 cross section is an order of magnitude larger than 

the L = 0 one. 

Diffraction model fits to the data are also shown in Fig. 5-8. 

The L = 0 fit was normalized to the data at the first maximum of the 

distribution and a cutoff radius (R) of 9.8 fm was chosen to correctly 

reproduce the phase. A radius parameter (R
0

) of 1.20 which correctly 

gives the size of 
16

0 was used to calculate the form factor of the a-

1 t .. "d. 160 c us er 1ns1 e . It should be noted that the amplitude of the second 

maximum is predicted well and that the overall agreement is fair. 

. + ' 
Two L = 2 fits to the 2 -4.44 MeV data are shown. The solid 

curve was calculated using the same R and R as was used for the 
0 

L = 0 fit. The L = 2 fit predicts the observed maximum further back in 

angle than is experimentally observed. Increasing R by 7o/o correctly 

· predicts this maximum (dashed curve) with virtually no change in am

plitude. - The amplitude of the-calculated -dlfferentiafcross section 

is insensitive to small changes in R. 

Both of the L = 2 fits were calculated using the relative spec

troscopic factor (N~ (2+/gs) = 5.6) predicted by Kurath (Ku 73) and the 

same normalization as was used for the L = 0 fit. Assuming that the 

diffraction model correctly calculates the kinematical factor for the 
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(a, 8 Be) reaction then the data indicate a spectroscopic factor of 3.4 

which is 40o/o smaller than the theoretical one. It should be noted that 

a study of the 16 O(d, 6 Li) 
12c reaction gave a ratio of the integrated 

cross sections for populating the 2+ relative to that of the ground state 

of ~3. If the kinematic factors· in that reaction were similar to those 

seen here, this ratio would also give a relative spectroscopic factor in 

agreement with that determined from the (a, 
8

Be) reaction. 

Although the 4+ 14.08 MeV state in 12c was only observed at a 

limited number of angles, its maximum differential cross section is 

well dete!Tmined. Thus a relative a-structure factor (N~(4+/gs)) 

of 2.1 was extracted which is a factor of five smaller than the ratio 

predicted by Kurath. 

D. The 
1 0

B(a, 
8

Be)6 Li Reaction 

1. Observed energy levels 

An investigation of the 1 0B(a, 
8

Be)
6 

Li reaction was carried out 

at 72.5 MeV with the modified identifier. In Fig. 5-9 is shown a typ

ical 
8

Be energy spectrum.which was obtained at a. laboratory angle of 

24° ·by irradiating a 150 !-Lg/cm
2 

self-supporting 
1 0

B(98%) target. The 

experimental energy resolution was 500 keV (FWHM). 

The above spectrum is dominated by transitions to the 3+ level 

which would be expected to be populated the strongest from calculated 

a- structure factors for 1 0 B (see Table V -4). :r-.[o evidence for transi

tions to the 2+ 4.30 MeV and 1 + 5. 7 MeV states or the T = 1 states at 

3.65 MeV and 5.37 MeV was obtained. The predicted location of transi

tions to these states are indicated in Fig. 5-9. The former two states 

;-.· 
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Fig. 5-~. A 
8

Be energy spectrum from the 1 0B(a, 
8

Be)6 Li reaction at ~hab = 24°. 
The locations of possible transitions to the 6 Li ground.and first five excited states 
are indicated. See discussion in text. 
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Table V -4. Comparison of 
6 

Li levels obseryed in the 1 0B(a, 
8

Be)6 Li reaction with previously 
reported ones and with theoretical calculations. 

Known levelsa) Observed 
. b) 

Calculated Average c) 
levels levels relative 

MeV J1T T MeV ±keV MeV J strengths 

0.0 1+ 0 0.0 30 0 1 .22 

2.18 3+ 0 2.18 30 2.14 3 1.00(31)d) 

3.56 o+ 1 

4.30 2+ 0 --- 5.33 2 --- . 
5.3 7 2+ 1 --- --- ---
5.7 1+ 0 --- 5.06 1 ---

-26.1 4 1 

a) These excitation energies were taken from Se 74. 

b) Ku 73. 

c) These relative strengths-were determined atE = 72.5 MeV. 
a 

Relative a-spectroscopic 

factors b) 
. 2 N 2 N 2 2 
No 2 4 L: NL 

<.001 .004 -.003 

.304 .826 .339 1.00 

,054 .033 .06 

--- --- --- ---
-

.001 .008 .01 

d) The quantity in parenthesis is the absolute differential cross section in the center of mass 
for this transition. 

.. f 
-, :a, 

I 

"' 00 
I 



"' 

'\ -99-

have small calculated a-structure factors while the latter two are for-

bidden by the ~T = 0 selection rule. An upper limit of So/o of the first 

excited state's strength was set on the population ofthese levels. An 

interesting feature of the above spectrum is the large reaction strength 

at high excitation energies ("" 15 MeV) which was observed at all angles 

studied. 

As can be seen from Table V -4, good overall qualitative agree-

ment with Kurath1 s predictions is observed. (Since multiple L-trans-

fers are allowed, contributions arise from each allowed L-value. In 

Table V -4 Kurath' s spectroscopic amplitudes (NL2
) are tabulated as well 

as a sum over L of these quantities ( ~ L N L
2

) which have been normal

ized to 1.00 for the 3+ 2.18 MeV state in 6Li. (A very similar proce-

. 11 14 
dure 1s used for the Band N targets.) It should be noted, however, 

that the ground state is populated with approximately two orders of 

magnitude larger strength than is predicted by Kurath. A similar dis-

. agreement with Kurath• s predictions was observed in investigations 

with the (d, 6Li) and (
3
He, 

7
Be) reactions. Both reactions populated 

the 6 Li first excited state stronger than the ground state, at 

least one order of magnitude larger than the ratio of theoretical a-

structure amplitudes in Table V -4. No evidence was seen in either 

reaction for transitions to other excited states in 6Li which is in ex-

8 . 
cellent agreement with the above (a, Be) results. 

2. Angular distributions 

The angular distributions of the transfers to both the ground 

and first excited states of 6 Li are slowly varying and have an almost 
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constant amplitude (see Fig. 5-1 0). This lack of obvious direct fea

tures may be due to the fact that multiple L transfers are allowed (see 

Table V -4) because the 
1 0 B ground state has a spin of 3. In fact these 

distributions show the same large back angle strength as the L = 2 

12 16 
transfers on C and 0. 

In the diffraction model described in SectioniV, the contribu-

tions from different L values should add incoherently. Thus one would 

expect an oscillatory envelope for the cross section which is modulated 

by several form factors rather than one. These multiple form factors· 

will cause some washing out of the oscillations from the individual L 

transfers. However, diffraction model calculations for the multiple L 

transfers to the ground and first excited states of 6 Li gave oscillatory 

cross sections which failed to reproduce the experimental points as is 

shown in Fig. 5-10 (solid and dashed curves). The magnitude of both 

curves were normalized to the forward angle data points and these cal-

culations were performed using Kurath1 s a-structure factors, a radius 

parameter (R ) of 1.4 and a cutoff radius (R) of 8. 7 fermis. The cal
o 

culated angular distribution for the ground state transition reproduces 

some of the observed back angle strength. This calculated back angle 

strength is due to the fact that the a-cluster inside 1 0 B is weakly bound 

(see Table V -1) and thus its wave function is more spatially extended 

than those of 
12c or 16o. 

V\n alternative explanation of the back angle strength of the 

a hove transitions could arise from the (a, 6 Li) reaction considering 

this is such a light target. If this reaction has a large probability at 

back angles, then 
8

Be 1 s emitted in the forward direction will contribute 

. 1-



50 
.. 

-"-
(f) 

........ 

..c 
::l.. - 10 
~ 
"'0 
........ 
b 

"'0 

5 

-101-

108 (a, 8Be) 6Li • 3+; 2.18 MeV 
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Fig. 5-10. Cross sectio!_l data for (a, 
8

Be) transitions to 
the ground and first excited states of 6Li at Ea = 72.5MeV 
with diffraction model fits. See discussion in text. 
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to the a-pickup cross section. (At forward angles and E = 46 MeV the 
a 

(a, 6 Li) cross section is a factor of 50 larger than that of the (a, 
8

Be) 

reaction (Ze 70).) This contribution should be small for 
8

Be 1 s emitted 

at forward angles and increase with 8 . Thus the increasing con-. c.m. 

tribution due to the (a, 6 Li) reaction added to the decreasing a:-pickup 

component could give a flat angular distribution if the two contributions 

have similar magnitudes. However, at very forward angles most of 

the reaction strength should be due to the a-pickup process. ) 

E. The it B(a, 8 Be) 7 Li Reaction 

1. Observed energy levels 

The 11 B(a, 8 Be) 
7 
Li reaction was investigated briefly at E . = 72.5 

a 

MeV with the modified identifier and more compietely with the simple 

identifier at E = 65 MeV. Representative spectra obtained at these en
a 

ergies are shown in Figs. 3..;6 and 3-12 of Section III. At 65 MeV, an-

gular distributions were taken of the strong transitions populating the 

3/2- ground and 7/2- 4.63 -MeV second excited states of 7 Li. These 

distributions were rather structureless and quite flcit (see Fig. 5-11 ). 

Weak transitions to the two 5/2- states at 6.68 and 7A7 MeV were ob-

served at only two angles, however, the large continuum background 

may have obscured these transitions at other angles. 

At an incident energy of 72.5 MeV the 11 B(a, 
8

Be) 
7 
Li reaction 

v.,ras observed at a laboratory angle of zoo (see Fig. 3 -12). Strong 

transitions to the 3/2- ground and 7/2- second excited states were ob-

served and moderate ones to the 1/2- first excited state and the two 

5/2- states at 6.68 and 7.47 MeV (see Table V-5). Due to the fact that 

.. 
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I 

• • Ea=65 MeV 
o o Ea=72.5 MeV 

• 
• 3/2-; g.s . 

L=O 2 ' . 

• 7 /2-;4.63 MeV 

L=2,4 

40 

Bc.m.(deg) 

60 80 . 

XBL 747-3622 

Fig. 5-11. Cross section data for (a, 
8

Be) transitions to 
the 'ground and second excited states of 7Li at Ea = 65 MeV. 
See discussion in text. 
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that the ground and first excited state peaks were poorly resolved there 

is a large uncertainty on the strength of the transition to this latter 

state. No states were observed above 8 MeV excitation and an upper 

limit of"' ?o/o of the ground state strength was placed on the population 

of such states. This limit is consistent with the small calculated a

structure factor for the 3/2- 10.25 MeV state and the .6.T= 0 selection 

rule which forbids populating the 3/2-, T = 3/2, 11.25 MeV state. 

Comparisons between relative observed strengths with theoret

ical a-structure factors are somewhat difficult due to the allowed mul

tiple L values. However, for 
11 

B the observed transition strengths are 

qualitatively in agreement with the surrimed calculated a- structure fac

tors for the allowed L values except that the first excited state is pop

ulated much stronger than one would expect (see Table V -5). 

The above observations for transitions to the ground and first 

two excited states are in agreement with a study of.the 11 B(d, 6 Li) 7Li 

reaction at 19.5 MeV. However, in contrast, the (
3

He, 
7
Be) reaction 

on this target populated both the ground and first excited states with 

equal intensity and only weakly populated the 7/2- 4.63 MeV state at an 

incident energy of 36 MeV (Br 72) which is inconsistent with the calcu

lated a-structure factors and also with the (d, 6 Li) and (a, 8 Be) data. 

2. Angular distributions 

As was the case for the 
1 0

B target which also involved multiple 

L transfers, the diffraction model calculations did not reproduce the 

ob~erved angular distributions to the 
7 
Li ground and second excited 

states. The experimental angular distributions which are shown in 

Fig. 5-11 are generally to within a factor of two. 

.I 
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Table V-5. Comparison of the 
7 

Li levels observed in the 11 B(a, 8Be) 
7 

Li reaction with previously 
reported ones and with theoretical calculations. 

Known levelsa) Observed Calculated b) Average c) Relative a- spe~foscopic 
factors 

levels levels relative 

J'TT MeV ±keV MeV J 
strengths N 2 N 2 N 2 !: N 2 

MeV T 0 2 4 L 

0.0 3/2- 1/2 -0.04 50 0 3/2 1.00(14.5)d) .453 .691 1.00 

0.48 1/2- 1/2 .52 50 1.07 1/2 .29e) .003 <.01 

4.63 7/2- 1/2 4.64 30 4. 79 7/2 .57 .113 .742 .75 

6.68 5/2- 1/2 --- 7.40 .21 e) .059 .073 - .12 

7,47 5/2- 1/2 7.46 9.15 .18e) .078 .045 .11 

9.61 7/2- 1/2 --- --- < .07e) 

10.25 3/2- 1/2 --- 10.87 < .07e) .003 .006 .03 
11.82 .013 .014 

11.25 3/2-· 3/2 
e) --- -.-- <.07 . 

a) These excitation energies were taken from Se 74. 

b) Ku 73. 

c) These relative strengths were determined atE = 65 MeV, unless otherwise noted. a . . 
d) The quantity in parenthesis is the absolute differential cross section in the center of mass 

for this transition. 
e) These relative strengths were determined at Ea = 72.5 MeV. 

I ,...... 
0 
U1 

I 
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Data from the (d, 6 Li) and (
3

He, 
7 

Be) reactions at 19.5 and 36 

MeV, respectively, show angular distributions of the ground state transi-

tion that are forward peaked and fall off an order of magnitude from 

10- 6 oo in the c. of m. The fact that the (a, 
8

Be) reaction yields 

rather flat angular distributions may be due to a strong (a, 
7 
Li) reac-

tion strength in the backward hemisphere. Comparing parts a and b 

of Fig. 3-6, demonstrates that the 11 B(a, 
7

Li)
8

Be reaction has a cross 

section that is in fact 20 times larger than the 11B(a, 
8

Be) 
7 

Li reaction 

at approximately the same forward angle. 

F. 
14 .· 8 10 . 

The N(a, Be) B Reactwn 

1. Observed energy levels 

A brief survey of the (a, 
8

Be) reaction on a 
14

N
2 

gas target was 

carried out at an incident energy of 72.1 MeV with the simple identifier. 

Three angles were studied between ()lab= 18°- 28° and an energy res

olution of -800 keV (FWHM) was attained with a gas pressure of 0.33 

atmospheres. Because the effective area of the PSD used was only 

1 OX1 0 mm, it was necessary to place the counter telescope close to the 

gas cell wall to attain a large detection efficiency. This restriction 

plus straggling in the cell walls and the extended target caused poor en-

ergy resolution. 

In Fig. 5-12 is shown an energy spectrumtaken at ()lab= 18° 

with the predicted locations of transitions to T = 0 states indicated. No 

evidence was observed for the excitation of the T = 1 states occuring at 

1. 74 and 5.17 MeV in accordance with the .6T = 0 selection rule. Strong 

+ + . + 
transitions were observed to the 3 ground, 1 2.15 MeV, 2 3.59 MeV 
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100 
. 14N(a, 8 Be) 108 

Ea= 72.1 MeV 

80 810 b = I 8 o ; 9 7 7 fL C 

5.18; I+ 
0.72; It 

5.92; fF3• 60 2+ 

6.02; 4_+ 1 . 

6.13; 3 l 2.15 
r+ 
~ 

40 3.59 
2+ 

20 

o~~--~------~------~------~------4-----~ 
400 500 600 

Channel number 
X BL 746- 3554 

Fig. 5-12. A 
8

Be energy spectrum from the 
14

N{a, 
8

Be)
1 0

B 
reaction at 81ab = 18°. The locations of possible transitions to 
natural parity states below -6 MeV are shown {see text). 
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states and to a state at 6.07 ± .06 MeV which are in qualitative agree-

1nent with calculated a- structure factors (see Table V -6). The ob

+ served state at 6.07 MeV probably corr~sponds to the known 4 level at 

6" 02 MeV which has a large theoretical a-structure factor. Weak tran

sitions were observed to the 1 + 0. 72 MeV and 3+ 4. 77 MeV states and no 

evidence was observed for the excitation of the 1 +5.18 MeV state, which 

is consistent with their small theoretical a-structure factors. No ev-

idence for the population of discrete states above ~6 MeV excitation 

energy was observed, however, the large level density and·poor res-

olution hindered this search. 

The large background level above the ground state is caused by 

intra-beam-burst pileup events. This is a produ.ct of the counting rate 

of 1 5 kHz in each of the D.E detectors and the high radiation field caused 

by the beam striking the gas isolation foils. . 

2. Angular distributions 

The data points shown in Fig. 5-13 span a very limited angular 

range, and over which the magnitudes of the angular di~tributions for 

the four strongly populated states are similar. 

\ 

G. The 15 N(a, 
8

Be)11 B Reaction 

1. Observed energy levels 

Th 15 ( 8B )HB . . d" d . . "d e N a, e reaction was stu 1e at an 1nc1 ent energy 

of 72.1 MeV with the same equipment described in Section V -F. 

gas isotopically enriched to 99o/o was used as a target. In Fig. 5-14 is 

shown a typical spectrum of this reaction. The experimental energy 
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Table V-6. Comparison of 1 0B levels observed in the 14N(a, 8 Be)1 0B reaction with those re-
ported previously and with theoretical calculations. 

Known levelsa) Observed Calculated b) Average c) Relative a-spectroscopic 
. b) 

levels levels relative factors 

MeV J1T T MeV ±keV MeV J strengths N 2 
0 

N 2 
2 

N 2 
4 

:EN2 
L 

0.0 3+ 0 0.03 50 0.0 3 1.00 (7.0)d) .034 1 ~901 1.00 

.72 1+ 0 . 90 1 .13 .011 .348 .19 

1. 74 o+ 1 

2.15 1+ 0 2.11 50 2.38 1 .69 .228 .261 --- .25 
I 

3.59 2+ 0 3.58 60 3.34 2 . 74 .963 .50 
,_.. 
0 
-.() 

3+ 
I 

4. 77 0 4. 76 70 4.72 3 .11 .122 .010 .07 

-5.11 2 0 

5.17 2+ 1 

5.18 1+ 0 --- 6.19 1 --- .163 .042 .11 

5.92 
+ 0 5.53. 2 .001 .001 2 --- .... --

6.02 + 4 --- 6.07 5.72 4 .85 1.121 .58 

6.13 3 

a) These excitation energies were taken from Se 74. 
b) Ku 73. 
c) These relative strengths were determined at Ea = 72.1 MeV" 
d) The quantity in parenthesis is the absolute differential cross section in .the center of mass 

for this transition. 
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14N (a, aBe)IOg 

Ea = 72.1 MeV 
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Fig. 5-13. Cross section data for five (a, 8 Be) tr~'nsitions 
to states in 1 OB. See discussion in text. 
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8 15 8 11 Fig. 5-14. A Be energy spectrum from the N(a, Be) B 
reaction at 8lab = 19o. The locations of possible transitions 
to natural parity states below -9 MeV are shown (see text). _ 
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resolution is - 800 keY and strong transitions are clearly seen to the 

3/2- grourid and 1/2- 2.12 MeV states of 
11

B, which are consistent 

with their calculated a-structure factors (see Table V -7). The 5/2-

4.44 MeV and 3/2- 5.02 MeV levels are not resolved in this spectrum 

and were only resolved at elab = 15°. However, from the measured 

excitation energy of 4.50± .07 MeV (see Table V-,7) for the third peak 

in the spectra, it seems that at all angles the 5/2 state was populated 

stronger than the 3/2- one, which is consistent with their theoretical 

a-structure factors. 

No evidence was observed for transitions to the two positive 

parity states at 7.30 and 8.00 MeV. Thus a third positive parity level 

at 6. 79 MeV was assumed not to be populated even though it could not 

be seen due to the strong transition to the 7/2- level at 6. 74 MeV. 

This 7/2- state is made very strongly at $lab = 15°. There is also 

evidence that two states at 8.57 and 8.92 MeV are being made although 

their weak strength and the large background hindered their observa-

tion. Theoretical a- structure factors (see Table V -7) would indicate 

that they should be made with a strength similar to what was observed. 

A 9/2- state predicted by Kurath to lie at 12.7 MeVand to have a large 

a-structure factor, unfortunately could not be observed over most of 

the studied angular range due to electronic cutoffs. A strong state of 

broad width was observed at elab = 23° and"' 12 MeV excitation which 

might correspond to this level. However, its nearness to the elec-

tronic cutoff and the fact that it was seen clearly at only this angle 

makes it uncertain that it is the above 9/2- state. 
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Table V-,7. Comparison of 11 B levels observed in the 15N(a, 8 Be)11 B. 
rea.ction with those reported previously and with theoretical calcula-
tions. 

Relative a-

Known levelsa) 
Observed b) Calculated b) Relative spectroscopic 

levels levels strengths factors 

MeV J1T MeV ±keY MeV J Theory b) 

0.0 3/2- 0.02 40 0 3/2 1.00(6.3)d) 1.00 

2.12 1/2- 2.10 40 1. 71 1/2 .90 .50 

4.44 5/2- 4.50 70 4.35 5/2 .88 .72 

5.02 3/2- 5.39 3/2 .26 

6. 74 7/2- 6.75 40 5.85 7/2 .59 2.68 

6. 79 (1/2, 3/2)+ 

7.30 (3/2. 5/2)+ 

8.00 3/2+ 

8.57 $:5/2- 8.63 140 8.11 5/2 .36 .15 
8.93 5/2- 10.69 5/2 .20 

12.0 12.7 9/2 1.25 

a) These excitation energies were taken from Se 68. 

b) Ku 73. 

c) These relative strengths were determined atE = 72.1 MeV. 
a 

d) The quantity in parenthesis is the absolute differential eros s sec
· tion in the center of mass for this transition. 
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2. Angular distributions 

In Fig. 5-15 are shown angular distributions of the first four 

15 / peaks shown in Fig. 5-14. As the N ground state. has a spin of 1 2 the 

transfers to all final states correspond to unique L values. The L = 0 

transfer to the 1/2- 2.12 MeV state shows the most structure although 

8 12 
it has much less structure than the L = 0 transfers to the Be or C 

ground states. 

Both the L = 2 transfers are flatter than the L = 0 and show more 

strength at back angles. Transitions to both the unresolved 5/2- 4.44 

MeV and 3/2-. 5.02 MeV levels involve L=2 transfers. Since the 5.02 

MeV level was populated at <25o/o of the 4.44 MeV state's strength at 

elab = 15° and they were not experimentally resolved at other angles it 

was assumed that all the experimentally observed strength belonged to 

the 4.44 MeV level. It is interesting that this L= 2 transfer shows a de-

crease at forward angles whereas the one to the ground state has a con-

stant amplitude. Both of these L = 2 transfers show a greater strength 

at back angles over the L = 0 transfer which is a common experimental 

characteristic they share with the L = 2 transfers to the 
8

Be and 
12c 

first excited states. The L=4 transfer to the 7/2-6.74 MeV is forward 

peaked and shows no oscillatory nature over this limited angular range. 

H. Relative Ground State Spectroscopic Factors 

Although good fits to the shapes of the experimental angular dis

tributions were ·only obtained for the L = 0 transfers on 
12c and 16 o 

targets with the diffraction model, it is interesting to see whether 

this model would reproduce the relative magnitudes of the ground state 

to ground state transitions for the targets studied. In this spirit, 
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• 3/2- : g.s. 

o I /2~ : 2.12 MeV 

o 5/2 .... ; 4.44 MeV 

• 7/2-; 6.74 MeV 
• • • 
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0 0 L=O 

0 
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80-

XBL.747-3620 

Fig. 5-15. Cross section data for four (a, 
8

Be) tran
sitions to states in 11 B. See discussion in text. 
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diffraction model calculations were carried out for the ground state to 

d . . 10,11B 12C 14,15N d 16 0 A- h groun state trans1tlons on , , , an . s t ere 

was an undetermined normalization factor in the diffraction model 

cross section expression, this factor was determined by normalizing 

,' 16 
the calculated cross sections to the experimental data for the 0 tar-

get. The parameters Rand R used in these calculations for A= 15,16 
0 

and A = 10, 11, 12, 14 where identical to those used to fit the L = 0 trans

fer data fro~ 16o (see Section V-C2) and 
12c (see Section V-B3), re-

spectively. The ratios of the experimental to calculated cross sections 

at the experimental first maximum are given in Table V -8. When the 

experimental angular distributions had no pronoudced maximum, an 

average value was used. If the observed transition could be populated 

by more than one L transfer, the theoretical a- structure amplitudes 

were used to calculate the contributions of the different L-transfers. 

In this manner a summed differential cross section was obtained which 

could be compared with the experimental one. 

In spite of the above approximations, this prescription gave 

relative a-spectroscopic factors of similar magnitudes to the theoret

ical ones as is shown in Table V- 8. Only for the (a, 
8

Be) transition to 

the 
6 

Li do the experimental numbers disagree with the theoretical 
g. s. 

ones by more than a factor of three. (The anamolous population of 

this state by the (a, 
8

Be), (d, 6 Li) and (
3

He, 
7
Be) reactions is discussed 

in Section V -D.) The best agreement with the theory was obtained for 

12 14 ' 
the C and N targets which were determined to have a-spectroscopic 

factors relative to 
16 0 of 1.6 and 2.4, respectively, compared to 

Kurath1 s predictions of 1. 5 and 2.4, respectively. The good agreement 
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Table V-8. Comparison of the theoretical and experimental ground 
state cross sections for the (a, 8Be) reaction. 

... 
I (J (J s 

Target Levels in L (J ~ . exE a exp = 
s (160) final nucleus (J (160) (J 

calc. •. exp a 

160 12c 0 1.00 1.00 1.00 
g.s 

12 
c 

8
Be 

g. s 
0 1. 76 1.6 1.48 

15N 11 
B 

g.s 
2 .44 0. 7 1. 92 

14 10B 2,4 .49 2.4 2.44 N 
g.s ,, 

11B 7
Li 0,2 

g.s .85 0.5 1.44 

10B 6L. .1 
g.s 

0,2,4 .40 2.20. .01 
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for the 12c relative spectroscopic factor is very heartening because 

both the shape and relative magnitude of the oscillations of its L = 0 

transition were fit quite well by the diffraction modeL However, be-

cause the diffraction model poorly accounts for transitions which have 

multiple L-:-transfers and because only three targets were studied which 

gave unique L transfers, further studies on additional targets are neces-

sary before the reliability of using the diffraction model to extract semi

quantitative relative ground state a-spectroscopic factors from (a, 
8

Be) 

data can be established. 

I. Comparison of Diffraction Model to Full Finite -Range DWBA 
with Recoil 

In the development of the diffraction model described in Section 

IV, it was postulated that the (a, 8Be) reaction occurred at large dis-

tances from the target nucleus and thus it was assumed that nuclear 

distortion effects were sinal!. In addition, because of the high incident 

energy (E ~ 65 MeV), it was assumed that Coulomb distortion effects 
a 

were also small. To check the validity of these assumptions, full 

finite-range DWBA calculations which exactly treated recoil effects 

12 were carried out with the computer code LOLA (De 73). For the C 

and 
16o targets fits were calculated for the L = 0 (a, 

8
Be) transitions 

populating the 
8

Be and 
12c ground states, respectively. These fits 

(solid curves) are shown in Fig. 5-16 and it should be noted that the 

agreement with the experimental data is good and that the above fits 

are very similar to those obtained with the diffraction model. 
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S(l6o-.12cgs+a) 
------ =0.42 (Theory) 
S(12c-. 8 se95 +a)· 

= 0.53 (Expt.) 

12C(a,8Be) 8Be95 

40 80 100 

XBL 744-2831 

Fig. 5-16. Cross section data for L= 0 transitions to 
the ground states of 8Be and 12c with distorted wave 
LOLA fits (solid curves). See discussion in text, 

I 
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To calculate the above fits, consistent parameters were used 

to describe the reaction on both targets. Since the results were found 

to be insensitive to the magnitude of a small binding energy for 
8

Be, it 

was assumed to be bound by 100 keY. To describe the a-elastic scat

tering in the entrance channel, a 12c +a optical potential was taken 

from the literature (see Table V -9). For the exit channel 
8

Be optical 

potentials were approximated by a potential of twice the strength of the 

one used to describe the entrance channel but with modified radius 

parameters. It was thought that since 
8

Be is well described by two 

a-particles that such a potential would adequately describe the exit 

channel. This prescription gave good agreement with the L = 0 transi-

tions as was seen above. It was found that the LOLA fits were sensi-

tive to the strength of the imaginary potentials and the radius param-

eter r . The optical parameters which were used to obtain the above 
0 I 

fits are tabulated in Table V-9. 

In an attempt to fit the corresponding L = 2 angular distribu-

tions, the same optical parameters were used and the resulting fits 

are shown in Fig. 5-17. Upon comparing the fits in Fig. 5-1 7 with 

those in Figs. 5-5 and 5-8, it is clear that the L = 2 data are not any 

better reproduced by these DWBA calculations than by diffraction 

model ones. Extensive variations of these parameters did not im-

prove the L = 2 fits and therefore relative ground to first excited 

state a-structure factors (Sa (1X/gs) were not extracted. However, 

because of the good L = 0 fits a relative spectroscopic factor 

(S (
12c/ 6 

0) ) of 0. 53 was extracted from the ground state transi-a gs 

tions .,;..hich is in good agreement with Kurath' s theoretical ratio of 
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Table V-9. Optical-modelparametersforthe a.and 
8

Be distorted waves. 

Entrance (Exit) v rOR AR w rOI AI roc 
channel MeV fm fm MeV fm fm fm f' 

a 160 116 1.50 .55 24 1.50, .40 1.25 

a 12c 116 1.50 .55 24 1.50 .40 1.25 

8Be 12c 232 1.0 .55 48 1.0 .60 1.25 

8Be 8Be 232 1. 20 .55 48 1.40 .60 1.25 

"'~( 1 
•'-
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300 
12c (a,aBe) sse2.9 

100 

30 I I ! i 
1 

ti 10 

200 

100 

I Go (a, aBe)l2c4.44 
30 

10 Id 

3 

0 
Bcm 

XBL 744-2832 

Fig. 5-17. Cross section data for L = 2 transitions 
to the first excited states of 8Be and 12c with dis
torted wave LOLA fits (solid curves). See discus
sion in text. 

., 
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0.42 and the value of 0.43 which was extracted with the simple diffrac-

tion model calculations. 

The above agreement between the LOLA calculations and the 

diffraction model for the ground state transitions validates to some 

extent the initial assumption that distortion effects are small and sup

ports the choice of the diffraction model to describe the (a, 8 Be) reac-

tion mechanism, particularly since prodigious amounts of computer 

time are required for full finite-range DWBA calculations with recoil. 

(LOLA calculations were only done for the L = 0 and 2 transfers on 

12 16 C and 0 targets.) 

J. Comparison of (a, 
8

Be) with (a, 2a) Results 

Since the (a, 
8

Be) and the (a, 2a) reactions share the same en-

trance channel and have very similar exit channels, it is interesting 

to compare the results of these two reactions on 
12c and 16 o targets. 

A very prominent systematic feature observed in a study of the (0., 2a) 

reaction on even-even p-shell and s-d shell targets atE = 90 MeV was 
a 

the predominance of the ground state transition at the symmetric quasi-

. 12 16 .. 
elastic angle. The (a, 2a) reactlon on C and 0 targets populated 

8 12 
the Be and C ground states a factor of two and four, respectively, 

larger than their first excited states. 

On the other hand the (d, 6 Li), (
3

He, 
7
Be) and (a, 8Be) reactions 

all preferentially populate the 8Be 2.9 MeV state larger than its cor

responding ground state and in particular populate the 
12c 4.44 MeV 

12 
state a factor of 3 to 4 times stronger than the G Kurath' s and 

g. s. 

Rotter's theoretical a-spectroscopic factors (Ku 73, Ro 68) predict 
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ratios of 1.3 and 5. 7, respectively, for the following proces·ses 

S {1X/g.s.) 8 a Be 

and 

The relative theoretical spectroscopic factors are consistent with ones 

extracted from the two a-pickup reactions but are in disagreement with 

the (a, 2a) results. It should be noted in support of the (a, 2a) data at 

E = 90 MeV that at an incident energy of E = 70 MeV this reac,tion gave 
a a 

similar results on an 
16o target {Ke 73). 

. 12 16 
The {p, pa) reachon on C and 0 targets atE = 160 MeV 

p 

{Go 70, Ka 68) gave results consistent with the (a, 2a) results. Thus it 

seems that both a-particle knockout reactions give consistent relative 

population of states which is inconsistent with the a-particle pickup 

results. Since the exit channel in both the (a, 
8

Be) and (a, 2a) reactions 

would be identical if the a-particles were in a relative S state, it is in-

triguing to attempt to understand the different results from these two 

reactions in the framework of the diffraction model. If the diffraction 

model discussed in Section IV adequately describes the {a, 2a) process, 

then the relative strengths of the L = 0 and L = 2 transitions depend on 

the momentum distribution of their respective a-cluster wave functions 

in the target. The probability amplitude for a particular recoil mo-

mentum {kR) can be quite sensitive to the angular momentum that the 

bound a-cluster has relative to the core as was shown in Fig. 4-3, 

. i 

' 
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Referring back to Fig. 4-3, it is seen that for ~ = 0 the 3S 

wave function has a large probability amplitude whereas the 2D and 1G 

wave functions have probability amplitudes of zero. Since by definition 

the (a, 2a) reaction at the symmetric quasi-elastic· angle leaves the 

core in a state of zero recoil momentum (kR = 0), it is probing the 3S 

and 2D wave function at their respective maximum and minimum in mo-

mentum space. Thus for the (a, 2a) reaction at or near the symmetric 

quasi-elastic angle the diffraction model would predict a large L = 0 

transition and weak L = 2 or (4) transitions. This prediction is in 

good acc~mnt with the observed results. 

In addition the diffraction model predicts that at pairs of angles 

(away from the quasi-elastic one) where the recoil momentum is larger, 

that the L = 2 transition should increase in strength relative to the L = 0 

one. This behavior was observed by ~herman (Sh 73) at forward angle· 

pairs where the magnitude of the L = 2 transfer was comparable to that 

of L = 0. 

In summary the diffraction model shows that the difference be

tween the (a, 2a) and the (a, 8 Be) reactions is that they are probing dif-

ferent regions of the bound a-cluster' s momentum distribution. Near 

the quasi-elastic angle the (a, 2a) reaction is sensitive to small recoil 

momenta whereas the (a, 
8

Be) reaction at forward angles is sensitive 

to much larger recoil momenta. 
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VI. Summary and Conclusion 

A broad survey of the (a, 8 Be) reaction on p-shell nuclei at 

high bombarding energies has been presented hi Section V. This inves

tigation was undertaken to determine if the (a, 
8

Be) reaction could be 

understood in terms of a simple a-cluster pickup process which has 

·been previously used to successfully describe the major· features of the 

(d, 6 Li) and (
3

He, 
7 

Be) reactions. Because the original (a, 
8

Be) ex-

periments by Brown et al. showed evidence of large non-direct pro-

cesses atE ~ 40 MeV, an excitation function was obtained at incident 
a 

energies near 65 MeV which conclusively demonstrated the direct na

ture of the (a, 
8

Be) reaction at these higher bombarding energies. 

A systematic feature which emerged from this investigation was 

the strong population of only those states which are predicted to have 

signi.ficant a- structure factors. This selectivity is evidence that the 

(a, 8 Be) reaction proceeds via a simple a-cluster pickup process. The 

relative population of states by the (a, 
8

Be) reaction on p-shell nuclei 

was generally in good agreement with the previous.ly reported (d; 6 Li) 

3 7 
and ( He, Be) results. However, a notable excepti<;m to this arose in 

that no evidence for the population of the mixed isospin states at -16 

MeV in 
8

Be by the (a, 
8

Be) reaction was observed whereas both the 

(d, 
6 

Li) and (
3

He, 
7 

Be) reactions populated these levels strongly. 

Since these states have a dominant single particle nature, the (a, 8Be) 

was more selective in this case at least in its relative population of 

final states in 
8

Be than the other two a-pickup reactions. 

l 
~ l 
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Th~ occurrence of a cluster pickup mechanism greatly simpli

fies the theoretical description. In order to extract a- spectroscopic 

factors, the data were analyzed with diffraction model calculations. 

Although this model neglects distortion, Nagarajan has shown that 

these effects should be small when there is an unbound particle in exit 

channel. This neglect of distortion was justified by the agreement ob

tained between diffraction model calculations performed with plane 

waves and several full finite-range DWBA calculations which exactly 

treated recoil effects. 

Experimental angular distributions for pure L = 0 and L= 2 

transfers were observed to be quite different with the latter showing a 

. much larger strength at back angles. For single L-transfers, the dif

fraction model adequately reproduced the experimental data. However, 

it failed to describe the shape of the cross sections for transitions in

vohr.ing more than one L-transfer, indicating the need for further the

oretical development. 

Using the diffraction model, relative ground· state a-spectro

scopic factors were extracted which are in qualitative agreement with 

theoretical ones (Ku 73). In addition the ratio of experimental spectro

scopic factors for transitions to the ground and first excited states of 

both 
8

Be and 
12c were within SOo/o of Kurath1 s predictions (Ku 73). 

In order to perform this spectroscopic study which involved 

low cross sections and the detection of a particle-unstable nucleus in 

the presence of a high chance a-a background, a unique 
8

Be detection 

system was developed. Important design characteristics are discussed 
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in Section: II and with this technique high detection efficiencies (- 30%), 

excellent chance background rejection and good energy resolution were 

obtained. This technique should greatly simplify the study of single and 

multi-particle transfer reactions involving 
8

Be, such as ( 9Be, 
8

Be), 

6.8 118 9 8 
( L1, Be), and ( B, Be). An investigation of the ( Be, Be) reac-

tion would be of particular interest, because the transferred neutron is 

bound to the 8Be- core in 9Be by only 1. 7 MeV. Thus this reaction should 

have a very large cross section and might populate with appreCiable 

strength states seen only weakly in other heavy-ion single"'-nucleon 

transfer reactions. Since the deuteron is also weakly bound, a com-

parison with (d, p) results would be valuable. 

Many possibilities exist (Ro 73) for the extension of this detec-

tion technique to the study of reactions involving the emission of nuclei 

in resonant states. An immediate application might be to the study of 

reactions emitting "pseudo diprotons" that were seen in studies of 70 

MeV 
3

He on polyethylene with the Bol system ( Da 71 ). There are Cl. 

large number of possible reactions of spectroscopic interest involving 

"pseudo diprotons" in the exit channel, such as (p~ Zp), (d, 2p), 

3 . 
(t, 2p), ( He, 2p), and (a, 2p). In addition, nuclei far from stability 

might be investigated (Ce 74) with such reactions as 
14c( 7 

Li, 2p) 19N 

18 34 . 
or 0, 2p) S1. 
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FOOTNOTES 

1Havar is an alloy consisting primarily of Co( 42. 5o/o), Ni(13. Oo/o), 

Cr{20. Oo/o), and Fe(1 7. 9o/o), with a density of 8.3 gm/cm
3

. Hamilton 

Watch Co. , Metals Division, Lancaster, Penn. 

20ur positive-sensitive detectors were obtained from Edax.Interna-

tiona!, Incorporated. 
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